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• 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.

Talk at the Cosmology Conference, Venice, Italy; Sat. August 24, 2019

Talk is on: http://www.asu.edu/clas/hst/www/jwst/jwsttalks/cosmoconf19_jwst.pdf

http://www.asu.edu/clas/hst/www/jwst/jwsttalks/cosmoconf19_jwst.pdf


Outline & Conclusions

(1) Update on the James Webb Space Telescope (JWST), 2019.

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

•Weak AGN Variability (e.g., SF–AGN connection; support LyC studies);

• Very high redshift supernovae incl Pair Instability Supernovae (PISN).

• 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 III stars and their stellar-mass black hole accretion disks at z>∼7.

• Limits to the SKY-SB from First Stars & Stellar-Mass Black Holes =⇒

• JWST may detect Pop III objects directly monitoring >
∼3 lensing clusters.

See also talks by, e.g., Dan Coe, Chema Diego, Masamune Oguri, & Adi Zitrin



WARNING: Both Hubble and James Webb are 30–40+ year projects:

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



JWST ≃2.5× larger than Hubble, so at ∼2.5× larger wavelengths:

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



• 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?

• After launch in March 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 >

∼70% of the time, and send data back to Earth every day.



Summer 2019: >
∼99.5% of launch mass designed and built (>∼99% weighed).



2014–2019: Complete system integration at GSFC and Northrop.



NASA team-work to take JWST mirror covers off!



JWST being tilted into the right position



Webb mirrors finally mounted and ready!



JWST stowed for final instrument mounting





• JWST hardware made in 27 US States: >
∼99.5% of launch-mass finished.

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

• JWST Fine Guider Sensor + NIRISS provided by Canadian Space Agency.

• JWST NIRCam made by UofA and Lockheed.
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July 2019: Full 1-G deployment of JWST secondary mirror (SM) .
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July 2019: Full 1-G deployment of JWST secondary mirror (SM) ..
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July 2019: Full 1-G deployment of JWST secondary mirror (SM) ...



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



3

Program Updates: Spacecraft and Sunshield 

171016 JWST Monthly Telecon 26

JWST Flight Sunshield assembled and tested at Northrop.
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Aug. 2019: Stowed flight sunshield before integration with JWST OTE.
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Aug. 2019: Telescope + Instruments before final integration with spacecraft.



!"!!#$%&'()*%+,

Aug. 2019: OTE before final integration with Sunshield & spacecraft.



Late breaking news: JWST OTE+ISIM lowered into Sunshield+Spacecraft



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



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



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

Accessible by JWST 365 days/yr: only the NEP & SEP CVZ (r <
∼5◦):

• NEP has great regions for far-extragalactic science. SEP contains LMC.

• CVZs great for parallax, proper motions, high redshift variability, etc.

• JWST NEP survey also provides multi-ORIENT grism spectral separation.
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[LEFT]: WISE 4µm bright star density: Very few regions (purple) without
bright stars (AB<

∼16) to minimize persistence in JWST images
(Jansen & Windhorst, 2018, PASP, 130, 124001).

[RIGHT]: E(B−V) map (Schlegel+ 1998) in same NEP-region (bII ≃33◦).

Cleanest r=7′ region for JWST has modest extinction: E(B−V)<∼0.028m.



Deep Image of the Magellanic System with southern JWST CVZ indicated.

Besla, G., Martinez−Delgado, D., van der Marel, R., Beletsky, Y., et al. 2016, ApJ 825, 20
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[LEFT] Map of LMC+SMC (Besla et al. 2016, ApJ, 825, 20).

[RIGHT]: E(B−V) map (Schlegel et al. 1998) in SEP-region.

• 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.

• JWST should observe and monitor bottom of IMF in LMC at SEP.
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∼16) stars.



At r<∼7′, JWST NEP TDF is a clean extragalactic survey field (LBT).

To AB<
∼26 mag, get many faint Galactic brown dwarfs and high-z dropouts.



JWST NEP TDF with HST Cy>∼25 ACS+WFC3 mosaics overlaid.



(2) NIRCam + NIRISS-parallels optimally cover the JWST NEP TDF.

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

• CVZ enables overlapping dark-sky NIRCam + NIRISS-parallel mosaics.

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



Exposure Maps of NEP JWST-Windmill & GO-Extensions:
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From: Jansen & Windhorst (2018, PASP, 130, 124001).

[LEFT]: Exposure map of two contiguous areas: NIRCam primary (green)
+ NIRISS parallel grism (purple), observable at any PA.

[MIDDLE]: Same with ∆PA=90+180+270◦ added: our 50-hr GTO plan.

[RIGHT]: 8-epoch GO-Community extension in JWST Cycle >
∼1.

NEP 2.0µm sky always dark: 0.24±0.03 MJy/sr (GOODS≃0.19–0.35).

• NEP: time-domain imaging to AB<
∼29 & grism spectra to AB<

∼28 mag.



Redshift, z
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[LEFT] Projected Supernova yield for a single JWST/NIRCam field:

JWST NEP TDF provides ∼16× more high-z SNe than 1 NIRCam:

• JWST NEP will detect all Type Ia SNe to z<∼5 (Rodney et al. 2015),

• + 90% of all Core Collapse (CC) SNe to z<∼1.5 (Strolger et al. 2015).

[RIGHT] Simulated light curves for SNe types at z=7: JWST may detect
(rare) Pair Instability SuperNovae (PISN; Kasen et al. 2011).

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

• NEP can monitor SNe (+hosts) as often as needed, including at z>∼5.



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

Two Reionization/First Light constraints remain seemingly at odds:

[LEFT 2]: Planck 2018 VI (astro-ph/1807.06209v1): • CMB polarization
optical depth τ≃0.054±0.007 ⇒ zreion≃7.7±0.7 (age 670 Myr).

[RIGHT]: Bowman et al. EDGES result (2018, Nature, 555, 67):

• Possible global 78 MHz HI-signal at z≃17±2 (age 225 Myr).

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

• What does this mean for First Dust, and the first (BH) binary stars?



592h HUDF weighted log-log: FuvNuvUBViIzYJWH, AB<
∼28–31 (>∼2 nJy).

The HST-unique part for JWST: Panchromatic 13 filter HUDF: UV–Blue emphasized.



592h HUDF weighted log-log: FuvNuvUBViIzYJWH, AB<
∼ 31 (>∼2 nJy).

o z=7–8, o z=9, O z=10–12. Panchromatic 13 filter HUDF: Red–IR emphasized.



841 orbits = 592h HUDF: AB<
∼31 mag; Objects affect ∼45% of pixels!!

Panchromatic 13 filter HUDF: False-color “Bolometric” or χ2 image.



Anticipated cosmic star-formation rate (SFR) at z>∼7:

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

[RIGHT] RAMSES models (e.g., Sarmento et al. 2018, ApJ, 854 75).

⇒ Adopt this SFR from z≃17 to z≃7, implying at the lowest masses:

• Metallicity increases from ∼0 at z≃18 to <
∼10−3 solar at z≃7.

• Integrated SFR from z>∼7 has sky-SB>
∼31 K-mag/arcsec−2 (Windhorst

et al. 2018), similar to the 3.6 µm CIB sky-SB possibly from BH’s.



(3a) Limits to Pop III Sky-SB: First (Stellar-Mass?) Black Holes

[LEFT] Object-free Spitzer 3.6 µm power-spectrum constrains noise fluc-
tuation models (Cappelluti et al. 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):

• z>∼7 objects have sky-SB fainter than 31 mag/arcs2, plus likely a (stellar
mass) black hole X-ray component. (Kashlinsky+ 2018; Windhorst+ 2018, ApJ, 234, 41).
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Light (Driver+ 16; Windhorst+ 18):

Energy(dust) ≃ 52% &
energy(cosmic SF)≃48%
of EBL ⇒ dust wins!

Diffuse 1–4µm sky <
∼0.1 nW/m2/sr

or SB(K)>∼31 mag/arcsec2:

• 1) possibly from Pop III stars at

z≃7–17, and/or

• 2) their stellar-mass BH accretion

disks (z≃7–8).

This can make Pop III stars or their BH accretion disks temporarily visible
to JWST & ground-based 30 meter telescopes at AB<

∼28–29 mag.

• Requires using the best lensing clusters and monitoring caustic transits.



(4) Possible caustic transits from Pop III stars and their BH accretion disks.

• JWST (and ground-based 25–39 m telescopes) may detect Pop III stars
and their stellar-mass BH accretion disks directly to AB<

∼28–29 mag via
cluster caustic transits (Windhorst+, 2018, ApJS, 234, 41).

• JWST GO community should anticipate this and build on it.



Need clusters with minimal ICL and microlensing near the critical curves.

HFF A2744: JWST needs cluster caustic transits to see Pop III objects.
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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 vT
<
∼1000 km/s

(Kelly+ 2018; Nature Astr. 2, 334; Windhorst+ 2018, ApJS, 234, 41).

• Main caustic magnification: µ ≃ 10.(dcaustic/”)
−1/2. For Pop III

objects at z>∼7 with 1–30 R⊙, µ can be >
∼104–105 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).



(4) HST observations of a B-star caustic transit at z≃1.49

Kelley et al. 2018 (Nat. Astr. 2, 334): caustic transit of a B-star at z≃1.49.



Kelley et al. 2018 (Nat. Astr. 2, 334): caustic transit of a B-star at z≃1.49.

Diego+ 2018 (ApJ, 857, 25): caustic transits in the presence of microlensing.

See also Miralda-Escudé (1991), Venumadhav et al. (2017, ApJ, 850, 49).



Pop III star HR-diagram: MESA stellar evolution models for z=0.0 Z⊙.
(Windhorst, Timmes, Wyithe et al. 2018, ApJS, 234, 41):

• Critical point: 30–1000 M⊙ Pop III stars (Z=0.00 Z⊙) live ∼10×
shorter than 2–5 M⊙ Pop III stars in their AGB stage.

• Hence, 2–5 M⊙ AGB companion stars can feed the LIGO-mass BHs left
over from M>

∼30 M⊙ Pop III stars (assuming binaries in 2nd generation).
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Windhorst+ (2018, ApJS, 234, 41):

• Multicolor accretion-disk models for stellar-mass black holes [RIGHT]:

For MBH ≃5–700 M⊙, accretion disk radii and luminosities are similar
to those of Pop III AGB stars, when the BH is fed by a Roche lobe-filling
lower-mass companion star on the AGB (which live >

∼10× longer!).

• Assumes 2nd generation O-stars have high enough Fe/H (>∼10−4 Z⊙)
that 2–5 M⊙ AGB companion stars exist and feed these LIGO-mass BHs.

• This may make stellar-mass black hole accretion disks at least as likely
to be seen via caustic transits as the Pop III stars themselves.



Mass–Luminosity relation for zero metallicity Pop III MESA models:

For range of IMF slopes, most Pop III star sky-SB comes from 20–300 M⊙.



Windhorst, Timmes, Wyithe et al. (2018, ApJS, 234, 41):

• 30–1000 M⊙ Pop III stars (Z=0.00 Z⊙) live ∼10× shorter than 2–5
M⊙ Pop III stars in their AGB stage.

• Hence, 2–5 M⊙ AGB companion stars can feed the LIGO-mass BHs left
over from M>

∼30 M⊙ Pop III stars (assuming binaries in 2nd generation).



• If M>
∼30 M⊙ Pop III ZAMS stars have µ>

∼104–105 during caustic
transits, they could be detectable for months to AB<

∼29 mag with JWST.

• Expect <
∼1 caustic transit/yr at z>∼7 when JWST monitors >

∼3 clusters.



Conclusions

• JWST still on track for a March 2021 launch from Kourou.

•M>
∼30M⊙ Pop III ZAMS stars (AB∼37–42 mag at z>∼7), with µ>

∼104–

105 during caustic transits, detectable (for months) to AB<
∼29 with JWST.

• Pop III RGB and AGB stars: more advantageous Bolometric+IGM+K-
corrections, are 1–2 mag brighter, but live∼10× shorter than ZAMS stars.

• Pop III stellar mass black hole (M>
∼20 M⊙) accretion disks also be ∼1

mag brighter and live ∼10× longer than their ZAMS stars.

• JWST could detect both Pop III stars and their stellar-mass BH (M>
∼20

M⊙) accretion disks at AB<
∼28-29 mag via caustic transits for magnifica-

tions µ≃104–105 (where ICL microlensing doesn’t dominate caustics).

• Expect <
∼1 caustic transit/yr at z>∼7 when JWST monitors >

∼3 clusters.

• Stellar-mass BH accretion disks may dominate caustic transits at z>∼7.

• JWST GO community should anticipate this, and plan for it.



Reminder: Your Webb Cycle 1 proposals are due May 1, 2020

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



Reminder: Your Webb Cycle 1 proposals are due May 1, 2020

You don’t want to miss the boat on this ... Competition will be fierce !



SPARE CHARTS
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Evolution of Schechter UV-LF: faint-end LF-slope α(z), Φ∗ (z) & M∗ (z):

• For JWST z>∼8, expect α<
∼–2.0; Φ∗ <

∼10−3 (Mpc−3.5) (Oesch+ 11).

• HUDF: Characteristic M∗ may drop below –18 or –17.5 mag at z>∼10.

⇒ Has significant consequences for JWST survey strategy.



LF (z=6-20): 
p=0.16   

(Mpc   )

Schechter LF (z<∼6<∼20) with best-fit α(z), Φ∗ (z), M∗ (z) & µ=0.50.

Area/Sensitivity for: HUDF/XDF, 15 WMDFs, 2 WDFs, & 1 WUDF.

• Need lensing targets for WMDF–WUDF to see z≃14–15 objects.



Schechter LF (z<∼6<∼20) with best-fit α(z), Φ∗ (z), M∗ (z) & µ=0.50.
Area/Sensitivity for: 15 WMDFs, 2 WDFs, & 1 WUDF.
• At MAB

>
∼–12 mag, LF dominated by individual Pop III stars (α≡2.0).



HST

[LEFT] HST UV-vis filters complement the JWST NEP community field:

• HST adds λ’s inaccessible to JWST, or where HST has better PSF.

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

• These are what GTO’s will use as standard NIRCam filters.



• If M>
∼20M⊙ Pop III RGB stars have µ>

∼104–105 during caustic transits,
they could be detectable for a few months to AB<

∼29 mag with JWST.

• Note the combined Bolometric+IGM+K-corrections are more advanta-
geous for Pop III RGB stars.



• If M>
∼20M⊙ Pop III AGB stars have µ>

∼104–105 during caustic transits,
they could be detectable for a few months to AB<

∼29 mag with JWST.

• Note the combined Bolometric+IGM+K-corrections are far more advan-
tageous for Pop III AGB stars (especially at z>∼12)!



• If M>
∼20M⊙ Pop III stellar mass black hole accretion disks have µ>

∼104–

105 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 III stellar-mass black hole accretion disks.

Multi-λ model: T∝r−3/4; Tmax≃10(MBH
100 )−3/8 keV; rhl∝MBH

1/2.
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Trumpet diagrams for
JWST lensing clusters
from ground-based
spectroscopic N(z)
(Windhorst+ 2018):

• 1) Add random
space velocity vsp to
clusters.

• 2) Projected vT
must be <

∼1000km/s
for vsp not to unduly
disturb radial N(z).

• 3) Best clusters
(Bullet) for caustic
transits can have
vT

<
∼2700 km s−1.

• JWST should monitor such clusters during its lifetime for caustic transits.



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 AB<
∼31 mag).

• Resulting sweet spot for JWST lensing of First Light Objects (z>∼10):

Redshift: 0.3<∼z<∼0.5; Mass: 1015−15.6 M⊙; Concentration: 4.5<∼C<
∼8.5



Galaxy SEDs for different ages: peak at λrest≃1.6µm (Kim et al. 2017).

JWST-NIRCam peaks in sensitivity for λ=3–5µm, where Zodi is lowest.

Sweet spot for lensing cluster z<∼0.5: Zodi-gain mitigates (1 + z)4-dimming.

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

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

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



(3) What are the best lensing clusters to monitor caustic transits?

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.

• JWST should monitor clusters with minimal ICL near the critical curves
to minimize microlensing and maximize caustic transit magnifications.
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Jansen & Windhorst (2018, PASP, 130, 124001).

[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!

• NEP yields time-domain imaging to AB<
∼29 mag.

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



• References and other sources of material shown:

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

http://www.asu.edu/clas/hst/www/ahah/ [Hubble at Hyperspeed Java–tool]

http://www.asu.edu/clas/hst/www/jwst/clickonHUDF/ [Clickable HUDF map]

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

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).

http://www.asu.edu/clas/hst/www/jwst/
http://www.asu.edu/clas/hst/www/ahah/
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


Any (space) mission is a balance between what science demands, what
technology can do, and what budget & schedule allows ... (courtesy Prof. R. Ellis).



• (6) Update of JWST programmatics as of 2019



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

• 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).

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



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

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



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 µm performance specs (kept 2.0 µm).

• 2005: Simplification of thermal vacuum tests: cup-up, not cup-down.

• 2006: All critical technology at Technical Readiness Level 6 (TRL-6).

• 2008: Passes Mission Preliminary Design & Non-advocate Reviews.

• 2010, 2011: Passes Mission Critical Design Review: Replan Int. & Testing.

• 2017–2018: Replan final Integration & Testing ⇒ March 2021 launch.



!

Project now back on track in Fall 2018/early 2019 to launch in March 2021.
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FY14: 8 milestones late by 1 month due to Oct 13 Government shutdown.

FY15: Most “Lates” not on critical path.

FY17: Lates started to outnumber Early’s ⇒ Replan Integration & Testing.
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Path forward to Launch (NOW: March 2021): <
∼4 mos schedule reserve.

• Spacecraft and Sunshield are now on critical path (at Northrop).



Project now back on track in Fall 2018/early 2019 to launch in March 2021.



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.



Wave-Front Sensing tested hands-off at 40 K in 1-G at JSC in 2015–2017.

Ball 1/6 scale-model for WFS: produces diffraction-limited 2.0 µm images.


