How can the Webb Space Telescope measure First Light,
Reionization, & (Galaxy Assembly: New Frontier after HST.

Rogier Windhorst (ASU) — JWST Interdisciplinary Scientist
S. Cohen, R. Jansen (ASU), C. Conselice (UK), S. Driver, S. Wyithe (0Z), B. Frye (UofA), & H. Yan (U-MO)
+ ASU Grads: N. Hathi, H. Kim, M. Mechtley, R. Ryan, M. Rutkowski, B. Smith, & A. Straughn

Main Message: The LF(Z10) and difference in telescope architecture drives
how to best use lensing to find the most First Light objects at zZ10.

Lunch talk at the National Radio Astronomy Observatory, Socorro, NM (Tuesday, Mar 3, 2015)



“Just checking.” |

HST and JWST changed the career of this radio astronomer ...



Outline: Strategies to Observe First Light with JWST:
How can we best use Gravitational Lensing after 20187

(1) JWST hardware to date, and aspects relevant to lensing.

(2) Hubble (Ultra)Deep & Frontier Fields to find z~9-11 objects:

— Current limitations
(3) How can JWST best observe First Light using lensing?

® How many random Webb Deep Fields (WDFs) compared, to the best
lensing targets?

(4) Recommendations and Conclusions.

A3 ARIZONA STATE
UNIVERSITY

Sponsored by NASA/HST & JWST

Talk is on: lhttp://www.asu.edu/clas/hst/www/jwst/jwsttalks/nraolb_jwstfirstlight .pdf|



 http://www.asu.edu/clas/hst/www/jwst/jwsttalks/nrao15_jwstfirstlight.pdf
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Early 2015: 298% of launch mass designed and built (265% weighed).
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(1) JWST hardware to date, and how to best use it for high redshift lensing.

[LEFT]: Late summer 2014: 5-layer JWST kapton Sunshield done.

[RIGHT]: Nov. 2014: First JWST mirrors mounted onto support structure,
using Engineering Demo mirrors — Flight mirrors to be mounted in 2015.

What does this mean for JWST lensing studies of First Light objects?
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JWST Pathfinder is a partial
telescope that is intended to reduce
the implementation risk of the
assembly, integration, and cryogenic
optical test of the JWST optical
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(1c) JWST instrument update: US (UofA, JPL), ESA, & CSA.

Instrument Overview @5

Fine Guidance Sensor (FGS) Near Infra-Red Camera (NIRCam)

* Ensures guide star availability with >95% probability o Detects first light galaxies and observes

at any point in the sky galaxy assembly sequence

* Includes Narrowband Imaging Tunable Filter 0.6 to 5 microns

* Developed by Canadian Space A)q\ency & COM DEV Supports Wavefront Sensing & Control
2 .

’I/\ Developed by Univ. of AZ & LMATC

Mid-Infra-Red Instrument (MIRI) AN Near Infra-Red Spectrograph (NIRSpec)

* Distinguishes first light objects; studies galaxy o Measures redshift, metallicity, star formation
evolution; explores protostars & their environs rate in first light galaxies

* Imaging and spectroscopy capability 0.6 to 5 microns

* 510 27 microns Simultaneous spectra of >100 objects

* Cooled to 7K by Cyro-cooler Developed by ESA & EADS with NASA/

* Combined European Consortium/JPL development GSFC Detector & Microshutter Subsystems

All delivered: MIRI 05/12; FGS 07/12; NIRCam 07/13, NIRSpec 9/13.




"/ TELESCORE ARCHITECTURE|

, 122) Cold Multiplexer Units |
Secondary Mirror Mount
Primary Mirror Backplane

|Aft Optics Subsystem | Support Structure
Integrated Science [5) ISIM Roof
Secondary Mirror Instrument Module diator Panels

Assembly : “.'l'.g.. \ (I1SIM) /
. § ; A oy

Secondary Mirror
Support Structure

18) Primary Mirror Segment
ssemblies (PMSA)

ATK responsibility

Ball Aerospace responsibility

GSFC responsibility

3111




OTIS Test GSE Architecture and Subsystems

nter of Curvatur ical Assembl A

* Multiwavelength interferometer (MWIF), null, calibration
equipment, coarse/fine PM phasing tools, Displacement
Measuring Interferometer - COCOA was exercised at
MSFC in December

_Chamber Isolator Units
Dynamically isolates OTIS Optical Test
— Integration 6 units complete

Photogrammetry System
Integration Complete

F Structural Frame - supports Metrology
ready for chamber integration and Cryo Load tests

B Auto collimating Flat Mirrors (ACFs)

.5M Plano for Pass and Half Testing

Cryo testing underway, ACF 1 complete, ACF 4 in
Cryo test complete , ACF 5 ready for Cryo.

. N

¥ AOS Source Plate
B S Sources for Pass and Half Test

/ 72 optical fiber support cont.

ADM - new Leica 3
delivered and under \
test ‘

Space Vehicle Thermal Simulator

and Sunshield Simulator \ - — N 2’ N g - Ie_si
Passed design review and started ~ - ip;,.:“;:- e - 2N ‘ B Atticle
Procurements and fab subcontratcs Fabrication started
HOSS - will be in the chamber for Bake out in June Thermal modeling of payload and DSERS
started b

World's largest TV chamber OTIS: will test whole JWST in 2016-2017.




[TOP]: [Left] HUDF F160W image with worst case (95% of Zodi) rogue-path amplitude imposed

+ a 4% linear gradient from corner-to-corner.
[Middle]: Best fit to sky-background with R. Jansen's “rjbgfit.pro”.
[Right]: HUDF image from left with best-fit sky-background subtracted.

[BOTTOM]: Same as top row, but with a single-component simple 2D pattern superimposed, modeled and

removed, respectively.
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[LEFT]: Completeness tests in HUDF F160W image before imposing on
top of Zodi (=22.70 H-mag arcsec™2; Petro 2001) [2nd-5th row]:

Constant 95% of Zodi amplitude; + a &=4% linear gradient; or simple 2D
pattern of =4%; or a more complex pattern.

[RIGHT]: Same as left after best fit to 4+ removal of image sky-background.

and blue lines: 50% and 10-o0 AB-completeness limits, resp.
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(2) Current limitations: Wavelength-dependent Deep-Field Completeness limits
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[LEFT]: HUDF bolometric or x%-image (false-color log-log stretch): weighted
average of 841 orbits (592 hr) in 13 filters reaching ABS31 mag.

e Faint object wings cover ~45% of all pixels (Koekemoer etal. 2013)!

[RIGHT]: HUDF wavelength-dependent completeness functions from Monte
Carlo (MC) insertions:



(1) Cluster-Position Dependence of Deep-Field Completeness limits
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[LEFT]: HFF cluster A2744 in: FA35W+F606W, F814W+F105W,

[RIGHT BOTTOM]: Position-dependent completeness in a 3x3 MC-grid.

e Faint-end lensing sample incompleteness increases from ~10-40% in the
cluster outskirts/corners [but see MUSE results!].



(3) How can JWST best observe First Light using lensing?

= . WFC3 HUDF/XDF F160W
- o WFC3 ERS F160W
= o GAMA (1.65 1)
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Ndm (/sq deg/0.5 mag)
o

H/F160W (AB mag)

F336W, F435W, F606W, F775W, F125W, F140W not shown].

1.6pum counts (Windhorst™2011).

® 300-hr WUDF can see AB<32 objects: M g4 ~-15 (LMCs) at z~11.




Hierarchical
pred. (z>10)

JWST needed

Faint—end slope «

JWST needed
+lensing
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+lensing
Oesch (13): M*(z>8)=-20.29+n*(z-86); n=0.33 \ AN
— — Khochfar (2013) SPH: Steeper n=1.1? \ \ \
Best fit: M"(z<8)= —18.32-1.52*2+0.26*22—0.012*23 %
—__ _ Best fit: M'(z2>7)=-20.29+u*(z—7); u=0.7: 2.0\ 0.2\ 0.5

® For JWST 228, expect a<-2.0; @* <1073 (Mpc—3) (Bouwens™ 14).
e HUDF: Characteristic M ™ may drop below —18 or —17.5 mag at zZ10.



N(z~11, AB<30 mag) [~4x2h JWST] N(z~11, AB<31 mag) [~4x25h JWST] N(z~11, AB<32 mag) [~4x150h JWST]
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Integrate Schechter LFs with a(z), ®* (z) and M™ (z): <45% sky-
coverage by ABS30 objects (Koekemoer™13). Cosmic Variance 230%.

For any a(z210), implies M* (2210)2-18 or ®* <1073, so plan:
o (1) [Left] Webb “Medium-Deep” Fields (WMDF') (10x4x2h GTO):

e (2) [Middle] Webb Deep Field (WDF) (4x25h 7-filt NIRCam GTO):

e (3) [Right] Webb UltraDeep Field (WUDF) (4 x 150h; NIRCam DD?]:
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Schechter LF (652520) with best-fit a(z), ®* (z), M™ (z)
Area/Sensitivity for: HUDF /XDF, 10 WMDFs, 2 WDFs, & 1 WUDF.
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Same as p. 15, but optimistic M™ (z) drop: ©1=0.33 (Oesch etal. 2013).

e If so, far more 952512 objects expected in XDF, even though N(65z258)
remains the same <= M * (z~11) fainter than —18+0.5 mag?



(3) What are the best lensing targets for JWST to see First Light?

Redshift: 0.1 0.2 0.3 0.4 05 06 07 08 0910
1017

SDSS — Yang et al (2007)
¢ zCOSMOS — Knobel et al(2012)

—

o
=

Z
n
n
o
=
k)
5}
e}

zCOSMOS

Lookback time (Gyrs)

For JWST, use the best lenses in 2018: Rich clusters or (compact) groups!

[Left] Redshift surveys: SDSS z<0.25 (Yang™ 2007), GAMA z<0.45
(Robotham™ 2011), and zCOSMOS z<1.0 (Knobel™ 2012).

e GAMA: 22,000 groups z<0.45; 2400 with Ngpec25 (Robotham™ 11).
e <10% of GAMA groups compact for lensing (Konstantopoulos"‘ 13).

® Need large sample to identify best lenses to find z~6-15 sources.
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[Left] GAMA groups with secure AAT redshifts for R<19.8 AB-mag.
Also show redshift probability and absolute magnitude (M. ) distributions.
[Right] Measured group redshift distribution for two GAMA groups.

e Will select our WMDF IDS targets on groups (+ some clusters).




No. Lensed Sources at 10 <z <15

SO0 000000
N~OODNHO N N

AB<31 mag

10.0 100.0 1000.0
N

source

10
Concentrations, ¢

GAMA group mass versus concentration assuming NFW DM halo profiles.
[LEFT] = Nr of expected lensed sources (AB<S30; Barone-Nugent™ 15).
[RIGHT] = Nr of expected lensed sources at 652515 (ABS31 mag).

® 10 WMDFs on best 101° M clusters: ~100 z~6-15 sources (AB30).

e WDF (AB<31 mag) will get ~250 lensed sources at z~6-15.



e E

S

AW

must consider three aspects:

2 SN

ht strategy

LTI

C;’rd\clusiom]ST First ng
(1) The rapid drop in the LF ®* (z) and/or M™ (z) for zZ8.

(2) Cannot-see-the-forest-for-the-trees effect [ “Natural Confusion” limit]:
Background objects blend into foreground because of their own diameter =

Need multi-A deblending algorithms & object subtraction (e.g., wavelets).

(3) Gravitational Lensing: JWST may need to find most First Light objects
at zZ212-15 through the best lensing clusters or groups.

® Need multi-A object-finder that works on sloped backgrounds.

o If M*(2210)2-18 or ®* <1073+2, must image, (subtract,) & model the
entire gravitational foreground. Be mindful of extra (rogue-path) straylight.



Conclusions re. JWST First Light Strategies

(1) JWST First Light studies will require an optimal mix of Medium-Deep,
Deep and Ultradeep Fields:

e My IDS team will do ten ~7 hr Webb Medium-Deep Fields (10 WMDF's),
anticipating that:

e NIRCam team & GO's will do two (~200 hr) Webb Deep Fields;
e JWST GO's will hopefully do an Webb Ultradeep Field (800 hr WUDF).

(2) Recommendation: To maximize seeing First Light, ~65%
of these should target the best lensing groups/clusters!

e Your JWST proposals are due <3 years from today!



SPARE CHARTS




What the Scientists See: What the Project Manager Sees:

......

Any (space) mission is a balance between what science demands, what
technology can do, and what budget & schedule allows ... (coutesy prot & i)



® References and other sources of material shown:

http://www.asu.edu/clas/hst/www/jwst/| |[Talk, Movie, Java-tool]

lhttp://www.asu.edu/clas/hst/www/ahah/|

lhttp://www.asu.edu/clas/hst/www/jwst/clickonHUDF/

http://www. jwst.nasa.gov/

&

[Hubble at Hyperspeed Java—tool]
|Clickable HUDF map

http://www.stsci.edu/jwst/

http://ircamera.as.arizona.edu/nircam/

http://ircamera.as.arizona.edu/MIRI/

http://www.stsci.edu/jwst/instruments/nirspec/

http://www.stsci.edu/jwst/instruments/fgs

Gardner, J. P., et al. 2006, Space Science Reviews, 123, 485—606
Mather, J., & Stockman, H. 2000, Proc. SPIE Vol. 4013, 2

Windhorst, R., et al. 2008, Advances in Space Research, 41, 1965
Windhorst, R., et al., 2011, ApJS, 193, 27 (astro-ph/1005.2776).
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http://www.asu.edu/clas/hst/www/jwst/clickonHUDF/
http://www.jwst.nasa.gov/
http://www.stsci.edu/jwst/
http://ircamera.as.arizona.edu/nircam/
http://ircamera.as.arizona.edu/MIRI/
http://www.stsci.edu/jwst/instruments/nirspec/
http://www.stsci.edu/jwst/instruments/fgs

Mirror Status

15 flight primary mirrors and the flight secondary mirror are at GSFC
in storage

m All spares were at GSFC in storage (SM spares, 3 PMSA spares)
2 EDU mirrors sent back to Ball for gear motor rework

m All flight gear motor refurbishment is complete

m All flight mirrors will be at GSFC by end of year, needed in 2015

Spring 2014: All 18 flight mirrors delivered to NASA GSFC (MD).



Primary Mirror Composite

RMS:
23.2 nm
PV

515.5 nm
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Clamipin/GSFC




PROJECT STATUS: November2013

Pathfmder_.v Powered Deployment of SMSS

July 2014: Secondary Mirror Support deployment successfully tested.



JWST's short-wavelength (0.6-5.0pem) imagers:

® NIRCam — built by UofA (AZ) and Lockheed (CA).

e Fine Guidance Sensor (& 1-5 pum grisms) — built by CSA (Montreal).

® FGS includes very powerful low-res Near-IR grism spectrograph (NIRISS).
® FGS delivered to GSFC 07/12; NIRCam delivered July 28, 2013.
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Ce NIRSpec

|

Spectra of individual

Failed-open micro-shutter

JWST's short-wavelength (0.6-5.0p4m) spectrograph:
® NIRSpec — built by ESA/ESTEC and Astrium (Munich).

e Flight build completed and tested with First Light in Spring 2011.
NIRSpec delivered to NASA/GSFC in Sept. 2013.
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Flight MIRI k]

Spectrometer First Light — internal calibration
source

All slices are there and well centred on detectors, fringes look as
on VM, the fall off in signal at long wavelengths is expected —
temperature of source and relatively short exposure, no “intra-

slice” light ®

e MIRI — built by ESA consortium of 10 ESA countries & NASA JPL.
e Flight build completed and tested with First Light in July 2011.

MIRI delivered to NASA/GSFC in May 2012.



Summer 13, 14 & 15: Actual Fllght ISIM (with 4 mstruments) tested in OSIM.



F160W,;(1im)=26.5 mag
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Redshift

WFC3 ERS 10-band redshift estimates accurate to S4% with small sys-
tematic errors (Hathi etal. 2010, 2013), resulting in a reliable N(z).

e JWST will trace mass assembly and dust content <5 mag deeper from
z~1-12, with nanoly sensitivity from 0.7-5um.



(2b) HST WFC3 observations of QSO host systems at z~6 (age<1 Gyr)

PSF Star Residual

Quasar Orbit
I F125W Exposure
[ F160W Exposure
[ Pointing Maneuver
Star Orbit Il WFC3 Buffer Dump

0 1500 2000 3500
Time (seconds)

e Careful contemporaneous orbital PSF-star subtraction: Removes most of
"OTA spacecraft breathing” effects (Mechtley ea 2012, ApJL, 756, L38).



(2b) WFC3: Detection of one QSO Host System at z~~6 (Giant merger?)
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® Same J+H structure! Blue UV-SED colors: (J-H)~~0.19, constrains dust.
o MR98t(2046)<-23.0 mag, i.e., ~2 mag brighter than L*(z~6)!

Many more such quasars with host galaxies observed at z~2-3.



(2b) HST WFC3 observations of dusty QSO host galaxies at z2~6

NGC 4631
= IRAS 22491-1808 © © =z=6 (AGN + Host)
= 1C 1623 O B z=6 (Host Only)

10° 10! 10° 10°
10° 1o 107 Rest-frame Wavelength (um)
Rest-frame Wavelength (um)

e Blue dots: z~6 QSO SED, Grey: Average radio-quiet SDSS QSO spec-
trum at zZ 1 (normalized at 0.5u).

e Nearby fiducial galaxies (starburst agesS1 Gyr) normalized at 100m:

(U)LIRGs & Arp 220s permitted (Mechtley etal. 2012, ApJL, 756, L38).

[RIGHT] Detected QSO host has IRAS starburst-like SED from rest-frame
UV—far-IR, Agpgry (host)~1 mag (Mechtley 2013 PhD; etal. 2014).

e JWST Coronagraphs can do this 10-100 X fainter (& for zS20, AS28um).



(2b) WFC3 observations of QSO host galaxies at z~~2 (evidence for mergers?)

OII OIII 0//
ML Model Residual ML Model
(PSF-Convolved) (Without PSF)

. :?)// OI// 3I// . :r))// OI// 3I// OI// 3I// OI//
Quasar ML Model Residual ML Model
(PSF-Convolved) (Without PSF)

e JWST Coronagraphs can do this 10-100 X fainter (& for z<20, A<28um).
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Same as before, but

30

M™ (z) evolution parameter:

e If so, JWST surveys would need lensing to see most 211 objects.

(or fluxes)
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L M

Redshift

(Helgason, K., Ricotti, M., & Kashlinsky, A. 2012, ApJ, 752, 113).

LEFT: Rest-frame UV-LF behavior quite different from longer wavelengths:
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