JWST status as of 2021, and some of its first science programs:
Faint object time domain, cluster lensing & caustic transits

Rogier Windhorst (ASU) — JWST Interdisciplinary Scientist

GTO team: T. Ashcraft, S. Cohen, R. Jansen, V. Jones, B. Joshi, D. Kim, B. Smith, F. Timmes, C. White (ASU), M. Alpaslan (NYU), D. Coe, N. Grogin, N. Hathi, A. Koekemoer,
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Driver, R. Livermore, M. Marshall, A. Robotham, S. Wyithe (OZ), K. Duncan, H. Rottgering (Leiden), S. Finkelstein, R. Larson (UT), G. Fazio, M Ashby, P. Maksym (CfA), B. Frye, M.

Rieke, C. Willmer (UofA), H. Hammel (AURA), G. Hasinger (ESA), A. Kashlinsky, S. Milam, A. Straughn (GSFC), W. Keel (U-AL), P. Kelly (U-MN), P. S. Rodney (U-SC), M. Rutkowski

(MNSU), H. Yan (U-MO), A. Zitrin (Israel).

e Today, the JWST science remains as
compelling as it was ~20 years ago.

® In fact, the JWST science is far more
exciting today than we could have imag-
ined or planned for ~20 years ago.

Theoretical Physics Colloquium, ASU, Tempe, AZ (via Zoom; Wednesday, December 1, 2021)

Talk is on: |http://www.asu.edu/clas/hst/www/jwst/jwsttalks/asuTheoreticalPhysics21_jwst.pdf|



http://www.asu.edu/clas/hst/www/jwst/jwsttalks/asuTheoreticalPhysics21_jwst.pdf

Outline & Conclusions
(1) Update on the James Webb Space Telescope (JWST), 2021.

(2) JWST Time-Domain Field in the NEP Continuous Viewing Zone:

® Weak AGN Variability (e.g., SF-FAGN connection; support LyC studies);

® Very high redshift supernovae incl Pair Instability Supernovae (PISN).
e Dark sky in NEP TDF: CIB-fluctuations constrain First Light sources.

® The JWST North Ecliptic Pole CVZ area will be a Community Field for

Time Domain science over 5-14 years (max JWST propellant life): first
JWST epoch public rightaway + data products ASAP.

(3) Monitor the best lensing clusters for possible JWST caustic transits of
Pop Il stars and their stellar-mass black hole accretion disks at zZ7.

® Limits to the SKY-SB from First Stars & Stellar-Mass Black Holes =—
e JWST may detect Pop Il objects directly monitoring 23 lensing clusters.

All presented materials are ITAR-cleared.
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WARNING: Both Hubble and James Webb are 30-407 year projects:

You will feel wrinkled before you know it ... :)




JWST primary
mirror

Hubble primary
mirror

JWST ~2.5X% larger than Hubble, so at ~2.5X larger wavelengths:

JWST has the same resolution in the near-IR as Hubble in the optical.



THE JAMES WEBB SPACE TELESCOPE

JWST LAUNCH

- LAUNCH VEHICLE IS AN ARIANE 5 ROCKET, SUPPLIED BY ESA

- SITE WILL BE THE ARIANESPACE'S ELA-3 LAUNCH COMPLEX NEAR
KOUROU, FRENCH GUIANA

ARIANESPACE — ESA - NASA

e The JWST launch weight will be $6500 kg, and it will be launched to

L2 with an ESA Ariane-V launch vehicle from Kourou in French Guiana.




(1a) How will JWST travel to its L2 orbit?
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e After launch on Dec. 22, 2021 with an ESA Ariane-V, JWST will orbit
around the Earth-Sun Lagrange point L2, 1.5 million km from Earth.

® JWST can cover the whole sky in segments that move along with the
Earth, observe 270% of the time, and send data back to Earth every day.
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Primary Mirror Segment

. v

Mid-boom Test

-

Secondary Mirror

Membrane Mgmt Pathfinder Membrane

Spring 2021: 100% of launch mass designed and built (299.5% weighed).

Spacecraft computer Test Unit



W TELESCORE ARCHITEGTURE .

o

IAft Optics Subsystem

Support Structure
- Integrated Science [5) ISIM Roof
Secondary Mirror . Instrument Module diator Panels

Assembly o P (I1SIM) /

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

Secondary Mirror
Support Structure

18) Primary Mirror Segment
ssemblies (PMSA)

ATK responsibility

Ball Aerospace responsibility

GSFC responsibility

3111




! o
G
O
(V)]
| -
(D)
>
O
(®)
| -
e
| -
=
-
_I
2
|
(D)
=

. (O
42
o)

LD
=
| -
e
=
-
(qv)
(D)
4
<
W
<
=







Webb mirrors finally mounted and ready!



ST stowed for final instrument mounting



All Instruments Integrated




JVWST: A Product of the Nation

(SPO)

Astrium Ltd.
L

U. of Leicester
RAL
Biatgare

SL
(ICE)

U. of Leuven

e JWST hardware made in 27 US States: 100%

um Management
PA Coordination
em Engineering
Mechanical Engineering
Primary
M

Thermal Engineering &

Filter:
Hers Optical Bench Assembl;

Input, Optics & Calibration (IOC)
Instrument Control Electronics

Tmager Mirrors
EGSE Software Support
mager

Coronograph

MIRI Telescope Simulator (MTS)

<

5SFC JWST Project Office
Spacecraft ESA/ES
Integrated Science Instrument Module (ISIM) Office
Detector ¢

U. of Stockholm  Filters an

Hexapod

ASTRON Spectrometer Main Optics (SMO)

U. Leiden Spectroscopy Analysis

MPIA Heidelberg Electrical Engine
Cryo Mechanism

U. of Kéln Low Resolution Spectrometer
Double Prism

PSI Contamination Control
Cover
Cryo Harness
JWST Project

Prodex Office

MIRI European
Consortiym

of launch-mass finished.

® Ariane V Launch & NIRSpec provided by ESA; & MIRI by ESA & JPL.

e JWST NIRCam made by UofA and Lockheed.



Micro Shutters ﬁj

Astronomy Scene
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Metal Mask/Fixed Slit




180812 JWST Monthly Telecon 8
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180812 JWST Monthly Telecon 8

S
)]
o
c
o
-
(on
Q

/p)
e
c
)
-
>
o
Q.
)
o
7))
92
=
7))




190812 JWST Monthly Talacon 10
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JWST in enclosure at Johnson Space Center in Houston.




Program Update: OTIS NORTHIIO STREAN.
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170612 JWET Monthly Telecon 20

JWST going into Chamber A at Johnson Space Center in Houston.
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Telecon 26

171016 JWST Monthly

JWST Flight Sunshield assembled and tested at Northrop.



SCE to Elephant Stand NonTHoP numpiAN

Aug. 2019: Stowed flight sunshield before integration with JWST OTE.




Talacon 39

Aug. 2019: OTE before final integration with Sunshield & spacecraft.
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August 2019: JWST OTE+ISIM lowered into Sunshield+Spacecraft
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August 2019: JWST OTE+ISIM integrated with Sunshield+Spacecraft!



August 2019: JWST OTE+ISIM integrated with Sunshield and SpacecraftI




See NASA Press Release here:
https://www.nasa.gov/feature/goddard/2019/nasa-s-james-webb-space-telescope-has-been-ass emnledfo e frsi-time

August 2019: JWST OTE+ISIM integrated with Sunshield and Spacecraft!




Solar Array Deployment 1

Five Panel Sunshield Offloading System

May 2020: Ready for Solar Array deployment test
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May 2020: Solar Array deployment with gravity off-loading
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200511 JWET Manthly Telecon 14

May 2020: Solar Array fully deployed and motor tested in 1G
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May 2020: Solar Array as installed on JWST Observatory
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5/28/20: DTA Deployment

Approved for Public Release; NG20-10¢
200608 JWST MorthiyTelecondia

June 2020: Deployable Tower Assembly test
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ﬁ 5/28/20: DTA Deployment

Approved for Public Release; NG20-10¢
200608 JWST MorthiyTekecendda

June 2020: Deployable Tower Assembly test with gravity off-loading.
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ﬁ 5/29/20: DTA Deployment

Approved for Public Release; NG20-10¢
200608 JWST MorthiyTeleconsia

June 2020: Deployable Tower Assembly motor tested in 1G




DTA Stow 1

Offloading System

200713 JWET Monthly Telecon 8

July 2020: Deployable Tower Assembly stow for launch




DTA Stow 2

200713 AWET Manthly Telecon 10

July 2020: Deployable Tower Assembly stowed for launch




: Transport to the Large Acoustic Test Facility

Primary Mirror Wing Unitized Pallet Structure
Contamination Tent Secondary Mirror

En route through the Space Park, Credit: NGSS Arriving at the LATF Airlogk; Groagditi NGSS cecon 12

Aug 2020: Transport of JWST into Northrop acoustic chamber
Oct. 2020: JWST acoustic tests completed without (further) hick ups!



Venting Patch Installation

210308 JWST Tedecon 16

Spring 2021: Venting patch installation before final Sunshield folding.




7/113/21: AFT UPS Full Stow
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(beautiful)
The James Webb
Space Telescope

Stowed for Launch

------
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Sept. 2021: JWST ready and stowed for shipping to Kourou



MASA Readies James Webb Space Telescope for
December Launch

i -}--' :.:- . .-

Sept. 9, 2021: NASA/ESA declare official Kourou launch date: December 2021!



(2) JWST Continuous Viewing Zones (CVZs): North & South Ecliptic Poles.

Exclusion zone <45 Exclusion zone
from Anti-Sun . <85 from Sun

Accessible by JWST 365 days/yr: only the NEP & SEP CVZ (r $5°):

e CV/s great for parallax, proper motions, high redshift variability, etc.
e JWST NEP survey also provides multi-ORIENT grism spectral separation.



(2) JWST Continuous Viewing Zones (CVZs): North & South Ecliptic Poles.

; 74
JWST CVZ (circle) /
and NEP-TLF lgjﬁs}

4 %

Location of the JWST NEP TDF in our Galaxy (b1 ~33°).



10.0°% 100" skyview; (ag,8,)=(18:00:00,+68:33:35)

[LEFT]: WISE 4pm bright star density: Very few regions without
bright stars (AB<16) to minimize persistence in JWST images
(Jansen & Windhorst, 2018, PASP, 130, 124001).

Cleanest r=7 region for JWST has modest extinction: E(B—V/)<0.028™.



Deep Image of the Magellamc System W|th southern JWST CVZ |nd|cated
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B sla, G., MamezDeIgado D., van der Ma el, R., Beletsky, Y., et al. 2016, ApJ 825

[LEFT] Map of LMC+SMC (Besla etal. 2016, ApJ, 825, 20).

e SEP will be good for CVZ studies of LMC and its outskirts.

® SEP/LMC can be a counter-target for NEP surveys: offsets accumulated
angular momentum, and so help save JWST propellant/lifetime.

e JWST should observe and monitor bottom of IMF in LMC at SEP.
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r=7" JWST NEP Time-Domain Field is free of bright (AB<16) stars.



Table 1: JWST NEP Time-Domain Field multiwavelength community investment

Telescope

NuSTAR 3-24 keV
Chandra/ACIS-1 0.2-10 keV

XMAM-Newton 0.5-2.0keV
HST/WFC3+ACS
F275W, F435W, FE06W
LBTILBC U, griz
subaru'HSC giz,nbd16,nb921
GTC/HIPERCAM ugriz
TESS (0.6-1.0um bandpass)
MMTMMIRS YJHK,
JWST/NIRCam+NIRISS
0.8=5 um + 1.75-2.23 um
JCMT/SCUBA-2 850:m
SMA 087 mm
IRAM/Nika2 1.2, 2mm
VLA 3({2-4)GHz
VLEA 4.7 GHz
LOFAR 150 MHz

J-PAS (56 narrow-band spectroph.)

MMT /Binospec (mos)
MMT MMIRS (mos)

Pl

F. Civano
W.P. Maksym

F. Civano/M. Ward/N. Cappeliuti
R.A. Jansen

R.A. Jansen

G. Hasinger / E. Hu

V. Dhillon

. Berriman & B. Holwerda
C.N.A. Willmer

R.A. Windhorst / H.B. Hammel

I. Smail / M. Im

G. Fazio

S.H. Cohen

R.A. Windhorst / W. Cotton
W. Brisken

R. van Weeren

S. Bonoli / R, Dupke
C.N.A. Willmer
C.NA, Willmer

Siatus

extant / in progress
extant; 238 sources
in progress / approved
approved / proposed
axtant; inner 9’ diameter region
GO 15278, GO 16252
in progress; annulus to r ~ 7.8’
extant; wide-field (2 epochs)
extant; wide-field
extant; r < 5’
in progress; ultra wide-tield
extant
guaranteed time
GTO#1176, #1255
in progress; =93 sources
approved pilot; lost to protests
in progress
extant; ~2500 sources
extant; ~128 targels
extant; ultra-wide tield

extant; ultra-wide field

extant; 1378 spectra’799 redshifts

approved

Depth

687 ks / T80 ks; ~50 cts
444 ks; ~1x10"""cgs
456 ks / 900 ks
A0 ks / 800ks; 3x 10~ " cgs
36 CVZ orbits;

e~ 27.2,28.2, 29 mag
52 CVZ orbils: "
11 hrs; m ~ 26.5-26.0 mag
2 hrs; m ~25.5-25.1 mag
16«1 hr; m ~ 27 mag
357 days: low-SB xtd
60 hrs; m ~ 23-24 mag
~-49 hrs total;

i < 29=28.5 mag
31 hrs; rms ~ 1 mdy
37.5hrs; rms ~ 0.9mJy
30 hrs; rms ~ 2 mJy
47 hrs; rms ~ 0.9 pdy
147 hrs; rms ~ 3 udy
72hrs; rms ~ 0.12 mJy

48 hrs; rm ~ 21.5-22.5 mag
26 hrs; m ~ 22.5-24 mag
m < 22, = = 0.4

Panchromatic JWST NEP TDF data available or in progress as of 2021.
IDS GTO pgm focus on ground-based data supporting the JWST NEP TDF.
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At rS77, JWST NEP TDF is a clean extragalactic survey field (LBT).

To ABS26 mag, get many faint Galactic brown dwarfs and high-z dropouts.
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JWST NEP TDF with HST Cy 25-28 ACS+WFC3 mosaics overlaid.
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(2) NIRCam + NIRISS-parallels optimally cover the JWST NEP TDF.

NIRSpec

® Most-used JWST instrument pairs implemented for science parallels.

e CV/Z enables overlapping dark-sky NIRCam + NIRISS-parallel mosaics.

e JWST NIRISS grism science (parallel to NIRCam) is essential!



Exposure Maps of NEP JWST-Windmill & GO-Extensions:

(b) - (©) R
\\7' \\\7,
/// \\\\5’ \ A\
NIRCam
Nint Nmo
12 s 12 \\\\
From: Jansen & Windhorst (2018, PASP, 1? """"" ‘g ———————

[LEFT]: NIRCam primary (green)
MIDDLE]: our 50-hr GTO plan.

RIGHT]:

NEP 2.0pum sky always dark: 0.2440.03 MJy/sr (GOODS~0.19-0.35).
e NEP: time-domain imaging to AB<29 & grism spectra to AB<28 mag.



PISN (He Core, 130 M)
Mp=-22 -
PISN

(RSG, 200 M)
Mp= —19.5

0 12 14
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[LEFT] Projected Supernova yield for a single JWST /NIRCam field:
JWST NEP TDF provides ~16 X more high-z SNe than 1 NIRCam:

e JWST NEP will detect all Type la SNe to z<5 (Rodney etal. 2015),
e + 90% of all Core Collapse (CC) SNe to z<1.5 (Strolger etal. 2015).

® 7-yr timescale of PISN: Must start NEP field in JWST Cycle 1.

® NEP can monitor SNe (+hosts) as often as needed, including at zZ5.



(3a) Limits to the Sky-SB from Pop Il objects: First Stars

TANH (Na pIor > \ mma Flexkrot (lat r peior)

PCA 5 moges {flat - prior) ) ~.l TANM (flat o
FloxKnot (Mat + pnor)

FlaxKnot (flat knot priar

Two Reionization/First Light constraints remain seemingly at odds:

e How can we reconcile this in context of the First Stars?

e What does this mean for First Dust, and the first (BH) binary stars?
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Anticipated cosmic star-formation rate (SFR) at zZ7:

[LEFT] Observed SFH (Madau & Dickinson; 2014 ARAA, 52, 415);

redshift

e Metallicity increases from ~0 at z~18 to <1073 solar at z~7.

e Integrated SFR from z27 has sky-SBZ31 K-mag/arcsec™2 (Windhorst
etal. 2018), similar to the 3.6 pum CIB sky-SB possibly from BH's.




(3a) Limits to Pop Il Sky-SB: First (Stellar—l\/lass?) Black Holes

[LEFT] Object-free Spitzer 3.6 pum power-spectrum constrains noise fluc-
tuation models (Cappelluti etal. 2017; Kashlinsky et al. 2012, 2015, 2018):

Explainable by: Primordial black hole or Direct-collapse black hole models.

[RIGHT] Spitzer—Chandra cross-corr spectrum (Mitchell-Wynne et al. 2016):

® 227 objects have sky-SB fainter than 31 mag/arcs?, plus likely a (stellar
maSS) blaCk hOle X—ray com ponent. (Kashlinsky™ 2018; Windhorst™ 2018, ApJ, 234, 41).
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This can make Pop |l stars or their BH accretion disks temporarily visible
to JWST & ground-based 30 meter telescopes at ABS28-29 mag.
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Hole Accretion Disks through Cluster Caustic Transits

Rogier A, Windhorst' @ F, Timmes' ©, J. Swan B. Wyithe” &, Mehmet Alpaslan’ ', Stephen K. Andrews’, Daniel Coe’
¢ Jose M. Diego” ', Mark stra’, Simon P. Driver” 0, Patrick L. Kelly" ¢ | and Duho Kim'
" School of Eanh and Space Explonation. An Sute Unive Tempe, AZ 83287-1304, USA; Roger. Windhoest @ asu.edu, Frase

~ Univessity of \(g. ne, P VIC 3010, Avstrulia; SWyahedrpt s.unimelb.ode au

of Physics, T26 Hroad . Re 'l"‘ \ W \l-l. NY {15, USA
Ih* l |u..n|h of \\ e Australia, 35 Stirling Highway, 2y, WA i Australsa
X \‘uu. lelescop B e, 3T00 S \
“IFCA, Instatuto de Fisica d: Cantahe
Inststute of Thearetical A
% Universit
Received 2017 Nowmber 22 vised 2001 wed 2008 y 1O, pubfished 2018 Febroaa

Abstract

We summarize panchromatic Extragalactic Background Light data to place upper limits on the
infrared surface brightness (SB) that may come from Population 11 stars and possible accretion disks around tl
stellar-mass black holes (BHs) in the epoch of First Light, broadly taken from z = 7-17. Theoretical predictions
and recent near-infrured power spectra provide tighter constraints on their sky signal. We outline the physical
properties of zero-metallicity Population ITI stars from stellar evolution models through helium depletion
and of BH accretion disks at 2 2 7. We assume that second-generation non-zero-metallicity stars can form ar
higher multiplicity, so that BH accretion disks may be fed by Roche-lobe overflow from lower-mass companions.
We use these neur infrared SB constraints to calculate the number of caustic transits behind lensing clusters that the
James Webb Space Telescope and the next-generation ground-based cluu-pa may observe for both Panlal on
III stars and their BH accretion disks. Typical caustic magnifications can bc I 107-10°, with rise times of hours
and decline times of =1 year for cluster transverse velocities of vy 5 I xm s . Microlensing by intracluster-
medium objects can mnd.l) transit magnifications but lengthen visibi Im times ending on BH masses,
accretion-disk radii, and feeding cfficiencies, stellar-mass BH accretion-disk caustic transits co utnumbe
from Population I stars. To observe Population III caustic transits directly may require monitoring 3-30 lensing
clusters 10 AB = 29 mag over a decade.

accretion, accretion disks — galaxies: clusters: general — gravitational lensing: strong — infrared: diftuse

background — stars: black holes — stars: Population T1T

e JWST GO community should anticipate this and build on it.
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Light Traces Mass (LTM) method gives lensing clusters well suited for high-
z magnifications (A. Zitrin et al. 2020, ApJ, 903, 137; astro-ph/2007.11600).



MACS1149
z=10

For source at z=10, critical curves for HFF cluster MACS 1149 at z~0.54
[LEFT], and main cluster caustics [in the source plane; RIGHT].

® Transverse cluster (sub-component) velocities can be v7S1000 km/s

(Kellyt 2018; Nature Astr. 2, 334; Windhorst™ 2018, ApJS, 234, 41).

e Main caustic magnification: p ~ 10. (dcaustw/ )~1/2_ For Pop I
objects at z27 with 1-30 R, st can be 210%-10° for $0.4 year!

® Must use clusters with minimal ICL near the critical curves, since ICL
microlensing dilutes the main caustics (Diego™ 2018, ApJ, 857, 25).



. Images of host galaxy
- (z=1.49)

' Stellar images: # & ' : " LS1iLeviBA
LS1/LeviGA W5
£ & ,

SN Ratsdal

LS1/LeviBA : Fig. 2 | Proximity of LS1/Lev16A to the MACS J1149 galaxy cluster's
2014 ons A oA
Late May 2016 ' critical curve for multiple galaxy-cluster lens models. Critical curves for
models with available high-resolution lens maps including ref, “ (CATS;

¥ momwzow

-
.

LS1/LeviBA fLavi LS1/LeviBA

Fig. 5 | Highly magnified stellar images located near the MACS J1149 galaxy cluster’s critical curve. a, LS1 in 2014; we detected LS1 when it temporarily
brightened by a factor of ~4 in late April 2016, and its position is marked by a blue circle. b, The appearance of a new image dubbed Lev16B on 30 October
2016, whose position is marked by a red circle. The solid red line marks the location of the cluster’s critical curve from the CATS cluster model”, and

the dashed red lines show the approximate 1 uncertainty from comparison of multiple cluster lens models ™, Levi6B's position is consistent with the
possibility that it is a counterimage of LS. ¢, The candidate named Levl7A at the location of the green dashed circle had a ~46 significance detection

on 3 lanuary 2017 If 2 microlensing peak, Levl7 A must correspond to a different star.
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FF stack (2014) 08/05/2012 visit Residuals

08/05/2012

09/14/2012 (PI: Postman, #12459)

Individual exposure #1
from 08/05/2012 visit

Frontier Fields
(PI: Rodney, #13386) (PI: Lotz, #13496)
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(Top) Caustic Transit at z~0.94 by Kaurov etal. (2019, ApJ, 880, 58)
(Bottom) Caustic Transits at z~1 by Chen etal. (2019, ApJ, 881, 8)
e A T~13,500 B giant at z~0.94 with magnification t2200-300.

e MACS 0416 ICL microlensing complicates analysis (at lower z's).



'=50kpc at zulﬁ 35

® G165 has two giant lensed arcs at z~2.2, and 11 lensed image families.

e \Very prominent cluster substructure. Combined with its MMT N(z~0.35),
suggests significant transverse velocity needed for caustic transits.
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e Critical point: 30-1000 Mg Pop Il stars (Z=0.00 Zy)) live ~10X
shorter than 2-5 M Pop Il stars in their AGB stage.

® Hence, 2-5 M AGB companion stars can feed the LIGO-mass BHs left
over from M2 30 M, Pop Ill stars (assuming binaries in 2nd generation).
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Log,, (T./K) indhorst™ (2018, ApJS, 234, 41):

e [his may make stellar-mass black hole accretion disks at least as likely
to be seen via caustic transits as the Pop |ll stars themselves (,uN104)



Conclusions

Panchromatic X-ray—Radio data accumulating for NEP Time-Domain Field:
High-z (24) SNe, weak AGN & brown dwarf atmospheric variability.

® We are also getting the best possible (ground-based) data before JWST
flies on some of the best lensing clusters.

® M230 M, Pop Il ZAMS stars (AB~37-42 mag at z27), with ;12 10%-
10° during caustic transits, detectable (for months) to AB<29 with JWST.

@ Pop Ill stellar mass black hole (MZ20 M) accretion disks also be ~1
mag brighter and live ~10X longer than their ZAMS stars.

e JWST could detect both Pop Il stars and their stellar-mass BH (M2 20
M) accretion disks at AB<S28-29 mag via caustic transits for magnifica-

tions p~10%-10° (where ICL microlensing doesn't dominate caustics).

e JWST GO community is anticipating this, and planning for it.



Reminder: Your Webb Cycle 2 proposals are fall 2022

You don’'t want to miss the boat on this ...



Reminder: Your Webb Cycle 2 proposals are due fall 2022

You don't want to miss the boat on this ...
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e For JWST 228, expect a«$-2.0; ®* <1073 (Mpc—3+°) (Oesch™ 11).
e HUDF: Characteristic M ™ may drop below —18 or —17.5 mag at zZ10.

= Has significant consequences for JWST survey strategy.
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e At M o 2-12 mag, LF dominated by individual Pop Il stars (ax~2.07).
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@ HST adds A\'s inaccessible to JWST, or where HST has better PSF.

[RIGHT] Standard 8-band 0.8-5 pum filter set for JWST NIRCam.

® [hese are what GTQO’s will use as standard NIRCam filters.
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For range of IMF slopes, most Pop Ill star sky-SB comes from 20-300 M.



Table 1. Adopted Pop III Star Physical Parameters from MESA models®

Windhorst, Timmes, Wyithe et al

M Pop Il stars in their AGB stage.

. (2018, ApJS, 234, 41):

Mass | Age Ters log R log Lval | Tepy logR logLya Age Tost log B log Ly, Age Time”
Pre-MS at ZAMS | at Hvdrogen-depletion at Helinm-depletion AGB-MS

(M) (Myr) (K) (Rs) (Lg) | (K) (Ra) (Ls) Myr (K) (Rz) (La) Myr (Myr)
| 1.0 9.28 7.266e3 -0.0581 0.2825 | 6.999¢3 0.5119 1.3576 5882 ' 6420 538
1.5 6.11 1.065e4 (.0203 1.0227 1.181ed4 0(.3292 1.9015 1501 | 8.149e3 0.7913 2.1804 1670 169
2.0 3.02 1.367e4  0.0108 1.5177 1.611ed 0.2498 2.2815 642 1.145e4  0.6685 2.5249Y 702 Ot)
3.0 1.38 1.899e4  0.0487 2.1654 | 2.311ed 0.1843 2.7770 201 1.736e4  0.5510 3.0138 228 27
0.0 0.56 2.805e4 0.0911 2.9274 3.206e4 0.1903 3.3581 o3 2.658e4  0.4608 3.5732 70 17
10 0.23 4.508e4  (.1462 3.8018 4.174e4 03807 4.1972 17 3.938e4  (.4511 4.2968 19 1.0
15 0.13 5.78%e4 0.1803 1.3647 4.624e4  0.5401 1.6937 10 1.215e4  0.6581 4.7691 11 0.5
20 0.09 6.75ded  0.2183 4.7082 | 4.864ed4 0.6612 5.0240 7.8 | 4.386e4 0.7879 5.0975 8.4 0.6
30 0.05 F.T.'{_?(‘. l-l 0.3270 0.1619 5.180e4 0.8120 5.4347 I_-.J.G | 4.006ed4 1.0688 5.5016 6.0 0.5
ol) 0.03 IH.Tlii(r-il (0.4570 0.6283 5.49%ed4  0.9722 5.8562 : 3.7 | 3.536e4 1.3862 5.9200 4.3 0.5
100 0.02 IO.T‘.}(_}'(!-] ! 0.6147 6.1470 5.173ed  1.2610 6.3303 ! 2.8 | 3.392ed4  1.6437 6.3627 3.1 0.3
300 0.02 | l.(]T-'l(*-ﬁ')I 0.8697 6.8172 1.882e¢4 1.6111 6.9301 | 2.1 | 3.165e4 2,0041 6.9631 2.4 0.3
1000 0.02 Ll(]ll}("_yl 1.1090 7.3047 1.807ed 1.8740 T.4288 L") l_l | 3.122e4 2.2119 T.3549 2.4 0.3

(Z=0.00 Z)) live ~10X shorter than 2-5

® Hence, 2-5 M AGB companion stars can feed the LIGO-mass BHs left
over from M2 30 M, Pop Ill stars (assuming binaries in 2nd generation).




Table 2. Implied ZAMS Pop 111 Star Observational Parameters Relevant to Caustic Transit Calculations

Mass® T.s” Radius © Lo © Mpa® | Bolo+IGM+K-corr! | ZAMS myy? | trise™ | transit®

ZAMS at ZAMS | ‘2=T #=12 2=1T7 | z=7 2=12 2=17 | caust rate

(Mg) (K) (Ra) (Lg) (AB) | (AB-mag) | (AB-mag) | (hr) (/cl/yr)
1.0 7.266¢3 0.87 1.92 +4.03 | +4.44 +3.13 +2.61 | 57.71 57.74 58.07 0.17 8x10°
1.5 1.065e4 0.95 10.5 4+2.18 | 4+1.45 +40.42 0.06 | 52.87 53.18 53.55 0.18 1.1x10%
2.0 1.367e4 1.03 32.9 +0.95 | +0.30 0.59 1.06 | 50.49 5093 51.31 0.20 1.5x10®
3.0 1.899e4 1.12 146. 0.67 0.51 1.26 1.72 | 48.06 48.64 49.03 .22 182.
5.0 2.805e4 1.23 846. -2.98 -0.70 -1.35 -1.80 | 45.96 46.65 47.04 0.24 29.1
10 4.508e4 1.40 7.28e3 4.91 0.22 0.79 1.23 | 44.10 44.88 45.27 | 0.27 5.70
15 5.789%4 1.51 2.32e4 6.17 | 40.23 -0.30 0.75 | 43.30 44.10 44.50 | 0.29 2.78
20 6.754ed 1.65 D.11led  -7.03 | +0.56 +0.04 —0.40 | 42.77 43.59 43.99 0.32 1.74

I_ —-— — — —
737e4 2.12 1.45e5 8.16 +0.88 +40.36 0.08 | 41.95 4278 43.17 | 0.417 0.827 |

3.713e4 2.86 4.25e5 9.33 +1.17 +40.66 +0.22 | 41.08 4191 42.31 | 0.55* 0.37* |
100 9.796e4 4.12 1.40e6 10.63 | +1.47 +0.96 +40.52 | 40.08 40.91 41.31 || 0.80* 0.15* |
300 1.074ed 7.41 6.56e6 12.30 | +1.71 +1.21 +40.77 | 38.64 39.48 39.88 [l 1.43* (_].(,)259*:
1000 1.080ed 12.9 2.02e7 13.52 | +1.72 +1.22 +0.78 | 37.44 38.28 38.68 : 2.48* _l').(u.'V_l

L .

oo
(m
-]

o
o
o's

o If have 1£210%-10° during caustic
transits, they could be detectable for months to AB<29 mag with JWST.

® Expect S1 caustic transit/yr at zZ7 when JWST monitors 23 clusters.




Table 3. Implied Red Giant Branch Pop 111 Star Observational Parameters Relevant to Caustic Transit Calculations

Mass” Ton® Radius © Lpot © Mpol Bolo+IGM+K-corr’ | Giant Branch myy? | tye" | transit®
GB at Hydrogen-depletion z=7 @ 2=12 =17 | 2=7 .2=12 :2=17. | caust | rate
(Mz) (K) (Re) (Ls) (AB) (AB-mag) | (AB-mag) | (hr) | (/elfyr)
1.0 6.9909¢3 3.25 22.8 +1.35 | +4.83 +3.48 +2.96 | 55.42 55.41 55.73 0.63 9% 10*
1.5 1.181e4 2.13 79.7 0.01 +0.91 (.06 0.53 | 50.13 50.51 50.88 0.41 1.0x10*
2.0 1.611e4 1.78 191. 0.96 0.19 1.01 1.47 | 48.08 48.60 438.99 0.34 175.
3.0 2.311ed 1.53 D98, 2.20 0.69 1.39 1.84 | 46.35 46.99 47.38 0.30 39.8
5.0 3.206e4 1.95 2.28e3 3.66 0.63 1.25 1.70 | 44.95 45.67 46.07 0.30 11.5
10 4.174ed 2.40 1.57ed 2.79 0.34 (.92 1.36 | 43.15 43.91 44.31 (.46 2.33
15 4.624e4 3.47 1.94e4 6.99 0.18 0.74 1,19 | 42.06 42.84 43.24 0.677 0.877
20 4.864e4 4.58 1.06ed 7.82 0.10 (.65 1.09 | 41.32 42.11 42.51 I B S‘:' ] _()1_1'_:
30 9. 180e4 6.49 2.72ed 8.80 +0.02 (.53 0.97 | 4041 41.20 41.60 : 1.25* 0.19% |
50 5.490e4 9.38 7.18eb 9.90 | +0.13 (.42 0.86 | 39.47 40.26 40.66 || L.8B1* 0.081% |
100 2.173ed 18.2 2.14e6 11.09 | 4+0.02 0.53 0.98 | 38.17 38.96 39.36 |l 3.52* 0.024* I
300 4.882¢4 40.8 8.51eb 12.59 0.09 (.65 1.09 | 36.57 37.35 37.75 : 7.88% 0.006* :
1000 | 4.807e4 748  2.68¢7 -13.83 | -0.12 -0.67 112 | 3529 36.07 3647 :_1.1.._14’-‘_ _0.002* |

o If M220 M Pop Il RGB stars have 1£210%-10° during caustic transits,
they could be detectable for a few months to ABS29 mag with JWST.

® Note the combined Bolometric+HIGM-+K-corrections are more advanta-
geous for Pop |ll RGB stars.




Table 4. Implied AGB Pop 111 Star Observational Parameters Relevant to Caustic Transit Calculations

Mass® | Tug® Radius ¢ Lot ¢ Mpai® | Bolo+IGM+K-corr! AGB myyv? [
AGB | at Helium-depletion 7=7 2=12 z=1 z=7 2z=12 2z=17 | caust
(Mg) | (K) (Ra) (Ls) (AB) (AB-mag) (AB-mag) | (hr)

Tllr

1.0 | 6.3123 9.23’ 39.87 +0.74 | +6.01 +4.57 +4.03 | 55.99 55.89 56.19 1.01
8.149e3 .18 151. 0.71 | +3.36 +2.14 +1.64 | 51.89 52.01 52.3: 1.19 4.0x10°
1.145e4 4.60 335. 1.57 +1.06 +0.07 0.40 | 48.73 49.08 49.4. 0.90 273.
1.736e4 3.56 2.79 (.36 y & 1.60 | 46.09 46.64 47.03 .69 28.9
2.658e4 2.8¢ 3.74e. 4.19 (.72 I8 1.82 | 44.33 45.01 4541 0.56 6.43
3.938e4 3.0¢ 9Be ~6.00 -0.42 —-1.0( -1.45 | 42.82 43.57 43.97 0.58 .71
4.215e4 4.5¢ 5.88¢ 7.18 ).3: ).9( 1.34 | 41.73 42,50 42.89 | 0.887 _().(TI':’_:

4.386e4 ). 14 1.25e: 8.00 ).27 1.28 | 40.97 41.74 42.14 1.19% 0.32* |

4.006e4 X J.17el -9.01 —{).4( -0.98 -1.42 | 39.83 40.59 40.98 || 2.26% 0.11% |

3.036e4 24.. .32e5 10.06 its A 09 | 38.63  39.37  39.77 || 4.70% 0.036% |
I
I
300 3.165e4 : 9.19e6 12.67 B¢ 26 oA 35.93 36.65 37.04 9.49° 0.003* |

1000 3.122e4 3. 2.26e7 13.65 65 28 72 | 3494 3566 36.05 | 31.45% | 0.001%

100 3.392¢4 44.( 2.31eb 11.17 ).5¢ A€ 37.49 38.22 38.61] 8.50% 0.012%

e If MZ20 M, Pop Il AGB stars have 11210%4-10° during caustic transits,
they could be detectable for a few months to AB<29 mag with JWST.

® Note the combined Bolometric+1GM-+K-corrections are far more advan-
tageous for Pop Ill AGB stars (especially at zZ12)!




Table 5. Pop Il Stellar Mass Black Hole Accretion Disk Parameters Adopted for Caustic Transit Calculations

Massg® Meampac ) ReS' | Radius® Lpoi” Mya! | bolo+IGM+K-corr? | map-limits at” T Transit’
ZAMS BH | of the UV aceretion disk 7= =1 ‘Z=L{"| '8=T g=12 =17 | (2=12) rate

(M) (M) (km) | (Rg) (L&) AB-mag | (AB-mag) | (AB-mag) (hr) (fclfyr)

BH accretion-disk bolometric luminosities and UV half-light radii scaling from microlensed quasars (Blackburne et al. 2011)

30 ~5.0 BH 15 1.4 <4.2x10° >-6.8 0.6 -1.4 1.7 | 2418 2424 2429 Lg.or7 _i_i;n_..ﬁ.s:;
50 ~24 BH 72 3.0 ,,z <10®  >-8.5 04 -1.2 15 | 403 >409 >41.4 |lo.58* 20.15%
100 ~65 BH 195 1.9 <5.4x10° >-9.6 02 -0.9 1.3 | 2304 =400 2405 |lo0.95 20.06%
300 | ~230BH | 690 9.2 <1.9x10°  >-11.( 0.2 -1.0 1.3 | =381 =386 =>39.2 /! 1.8 >0.02*
1000 | ~720 BH | 2160 16.3  <6.0x10° >-12.2 | 02 -09 1.3 | =368 =375 =379|1 3.2* 1_;:_-0.(11*:

BH accretion-disk bolometric luminosities and UV half-light radii estimated from multi-color thin-disk model |
30 ~5.0 BH 15 1.9 <£3.1x10'  >-6.5 06 -14

7 | 2421 2428 2432 | 0377 =0.847]
50 ~24 BH 72 1.5 <1.8x10° >-8.4 0.4 1.2 5

1
2 1 2404 2411 2415 | 0.87 Z0.18%|
100 | ~65BH 195 7.8 <59x10° 2=-9.7 0.2 -09 1.3 | 239.3 2400 2404 | 151*% | 20.06%,
300 ~230 BH | 690 15.8 <2.0x10° 2>-11.0 0.2 1.0 1.3 | 2380 2386 =>39.1 . 20.02*
1000 | ~720 BH | 2160 29.8 <6.6x10° >-12.3 0.2 -09 1.3 | 236.7 =374 =378 ' f;—;().m*l

e

' \.~

e If MZ20 M Pop Il stellar mass black hole accretion disks have 12104~

10° during caustic transits, they could be detectable for a few months to
AB<29 mag with JWST. Rise times ~hours—1 day; Decay times <0.4 yr.

® Note the combined Bolometric+|IGM+-K-corrections are also more ad-
vantageous for Pop Ill stellar-mass black hole accretion disks.

Multi-A model: Tocr_3/4 Trmazr~=10( 1BH) 3/8 keV: rpjocMp g 1/2
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® JWST should monitor such clusters during its lifetime for caustic transits.
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What are the best lensing clusters for JWST to see First Light objects?:

[LEFT] Best lensing clusters vs. ROSAT, Planck, SPT, MaDCoWS.
[RIGHT] Best lensing clusters compared to CLASH clusters.

(Contours: Number of lensed JWST sources at z~1-15 to ABS31 mag).

® Resulting sweet spot for JWST lensing of First Light Objects (zZ10):
Redshift: 0.35z50.5: Mass: 1012—15.6 M 5; Concentration: 455C<8.5
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Galaxy SEDs for different ages: peak at Apegt™~1.6pum (Kim etal. 2017).
JWST-NIRCam peaks in sensitivity for A=3-5pm, where Zodi is lowest.
Sweet spot for lensing cluster z<0.5: Zodi-gain mitigates (1 4 z)%-dimming.

® Minimizes effects from near-IR K-correction and ambient ICL.

® Lower redshift clusters also have higher (virialized) masses and much
larger Einstein radii.

e This is critical for optimizing caustic transit detections away from ICL.



Unigue compact lensing cluster CLIO 2863

Onginal Background Subtracted

Griffiths et al. (2018 MNRAS, 475, 2853): GAMA cluster at z~0.42 found
through mass-concentration selection. Has 89 VLT MUSE members:

® Cluster has minimal ICL near the critical curves, optimal for caustic
transit studies. Can see several arcs clearly in ground-based images.

e JWST should monitor clusters with minimal ICL near the critical curves
to minimize microlensing and maximize caustic transit magnifications.
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LEFT]: Example of 16-epoch extension. Alternatively:

[MIDDLE]: 4-epoch filled NIRCam + NIRISS Windmill mosaic.

[RIGHT]: 4-epoch extended NIRCam + NIRISS Windmill mosaic.

® GO's can repeat NIRCam primaries + NIRISS parallels as often as needed
during JWST's 5-14 year lifetime at any PA — no ORIENT restrictions!

e NEP yields time-domain imaging to ABS29 mag.

e NEP provides robust multi-ORIENT grism spectra to AB<28 mag.




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)



Northrop Grumman Expertise in Space
Deployable Systems

Over 45 years experience in the designh, manufacture,
iIntegration, verification and flight operation of
spacecraft deployables

100% mission success rate, comprising over 640
deployable systems with over 2000 elements




® (1b) How will JWST be automatically deployed?

Rotate and latch primary
mirror chords

Latch secondary mirrar Q@

fﬂ\ support structure / f*\x'. |
| . ]

OTE in folded ,-"!I' Deploy secondary mirror
configuration f

® During its two month journey to L2, JWST will be automatically de-
ployed, its instruments will be cooled, and be inserted into an L2 orbit.

® The entire JWST deployment sequence is tested several times in 1-G

from 2014-2019 at GSFC (MD), Northrop (CA), and JSC (Houston).

e All 18 flight mirrors completely done, and meet the 40K specifications.



Actuators for 6 degrees of freedom rigid body motion

Actuator
development
unit
Lightweighted
Beryllium Mirror

Actuator for radius
of curvature adjustment

Active mirror segment support through “hexapods”, similar to Keck.

Redundant & doubly-redundant mechanisms, quite forgiving against failures.




__,# Baseline “Cup Down” Tower Configuration at JSC (Before) @ ﬁ JSC “Cup Up” Test Configuration (New Proposal) @

Most recent Tower Design shows an

Inner Optical Tower supported by a Outer = s .

structure with Vibration Isolation at the xternal Vietrolo ———Accessible CoC Null Lens and
midplane. Everything shown is in the i Wo basie ejrf i Interferometer

20K region (helium connections, etc. not ) N e e e -

shown) except clean room and lift E pongl s - ACFs and Substructure
fixture.

Current plan calls for 33KW cooldown 2 o o el - v . o Primary Mirror
n e aging ! % _—

capability, 12 KW steady state, 300-500mW N2
cooling

JSC currently has 7 KW He capability

Current plan includes 10 trucks of LN2/day
during cooldown

Interferometers, Sources,
Null Lens and Alignment Equipment
Are in Upper and Lower

Pressure Tight Enclosure Inside of Shroud Accessible Double Pass

Sources, Intereferometers, etc.

Page 6

JWST underwent several significant replans and risk-reduction schemes:
® <2003: Reduction from 8.0 to 7.0 to 6.5 meter. Ariane-V launch vehicle.

@ 2005: Eliminate costly 0.7-1.0 pem performance specs (kept 2.0 pm).
e 2005: Simplification of thermal vacuum tests: cup-up, not cup-down.
@ 2006: All critical technology at Technical Readiness Level 6 (TRL-6).
e 2008: Passes Mission Preliminary Design & Non-advocate Reviews.
e 2010, 2011: Passes Mission Critical Design Review: Replan Int. & Testing.
e 2017-2018: Replan final Integration & Testing = Dec. 2021 launch.



Remaining I&T Steps

Observatory Deployments

1 7 i y

% W £ W W L Yl
Helags, SRS SANIng Parti Install d-barf 3 — e
Daploy, Slow *  FinchPullin —» Deploy DTA#4 — i Shwr o pangl MADs —* L SIOW e £ Saow UPS
) o LIPS a DTA #4
J2 Wing T (x23)
May Y June
MRD install (FWD x44, AFT x40) & Star Tracker Final Integration S|
p . P ] 4 /
s Inst |f-.'f e T . v CSTE S v ”
LA st (= HE = e T Lo 16 -
Vi > Wokou > i e OEOSIS e DN e L . TR
DRSA-Y DASA-H Transpondars aacasns i Run i
- g:;::: HD:F“ = Dhippng Preps
L sy o
Start MLI and Close-out Inspaction *  Install Sckar Array > Finalize MLI and Close-out Inspactaons — F
Aug/Sept

Blue box indicates first time activity

10813 JWST Marihi

Flowchart of Project tasks for FY21.

Blue = First-time operation (all others done before at sub-system level).




Kourou Activities

Prep for e Observato
Shipment & Ship Travels to | | convoy to SSC Inspecuon:y
Load OSTTARS Launch Site and Initial Arrival AlNaraks Tace
4 days 12d Tasks 3¢ 4
B Y
Final
CST-6 and RF ' Prop Deconfig & Obsarvatior PA Integration
Testing DSN Config cl Y and CCU3 Ops
oseouts
10d 3d 4d 4d)
Y
Observatory : Final Red Tag/
SSBLZ:;?:“‘M ' Move to BAF & JWEL::':: o Green Tag & MU
€ Transfer to HE Closeouts
12d ¢ 1d 1d]
\ 4 4
Fairing MDR Aliveness, Launcher Rollsci:::tand
Integration EEPROM Processing s
4d 1d] 4d 1d

Flowchart of ESA and Project tasks at Kourou (French Guyana).
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Resarve uses: (1) Bldg M4 issues, additional Z-axis vibe run, (2} Ka-band measuremaents, APCO adapter (3)
Planned sunshield repairs and patching

Project reserves in Spring 2021 for launch in late 2021.




Fiscal Year 2021 JWST HQ Milestones

Month Milestone Comment
Oct-20 1 Complete Observatory Envronmental Testing Completed 10/2/20
Nov-20
Dec-20 2 Complete Post Environmental Testing Spacecraft Bus Deployments Completed 11/12/20
Jan-21 3 Complete Post Environmental Testing Sunshield Deployments Completed 12/16/20
Feb-21 4 Complete Comprehensive System Test #5 Completed 2/13/21

5 Complete Cycle 1 Geneal Observer Proposal Reviews Completed 3/30/21
Mar-21 6 Sunshield Fold Complete ‘
7 Launch Readiness Exercise #2 Completed 3/8/21
Apr-21
May-21 8 Final Deployable Tower deployment
Jun-21
9 Final Observatory Stow Complete Completed 7/15/21
Jul-21 10 Observatory Pre-Ship Review Completed 7/29/21
11 Launch Readiness Exercise #4 Completed 6/22/21
12 Operational Readiness Review
Aug-21 2 !
13 Ship Observatory to Launch Site
Sep-21

210808 JWST Monthly Telecon 2

Milestones left to go as of Summer 2021.

Operational Readiness Review passed in Aug. 2021, Launch Readiness in
Nov. 2021




Milestone Performance

* Since the September 2011 replan JWST reports high-level
milestones monthly to numerous stakeholders

Total Total Number Number Deferred to Deferred
Milestones Milestones Completed Completed Next Year more than
Completed Early Late one quarter

FY2011 21 6
FY2012 34 16
FY2013 38 20
FY2014¢ 23 10
FY2015 48 44 22
FY2016 45 39 25
FY2017 38 32 12
FY2018 31 18 7
FY2019 25 19 8

* Milestone accounting in FY2014 was complicated by the government shutdown and multicomponent
milestones

190609 MST Monthly Tedacon 5

FY14: 8 milestones late by 1 mo due to Oct 2013 Government shutdown.
FY15: Most “Lates” not on critical path.
FY17: Lates started to outnumber Early’'s = Replan Integration & Testing.




Commissioning At A Glance

Commissioning begins at launch and is ~180 days long, including the following
key events:

1. Launch and Ascent — power positive, safe attitude, and communications established

2. Mid Course Correction — MCC1 (a and b) corrects launcher dispersions for proper L2 trajectory
3. Deployments

4. Cool-Down/Cryo-Cooler Activation

5. Mirror segment deploy and wave-front control

6. Science Instrument calibrations and checkout

Launch

Deployed “Telescope aligned

Images from 18 mirrors Start aligning to 3 Slis Thermal characteriz

on temp. NIRCam read

Aligned to NIRCam MIRI at operating

] ]

Telescope commissioning

LRE-1
120

I
60

I
140

1 1
80 100
Days after launch

— Launch and Deploy Phase

— Cool-Down/OTIS Phase

NIRISS ready
p

END

MIRI ready

NIRSpec ready

Image credit: NASA/ Jane Rigby

2071109 IWST Montnly

JWST Commissioning Plan after launch from Kourou in Dec. 22, 2021.




First light ; Initial Capture Final Condition
NIRCam AdlerStep 1 £

18 individual 1.6-m diameter aberrated PM segments:
1 L. sub-telescope images < 100 pm,
SERmG PM segments: <1 mm, < 2 arcmin tilt < 2 arcsec tilt

Image _
Ca 1ti:.: SM: <3 mm, <5 arcmin tilt SM: <3 mm,
: < 5 arcmin tiit

After Step 2 Primary Mirror segments:
<1 mm, <10 arcsec tilt WFE < 200 pym (rms)

Secondary Mirror :
<3 mm, <5 arcmin tilt

2. Coarse Alionment
Secondary mirror aligned
Primary RoC adjusted

After  Step 3
2 - . i

3. Coarse Phasing - 'ne i WFE: < 250 um rms WFE <1 um (rms)
Cumding (PMSA piston) e aﬁ =

] ;&%‘h&ﬁ e
Alter ; Step 4
” 4. Fine Phasing _ i _ WFE: < 5 um (rms) WFE < 110 nm (rms)

Wavelront Monitoring

IS- Image-Based | WFE: < 150 nm (rms) WFE < 110 nm (rms)

JWST's Wave Front Sensing and Control is similar to the Keck telescope.

In L2, need WFS updates every 10 days depending on scheduling/illumination.




