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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 JWST Science Working Group — Apr. 3, 2019

Talk is on: http://www.asu.edu/clas/hst/www/jwst/jwsttalks/jwst_caustictransitsWP_03apr19.pdf
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Outline & Conclusions

(1a) The principle of cluster caustic transits: Extreme magnifications.

(1b) HST observations of OB-star caustic transits at z≃1–1.5

(2a) Limits to the SKY-SB of Pop III objects: First Stars

(2b) Limits to the SKY-SB of Pop III objects: Black Holes

(3) Conclusions:

• In the best lensing clusters, JWST may detect caustic transits of Pop III
stars and their stellar-mass black hole accretion disks at z>∼7.

• It will need to monitor >
∼3 clusters for years to see this.



(1a) The principle of cluster caustic transits: Extreme magnifications.

Windhorst+ (2018, ApJS, 234, 41): JWST (and 25–39 m ground-based
telescopes?) may detect Pop III stars and their stellar-mass BH accretion
disks directly to AB<

∼28–29 mag via caustic transits in the right clusters.

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



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

HFF A2744: need cluster caustic transits to see Pop III objects at z>∼7.
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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 ob-

jects at z>∼7 with 1–30 R⊙, µ can then 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).



(1b) HST observations of OB-star caustic transits at z≃1–1.5

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).



(2a) Limits to the SKY-SB of Pop III objects: First Stars

Two Reionization/First Light constraints remain seemingly at odds:

[LEFT 2]: Planck 2018 VI (astro-ph/1807.06209v1): • Cosmic Background
polarization 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?



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

[LEFT] Observed (e.g., 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.

• ⇒ First Stars may go quickly form forming singly (at z≃17) to forming
in binaries (at z<∼7) ⇒ Integrated sky-SB(SFR z>∼7)>∼31 mag/arcsec2.



(2b) Limits to the SKY-SB of Pop III objects: 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):

• Objects at z>∼7 have sky-SB≃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 visible to JWST

at AB<
∼28–29 mag.

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

• JWST must monitor best lensing clusters throughout its lifetime.



First Stars (“Pop III”) HR-diagram: MESA stellar evolution models for zero
metallicity (Windhorst, Timmes, Wyithe et al. 2018, ApJS, 234, 41):

• 30–1000 M⊙ Pop III ZAMS stars live ∼10× shorter than 2–5 M⊙

Pop III stars in their Giant Branch 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 disks 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 z>∼7 at least as
likely to be seen via caustic transits as the Pop III stars themselves.



(3) Conclusions for Pop III Star/BH Accretion Disk caustic transits

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

µ>
∼104–105 during caustic transits, they could be detectable for a few

months to AB<
∼29 mag with JWST. Rise times of a few hours.

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

similarly detectable, and live ∼10× longer than their ZAMS stars.

• JWST can detect individual Pop III objects at AB<
∼28-29 mag via clus-

ter caustic transits if magnifications µ≃104–105 (i.e., ICL microlensing
doesn’t dominate cluster caustics).

• In the case of significant micro-lensing by ICL objects, 30 m telescopes
+ MCAO can follow this up for decades, but only at λ≃ at 1–2 µm.

• 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.



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 a 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=0.0 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.



• 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.



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



(4) 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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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.



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.


