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Abell$2163$
archival$ACS$imaging$
reduced$by$$
Roberto$Avlia$and$Sara$Ogaz$

Reionization Lensing Cluster Survey
RELICS



Long$history$of$gravita9onal$lensing$
see$review$by$Kneib$&$Natarajan$2011$
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CFHT$(1985)$ WFPC2$(1995)$ ACS$(2009)$

Abell$370$

ACS$+$WFC3/IR$(2016)$
(with$more$observa9ons$to$come)$



Large$Hubble$Cluster$Lensing$Programs$
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RELICS$
Reioniza9on$Lensing$Cluster$Survey$
$
PI$Dan$Coe$
41$clusters$
190$Hubble$orbits$
HST$Cycle$23$
Oct.$2015$–$April$2017$

Fron9er$Fields$
Directors’$Discre9onary$Time$
$
PI$Jennifer$Lotz$
6$clusters$
840$Hubble$orbits$
HST$Cycles$21$–$23$
Oct.$2013$–$Sept.$2016$

CLASH$
Cluster$Lensing$And$Supernova$
survey$with$Hubble$
PI$Marc$Postman$
25$clusters$
524$Hubble$orbits$
HST$Cycles$18$–$20$$
Nov.$2010$–$July$2013$

Also$GLASS,$SGAS,$LoCuSS,$Ebeling,$Kochanek…$

1.$cluster$science$
2.$highAz$galaxies$

faint$highAz$galaxies$ bright$highAz$galaxies$



Gravita9onal$lensing$magnifies$distant$galaxies$
enabling$more$efficient$discovery$and$detailed$analysis$
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Anima9on:$$hhp://www.spacetelescope.org/videos/heic1106a/$–$NASA,$ESA$&$L.$Calçada$

light$follows$curved$space;me$
around$a$cluster$lens$
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10x$

20x$ 10x$

3x$

RCS2$032727A132623$
HST$WFC3:$UVIYJH$
Sharon$et$al.$(2012)$

z$=$1.7$$$100$pc$resolu;on$

Gravita9onal$$
lensing$
magnifies$$
the$$
distant$$
universe$

Resolu;on$of$10Am$space$telescope$
JWST:$6.5Am$!$30Am$



Large$extrapola9ons$required$to$es9mate$
faint$galaxy$contribu9on$to$reioniza9on$

z$~$8$luminosity$
func9on$
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•  escape$frac9on$
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•  IGM$temperature$
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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$magnitudes$/$higher$redships$

Bouwens12a$luminosity$func9on$
evolving$all$3$parameters$



Cluster$lensing$trades$search$area$$
for$high$magnifica9ons$
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“CATS”$team$$
lens$models$
of$the$$
Fron9er$Fields$
galaxy$clusters$



At$even$higher$redships,$
steeper$faint$end$slopes$expected$
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HST$ JWST$



Lensing$advantage$increases$at$z$>$10$
thanks$to$steep$faint$end$slopes$
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HST$ JWST$



Faint$end$flahening$predicted$

March$11,$2016$ Dan$Coe$A$Aspen$ 12$
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Lensing$advantage$increases$at$z$>$10$
even$if$LF$is$truncated$
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HST$ JWST$



HST$ JWST$

Lensing$advantage$increases$at$z$>$10$
even$if$LF$is$truncated$
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A383 (z = 0.189) A209  (0.209) A2261 (0.224) A611 (0.288) 

MACS0329 (0.450) 

MACS1115 (0.353) 

MACS0744 (0.686) MACS0717 (0.548) MACS0647 (0.591) 

MACS0416 (0.396) 

MACS1149 (0.544) 

MACS1206 (0.440) 

MACS1720 (0.391) MACS1931 (0.352) 

MACS2129 (0.570) 

MS2137 (0.315) 

RXJ1347 (0.451) 

RXJ1532 (0.363) 

RXJ2129 (0.234) 

RXJ2248 (0.348) 

MACS1423 (0.545) 

MACS0429 (0.399) MACS1311 (0.494) 

A1423  (0.214) 

CLJ1226 (0.890) 

CLASH$HST$observa9ons$of$25$clusters$
5 selected for lensing strength 
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each 20 orbits, 16 filters 



Lensed$highAredship$
galaxies$discovered$
efficiently$
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Bradley$et$al.$(2013):$18$/$25$CLASH$clusters$

N$=$45$

N$=$206$

N$=$13$

incomplete$
incomplete$

incomplete$

orders$of$magnitude$

orders$of$magnitude$
orders$of$magnitude$



CLASH$$revealed$two$robust$
candidates$in$the$first$500$Myr$

March$11,$2016$ Dan$Coe$A$Aspen$

MACS0647AJD$
z$~$10.8$(420$Myr)$
Dan$Coe$et$al.$(2013)$

MACS1149AJD$
z$~$9.6$(490$Myr)$
Wei$Zheng$et$al.$(2012)$

in$2$/$5$“highAmagnifica9on”$CLASH$clusters$

17$



z$~$11$detec9on$consistent$with$$
extrapolated$lensed$LF$

March$11,$2016$ Dan$Coe$A$Aspen$ 18$

Coe+13$
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See$talks$by$Pirzkal$and$Lam$on$$
z$~$11$HST$grism$and$Spitzer$analyses$

HST$grism$12$orbits$(PI$Coe)$ Spitzer$100$hours$(PI$Coe)$



PI$Jennifer$Lotz$
$

Abell$2744$ parallel$field$

hYp://www.stsci.edu/hst/$
campaigns/fron;erAfields/$

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



We$predict$up$to$~70$z$>$9$galaxies$$
in$the$Fron9er$Fields$(6$per$field)$$

not$accoun9ng$for$incompleteness$

March$11,$2016$ Dan$Coe$A$Aspen$
Coe,$Bradley,$&$Zitrin$(201)$

(Bradley12$+$M*(z))$

30$

4$

9$

40$

21$

Lens$models$$
yield$
consistent$
predic9ons$



Fron9er$Fields$$
lens$models$
available$via$MAST$
$

http://archive.stsci.edu/prepds/frontier/lensmodels/$
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CATS$team$
Abell$2744$



Best$constrained$lens$models$

23$

Jauzac et al. 2014 

Abell 2744: 
30 pre-FF multiple images 
120 new multiple images 
7 new but less confident 
similar results for other clusters 
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Interac9ve$model$magnifica9on$web$tool$

Input 
RA, Dec, redshift   
of lensed galaxies 

Output 
Magnification estimates  

with uncertainties 
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Used ~2x / day (~1900x) 

in first 2+ years 
(Nov. 2013 – Mar. 2016) 

For a given (RA, Dec, z),  
outputs magnification 
estimates and uncertainties 
from all models 



Simulated$cluster$lensing$challenge$
to$quan9fy$model$accuracies$
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“Hera” simulated  
by Meneghetti 

Project led by: 
  Priyamvada Natarjan 
  Massimo Meneghetti 
  Dan Coe 



Magnifica9on$accuracies$quan9fied;$
More$tests$required$

March$11,$2016$ Dan$Coe$A$Aspen$ 26$

3$±$15%$



“Only”$32$z$>$9$candidates$
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magnifica9ons$

Field$

Robust$
Less$secure$
(Zheng12,$Coe13,$
Bouwens13,$Zitrin14,$
McLure16)$

(Ellis13,$Oesch13,$
Oesch14,$Bouwens15,$
McLure16)$

Robust$
Less$secure$

Lensed$
vs.$
~200$z$~$8$
candidates$
(e.g.,$$
Bouwens14,$$
Finkelstein14)$
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D.$Coe$&$L.$Bradley$
WFIRST$white$paper$submission$

roughly$assuming$one$strong$lensing$cluster$per$square$degree$

Euclid$and$WFIRST$will$yield$many$highAz$candidates$
$

Would$be$most$useful$before$or$during$JWST’s$mission$
$$

WFIRST:$100,000’s$at$z$~$8$and$perhaps$some$out$to$z$~$15$

Beyond$the$Fron9ers…$



Hubble$can$discover$the$best$and$brightest$
highAredship$candidates$in$9me$for$JWST$
with$a$large$new$cluster$survey$
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Beyond$the$Fron9ers…$

524$orbits$

CLASH$vs.$equal$blank$field$area$



Hubble$can$discover$the$best$and$brightest$
highAredship$candidates$in$9me$for$JWST$
with$a$large$new$cluster$survey$
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Beyond$the$Fron9ers…$

RELICS$vs.$much$larger$blank$fields$observed$

40–200$z$~$9–12$galaxies$
detectable$(H$<$27.3)$



z$~$9$efficiency$and$constraints$
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200$

100$

40$

z$~$9$–$12$galaxies$
if$complete$to$H$<$27.3$



RELICS:$Reioniza9on$Lensing$Cluster$Survey$

Science$
highAredship$galaxies$
cluster$mass$scaling$rela9ons$
merger$physics$+$DM$constraints$
supernovae$
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Observa9ons$
46$fields$lensed$by$41$clusters$
HST:$190$orbits$+$77$parallel$(incl.$20$for$SN)$
A$3$orbits$ACS$(minus$archival)$
A$2$orbits$WFC3/IR$$$$$$$$$Fron9er$Fields$filters$
Spitzer:$390$hours$(PIs$Bradac,$Soifer)$

Delivery$
no$proprietary$period$HST$images$
reduced$images$+$catalogs$$
$$$2A3$months$aper$comple9on$of$each$field$
final$highAz$candidates$+$lens$models$
$$$Nov.$2017$(JWST$GO$call$for$proposals)$

RELICS$will$obtain$the$
first$WFC3/IR$imaging$

ACS$imaging$of$A2163,$the$most$
massive$cluster$according$to$Planck$

Example$

hhp://relics.stsci.edu$

Dan$Coe$(PI)$
Larry$Bradley$(Deputy$PI)$
Felipe$AndradeASantos$
Roberto$Avila$
Rychard$Bouwens$
Maruša$Bradač$
Daniela$Carrasco$
Nicole$Czakon$
Will$Dawson$
Brenda$Frye$
Aus9n$Hoag$
KuangAHan$Huang$
Traci$Johnson$
Chris9ne$Jones$
Daniel$Lam$
Ramesh$Mainali$
Cordell$Newmiller$
Pascal$Oesch$
Sara$Ogaz$
Rachel$PaternoAMahler$
Adam$Riess$
Steve$Rodney$
Russell$Ryan$
Breh$Salmon$
Irene$SendraAServer$
Keren$Sharon$
Dan$Stark$
Lou$Strolger$
Michele$Tren9$
Keiichi$Umetsu$
Benedeha$Vulcani$
Adi$Zitrin$
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High$Planck$mass$best$for$lensing?$

Half$selected$$
solely$based$on$$
Planck$mass$

Half$selected$$
in$part$based$on$$
observed$strong$lensing$

observed$



6$/$41$RELICS$clusters$observed$so$far$
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#24$RXC0949+17$$z$=$0.383$ #11$RXC2211A03$$z$=$0.397$ #18$A1300$$z$=$0.308$

#17$RXC0142+44$$z$=$0.341$ #16$PLCKG138A10$$z$=$0.702$ #34$RXC0911+17$$z$=$0.505$



Galaxies$in$first$6$RELICS$cluster$images$
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Early$Type$ Starburst$



The$best$
RELICS$
clusters$
are$yet$$
to$come$
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#1$A2163$$z$=$0.203$

#25$A1758$$z$=$0.280$

observed$Wednesday$

April$



Maximum$Likelihood$Detec9on$
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Will$Dawson$with$Jim$Bosch$and$Michael$Schneider$

2Aorbit$image$
Detec9on$$
using$sheared$kernel$ 15Aorbit$image$

MACS1149:$Fron9er$Fields$MACS1149:$CLASH$
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Oct$2015$
Nov$
Dec$
Jan$2016$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2017$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2018$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2019$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$

Oct$2015$
Nov$
Dec$
Jan$2016$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2017$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2018$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$
Nov$
Dec$
Jan$2019$
Feb$
Mar$
Apr$
May$
Jun$
Jul$
Aug$
Sep$
Oct$

$
RELICS$
Oct$2015$

–$
Apr$2017$

$
$
$
$

GTO$
Jan$2017$call$
Apr$2017$deadline$$
Jun$2017$targets$public$

ERS$(public$data)$
Mar$2017$call$
Jul$2017$deadline$$
Sep$2017$TAC$

GO$Cycle$1$
Nov$2017$call$
Feb$2018$deadline$$
May$2018$TAC$

Launch!$Oct$2018$
commissioning$6$months$

Science!$Apr$2019$
5$–$10$years$
$
$

2015$

2016$

2017$

2018$

2019$

Find$the$best$and$brightest$$
highAredship$candidates$$
now$in$9me$for$JWST$

(some$proposal$dates$
subject$to$change)$



Confirma9ons$and$proper9es$of$
brightly$observed$highAz$galaxies$

March$11,$2016$ Dan$Coe$A$Aspen$ 39$

Watson+15$(also$see$$
Knudsen+16:$Tdust$=$35K)$

Stark+14$

z$=$6.029$

z$=$8.68$Lyα$

Zitrin+15$

z$=$6.604$
Sobral+15$

Pop$III?$
(HeII$1640Å$
detec9on)$

enriched$



RELICS$will$deliver$more$of$the$“best$and$brightest”$
highAredship$candidates$in$9me$for$JWST$
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Lensing$delivers$more,$intrinsically$fainter,$and$higher$resolu9on$z$>$9$galaxies$

hhp://relics.stsci.edu$

A2163$
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The history of astronomy is a history of receding horizons.
                                       — Edwin Hubble
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ZwCL 0947+1723
slide$credit:$
Larry$Bradley$


