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Pushing the envelope …

Imaging 

Time-domain science in the ELT era 

One of the most difficult tasks - the origin 
of luminous matter in the universe - seeing 
the “first stars”



First Stars = (1st batch of) Pop-III Stars
What we think we know about them:  

Metal-free (H+He): by definition 

High-mass: most of them should be at least a few x 10-102 Msun; 
proto-stellar clouds hard to fragment due to the lack of effective 
cooling mechanisms (being metal-free!) 

High-z: Started at z~30? Can still be found as late as z~4-6? 

Individual “first stars” are too faint to be detected by any facilities 
planned in the near future 

The only chance of detection is to catch them when they’re dying - 
“first-star SNe”



SNe from High-mass Progenitors
They are very short-lived (a few million years) – their final fates depend 
on their masses and rotation rates (e.g., Herger & Woosley 2002) 

8 – 40 Msun : die as core-collapse supernovae (CC SNe), with energy 
outputs similar to those events seen at low-z

40 – 90 Msun : directly collapse to a black hole; but if rapidly rotating 
they can explode as hypernovae (HNe) or possibly gamma-ray burst 
(GRB)

> 90 Msun : encounter “pair instability” (PI) at the end of He burning – 
e- and e+ production in the core takes away a lot of energy and causes 
it to rapidly contract and result in explosive O and Si burning – PISNe 

PISNe are the brightest and are our only hope



Are they detectable?
(2018) - calculated for the JWST NIRCam bands

• For GMT/TMT: H-band, use Blue; For K-band, interpolate between cyan and green 
• Interesting range: between AB = 29 - 30 mag (MUV (AB) ~ -19 to -18 mag @ z=12)



Time Required - sensitivity

Based on the most current ETCs 

No overhead (readout, dithering, etc.) is included

S/N=5 H=29 (AB) 
H=27.6 (Vega) 

H=30 (AB) 
H=28.6 (Vega) 

K=29 (AB) 
K=27.2 (Vega) 

K=30 (AB) 
K=28.2 (Vega)

TMT/IRIS 
(FoV=34”x34”)

0.02” Aperture 
9,021 sec 
(2.51 hr)

0.02” Aperture 
56,893 sec 
(15.80 hr)

0.03” Aperture 
4,991 sec 
(1.39 hr)

0.03” Aperture 
31,468 sec 
(8.74 hr)

GMTIFS 
(FoV=22”x22”)

d=0.04” Aperture 
35,400 sec 
(9.83 hr)

d=0.04” Aperture 
222,000 sec 
(61.67 hr)

d=0.04” Aperture 
36,600 sec 
(10.17 hr)

d=0.04” Aperture 
228,000 sec 
(63.33 hr)

* All using 30-sec/frame; if longer frame time allowed (not causing saturation due to background),  
these numbers can be shortened slightly 



PopIII SNe Rate

At z~12, PI SN rate is ~ 0.04 event/yr/deg2 per unit redshift 

Integrate over all redshifts: ~ 1 event/yr/deg2 (but this 
would then require way more than just two bands!)

Magg et al. (2016); assuming log-flat IMF



Time Required - coverage
TMT/IRIS - 34”x34” => need 11,211 pointings to cover 1 deg2, and for 
just one epoch! 

How many hours we have: 365 (n/yr) x 8 (hr/n) = 2,920 hr/yr 

The most optimal case (AB = 29 mag in H/K):  

Need 3.9 hrs to do one pointing in two bands  

 3.9 hrs/pointing  x 11,211 pointings = 43,722.9 hrs 

~ 15 years to cover 1 deg2, for one epoch 

For three epochs, this would be 45 years (long-live IRIS!) 

Over 45 years, there would have been 0.04 x 45 = 1.8 PI SNe found 
over this one square degree …



Need 2nd-generation camera(s)
Need a (much) larger FoV !!! 

Multi-conjugate AO (MCAO) to achieve ~ at least 2’x2’ FoV - 12.5x 
time saver 

(Increased cost in number of detectors to populate the FoV) 

Multi-channel camera to allow simultaneous,  multi-band 
observations 

Even just two channels would save time by 2x 

More channels would allow hunting over a wide redshift range 

(Increased cost in number of detectors for additional channels) 

(Probably not worth going redder than K due to the background)



Shall we wait till Camera-TNG?
Of course NOT - Theories can go (very) wrong! And there could be factors 
that we haven’t thought about carefully (see e.g., the new DCBH-induced 
PopIII starburst scenario presented in Barrow, Aykutalp & Wise (2018)) 

JWST will be in this game before GMT/ELT/E-ELT start 

JWST/NIRCam will be more efficient - we will learn a lot by the time when 
GMT/TMT/E-ELT come online (e.g., PopIII SNe brightness & rate probably will 
have been constrained) 

JWST will have a limited lifetime (5.5-10 years) - GMT/TMT/E-ELT need to 
carry over 

First-light instrument(s) can still do a lot as discovery (as oppose to follow-
up) machine(s) in studying the transient universe



“Parallel” Observations with IRIS

IRIS allows “parallel” imaging while doing spectroscopy (!) : we 
could at least try out the transient (first-star SN included) search 
without using dedicated time 

“Pure-parallel mode” of observations similar to what HST has been 
doing for years 

To fulfill the multi-epoch requirement, we would need a 
“mandated mode” for IRIS spectroscopy: if not time-critical, split 
spectroscopic observations into multiple epochs such that the 
parallel imaging would enjoy multiple epochs automatically



There are transients at high-z
Hubble Infrared Pure Parallel 
Extragalactic Survey (HIPPIES; 
Yan et al. 2011) 

This particular object was found 
through observations separated 
by a few days; a perfect Y098-
dropout (candidate galaxy at 
z~7) seen in the combined image 

Still a legitimate Y098-dropout at 
single epochs 

Significant variability revealed 
when examine single images 

Nature not yet clearA Peculiar Y098-dropout  
found in HIPPIES



Take-away Messages

Searching for high-z transients (first-star SNe being the most 
valuable) will be the pushing-the-envelope business for GMT/TMT 
but highly worthwhile - this is still an unexplored territory  

Call for 2nd-generation camera with (1) large FoV using MCAO, 
and (2) multi-channel imaging 

Fully exploit the capability of the 1st-light instruments - e.g., “pure-
parallel mode” for the IRIS


