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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.
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(1) Outline & Conclusions

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

Monitor these 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.



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

Location of the JWST NEP TDF in our Galaxy (bII ≃33◦).
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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.



Panchromatic JWST NEP TDF data available or in progress as of Fall 2019.

IDS GTO pgm focus on ground-based data supporting the JWST NEP TDF.
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r=7′ JWST NEP Time-Domain Field is free of bright (AB<
∼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 outlay 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.



Ashcraft+ (2018, PASP, 130, 064102): Seeing-sorted LBT U-band images:

• Optimal resolution image best for panchromatic SEDs of isolated objects

• 30-hr Optimal depth U-band image goes deeper than HST UV images.



• 30-hr best-depth image (FWHM <
∼1′′.8) reaches AB <

∼28 mag.

• 3-hr best-resolution image (FWHM <
∼0′′.8) reaches AB <

∼27 mag,
and is best for comparison to crowded HST UV and JWST IR images.

•Will have these from LBT and VLT in 2021 for NEP TDF and CANDELS.



225 galaxies with AB≃19–23 mag: light-profiles to U<
∼32 mag arcsec−2

of best-res and best-depth images similar to <
∼0.05-0.10 mag.

→ No significant light missing in outskirts of galaxies that produce most EBL.



JWST NEP Time-Domain Field

r=5’

JWST/NIRCam r=7.5’

850um+3GHz
JVLA 3GHz

SCUBA-2 850um

15-m JCMT SCUBA2 850 µm map + VLA A+B-conf 3.0 GHz map
(∼2500 sources to 4.5 µJy ): trace cosmic SF incl. hidden SF & AGN.



• L. Jiang et al. (2019): L∗ galaxies at z≃6 with
extremely blue UV-SED β-slopes.

• Selected from 100’s z≃6 galaxies with Subaru,
LBT, MMT images and solid Lyα spectra.

• HST WFC3-IR follow-up to precisely measure their
UV β-slopes.

• Rare steep β≃2.4–2.9 values requires either 2-
component SED, or possibly some Pop III SED.

• Compelling targets for JWST NIRSpec, NIRCam.



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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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).
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(Top) Caustic Transit at z≃0.94 by Kaurov et al. (2019, ApJ, 880, 58)

(Bottom) Caustic Transits at z∼1 by Chen et al. (2019, ApJ, 881, 8)

• A T≃13,500 B giant at z≃0.94 with magnification µ>
∼200–300.

• MACS 0416 ICL microlensing complicates analysis (at lower z’s).



[Left] Herschel/Planck selected clusters with highly lensed 350 µm sources
(Frye et al. 2019, ApJ, 781, 51):

[Right] G165 at z≃0.35 is one of the brightest and most massive
(M≃1.9×1015 M⊙) Planck selected clusters.

• Its high S350 flux of ∼750 mJy is due to a strongly lensed dusty star-
forming galaxy (DSFG) at z≃2.2.

• G165 may be as good as A 2744 in magnifying First Light sources, and
as good as M0416 for caustic transits.



• G165 has two giant lensed arcs at z≃2.2, and 11 lensed image families.

• Very prominent cluster substructure. Combined with its MMT N(z≃0.35),
suggests significant transverse velocity needed for caustic transits.
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[Top] WFC3 JH, LBT K; MMT spectra; “Trumpet” diagram for G165.

[Bottom] Magnification maps G165 & A2744; Lensing bias for z≃10 LF.



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.



• 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

Panchromatic X-ray–Radio data accumulating for NEP Time-Domain Field.

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

•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 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).

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



SPARE CHARTS



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.



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>
∼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.


