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• Pop III IMF ? 

• Chemical enrichment 
by Pop III stars ?

• Pop III star vs. 
Black hole (DCBH) ?

• ...

Pop III Mass Prediction 
(Hirano et al. 2015)

Key Science of TMT: First Sources of light in Early Universe 



Predicting Observational Signatures of Population III Galaxies:
Hard spectrum & Ext. low metallicity

See also: Tumlinson+2000, 2001, Schaerer 2002, Raiter+2010, Inoue 2011, Zackrisson+2011, Nakajima & Maiolino 2022, Rusta+2025

Schaerer 2003

HeII

Harder towards
lower metal.

Z=0 (Pop III)

Zsun

Lyα

Katz et al. 2023

Quick metal enrichment (see: Wise et al. 2012)

+ One PISN to enrich Z~10-3 Zsun (106 Msun halo)

Pop III stars and ISM metals coexist
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Predicting Observational Signatures of Population III Galaxies:
Possibly in Vicinity of Luminous Obj at Moderate-Redshift

See also: e.g. Haiman et al. 1997, Machacek et al. 2001,  
O'Shea & Norman 2008, Stiavelli & Trenti 2010, 
Johnson & Aykutalp 2019

~105-106 Msun

(11.2-13.6eV)

or 

Pop III starburst 

Natarajan et al. 2017

See also: e.g. Skinner & Wise 2020, Liu & Bromm 2020, 
Jaacks et al. 2019, Visbal et al. 2020, 
Venditti et al. 2023

Redshift
5           10           15          20           25         30 

We have chances to catch 
Pop III star formation in later epochs  
(in ~1st Gyr, down to z~6)

Theoretical predictions for 
Abundance of Pop III sources

Visbal et al. 2025

+ LW feedbacks
+ External metal-enrichment
+ Reionization feedbacks
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Recent Progress w/ JWST 
(0) Absence of likely Pop III cand in “typical” high-redshift sample

Adapted from Nakajima et al. 2025
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See also: Nakajima+2023, Curti+2024, Morishita+2024, Sarkar+2025

No metal-deficient galaxies are found below ~1% Zsun
among continuum-selected galaxies at z=4-12.5 down to 107 Msun

→ Dedicated searches are needed for Pop III
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Recent Progress w/ JWST 
(i) HeII clump in Vicinity of Luminous GN-z11

Harikane et al. 2025
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Bunker, A. J., et al.: A&A 677, A88 (2023)

Fig. 2. 2D (top) and 1D (bottom) spectra of GN-z11 using the PRISM/CLEAR configuration of NIRSpec. The 1D spectrum has been extracted
using a 3-pixel-wide aperture that leads to improved S/N in this highly compact object. Prominent emission lines present in the spectra are marked.
The S/N of the continuum is high, and the emission lines are clearly seen in both the 1D and 2D spectra.

Fig. 3. Gallery of the most prominent emission lines seen in the GN-z11 spectrum from the medium resolution (R1000) gratings using a 3-pixel
1D spectral extraction.

[O iii] ��1660, 1666 lines, as well as a P-Cygni type feature
from C iv (see Fig. 3), with redshifted emission and blueshifted
absorption relative to the systemic redshift. C iv emission
with a P-Cygni-like profile is also detected in the grating,
along with a low S/N tentative detection (3�) of He ii and
[O iii] ��1660, 1666.

The reliable detection of C iii] and N iii] lines in the
grating spectra, however, enables us to investigate rest-UV
line ratios that can be compared with predictions from pho-
toionisation models to di↵erentiate between an AGN or a
star formation origin (e.g., Feltre et al. 2016). In Fig. 4 we
plot the line ratios C iii] � 1909/He ii �1640 versus C iii] �

A88, page 4 of 17

Bunker et al. 2023



Recent Progress w/ JWST 
(i) HeII clump in Vicinity of Luminous GN-z11

Maiolino et al.: PopIII signatures at z=10.6

Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated
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NIRSpec-IFU uncovers Halo of GN-z11 at z=10.6Maiolino et al.: PopIII signatures at z=10.6

Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated
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Recent Progress w/ JWST 
(i) HeII clump in Vicinity of Luminous GN-z11

Intense HeII: consistent w/ hosting 
very massive PopIII stars (>100Msun)
(Nakajima&Maiolino 2022)

Maiolino et al.: PopIII signatures at z=10.6

Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated
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Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated

Article number, page 5 of 13

GN-z11
HeII clump

Maiolino, .., Nakajima et al. 2024 Scholtz et al. 2024

Extended Lyα
à Ionized bubble

(RHII > ~250pkpc; 
Yajima et al. 2011)

Over density

Tacchella et al. 2023

GN-z11

~400 pkpc

TMTで挑む、初代星・初代銀河天⽂学の展望 –中島 王彦（⾦沢⼤学）



Recent Progress w/ JWST 
(i) HeII clump in Vicinity of Luminous GN-z11

Intense HeII: consistent w/ hosting 
very massive PopIII stars (>100Msun)
(Nakajima&Maiolino 2022)

Maiolino et al.: PopIII signatures at z=10.6

Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated
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Fig. 3: Top panels: Maps of the HeII�1640, Ly↵, and CIII]�1909 lines (see text for details). The red star marks the position of the
continuum of GN-z11. Contours are at 2, 3 and 4 � for the HeII and Ly↵ maps, and at 2, 4, 6 and 8 � for the CIII] map (the rms is
estimated from the statistics in the IFU field of view, outside this region). Note that most of these spaxels are independent, hence the
significance of the integrated emission of each feature is significantly higher. The two white boxes indicate the extraction apertures
of the two spectra shown in Fig. 4 and marked in red and yellow in Fig. 1. The vertical dashed segment indicates the region beyond
which there are fewer exposures because of the guiding problem discussed in Sect. 2. Bottom panels: overlay of the contours from
the emission line maps onto the F277W NIRCam map from Tacchella et al. (2023).

Fig. 3 shows the maps at the expected wavelengths of HeII,
Ly↵ and CIII] obtained from the NIRSpec-IFU observation.
Specifically, HeII and CIII] are centred at the expected wave-
length of the two lines at the redshift of GN-z11, z=10.603, with
a width of 470 km s�1 for HeII and 780 km s�1 for CIII] (as
the latter is a doublet hence slightly broader, although still un-
resolved at our resolution). The Ly↵ map has been centred on
the Ly↵ o↵set observed in GN-z11 (�550 km s�1) with a width
of 500 km s�1. The maps are also slightly smoothed with a Gaus-
sian Kernel with a width of 1.5 pixels (0.0900) .

Note that, since these features are extended, the significance
of the integrated emission of the individual clumps is higher than
that given by the contours.

The HeII map shows a plume extending for about 0.2500 to-
wards the West of GN-z11. This is the area with fewer exposures
(due to the guiding problem), so it should be treated with great
care. Yet, if confirmed, such HeII plume would extend well be-
yond the size of the galaxy identified by Tacchella et al. (2023)
and may be tracing gas photoionized by the AGN. The weak
CIII] (and no CIV emission seen either at this location), would
indicate that this is very low metallicity gas photoionized by the
AGN.

The most intriguing feature is the clump located at about
0.600 (2.4 kpc) to the NE. This is very close to the location of

the emission serendipitously found along the shutter of the MSA
prism observation (Fig. 2), especially taking also into account
the MSA target acquisition uncertainty and the fact that the MSA
observation still su↵ers signal self-subtraction at locations far-
ther than 0.500 from GN-z11. We have extracted the spectrum
from this region, by taking a 0.2400 ⇥ 0.2400 square aperture (red
box in Fig. 1, ‘HeII blob extraction’, smaller white box in Fig. 4
and Tab. 1). The resulting spectrum is shown in the top-left panel
of Fig. 4, showing the detection of a line at �obs = 1.902 µm,
whose integrated significance is 5.5 � (Table 2). This corre-
sponds to the wavelength of HeII�1640 at a redshift of 10.600,
fully consistent with the redshift of GN-z11.

It is unlikely that this feature is H↵ or [OIII]�5007 of a lower
redshift interloper, specifically at z=1.90 or z=2.80, as other
bright lines expected at these redshifts are not seen. The ‘haze’
identified in imaging by Tacchella et al. (2023) is probably a
lower redshift interloper, but is o↵set (closer to GN-z11) relative
to the putative HeII clump; we indeed identify an emission line
at 2.330 µm peaking on the ‘haze’ that we tentatively identify
as [OIII] at z=3.65 (see Appendix B for details), consistent with
the photometric redshift inferred by Tacchella et al. (2023). The
foreground galaxy at z=2.28 to the NW of the clump does not
have any line emission at this wavelength (see spectrum in Ap-
pendix B), and any weak emission feature potentially associated
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HeII clump
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à Ionized bubble
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Recent Progress w/ JWST 
(ii) LAP1-B: Hard Spec. & Ext. Low- M★, Low-Metallicity

Discovery of 
Intense Lyα
(EW>1120A)

w/ MUSE

Vanzella et al. 2020

Ly α emission crossing the caustic L83

Figure 2. From left to right: the MUSE Ly α emission averaged over dv = 160 km s−1 (the 2σ and 4σ contours are shown, with the dotted line marking the
critical line); the Y-band HST image; the stacked Y + J + JH + H and J + JH + H images with indicated the positions of the two possible high-z counterparts
(solid circles with diameter 0.4 arcsec); the colour stacked image; the differential stacked HST images highlighting the two possible counterparts (A–C) and
(B–C) after a Gaussian smoothing with σ = 1 pix; the B + V + I stacked image (C).

Ly α arc. Indeed, there is a possible detection at S/N ∼2 lying
within the arclet indicated as 1 in Fig. 2, with m1500 # 31 and
showing a photometric drop in the F435W + F606W +F814W
image. The same test has been performed adopting an elliptical
aperture oriented along the arc, with semi-axis 0.7 and 0.2 arcsec,
and no signal has been detected down to m1500 # 30.85 at 1σ .
We expect a second nearby image with similar magnification that,
however, is contaminated by a foreground object clearly detected
in the blue bands. While image 1 could be the HST counterpart, a
tentative second image detection marked as 2 is shown in Fig. 2.

3 TH E Ly α EMISS ION IS ON THE C AUST IC

The Ly α arc lies in a well-known region of the galaxy cluster where
Vanzella et al. (2017, 2019) already discussed another star-forming
complex system at z = 6.145 showing several multiple images
identified in deep HST data, producing three clear Ly α arcs in the
MUSE observations (Fig. 1). The presence of such a system adds
valuable constraints for the case studied in this work. In fact, any
detection at z > 6 in the region where the z = 6.629 arc lies, would
produce multiple images as in the case observed at z = 6.145, unless
such images are so close to merge into a single spatially unresolved
mildly elongated arc. It is exactly the case for the z = 6.629 arclet
discussed here: the absence of two distinct images (Figs 1 and 2)
implies that the Ly α arc straddles the critical line and is indeed
the result of two spatially unresolved Ly α images, generated by an
Ly α emitting region lying on the corresponding caustic.

3.1 Simulating the caustic crossing

In order to perform a quantitative estimate of the magnification of
the Ly α emission, we use dedicated simulations with a customized
version of the software SKYLENS (e.g. Meneghetti et al. 2010; Plazas
et al. 2019). The method will be extensively described in a future
paper. In short, we perform the following steps. We start from the
assumption that the source of the Ly α emission can be described by
a single, circularly symmetric Sérsic surface brightness profile. The
profile is characterized by the Sérsic index n and by the effective
radius Re. We ray trace 2000 × 2000 light rays through a squared
region containing the Ly α emission (cyan square in Fig. 3, whose
size is ∼6.2 arcsec × 6.2 arcsec) and propagate them towards the
source plane at redshift zs = 6.629, accounting for the deflections
induced by the lensing cluster. In this work, we use the strong
lensing model described in Caminha et al. (2017).1 On the source

1The Lenstool model is published in the HFF lens model format at http:
//www.fe.infn.it/astro/lensing/.

Figure 3. The tangential caustic (orange) and the critical line (white) are
superimposed to the (false-colour) image of the galaxy cluster members
used for the strong lensing model. The observed Ly α arc is well reproduced
when the source is very close to the caustic (black arrow). Three multiple
images are predicted (marked as a, b, and c): images b and c merge into a
single small arc, whereas image a is not detected (bottom left inset). In the
top panels, the observed, simulated, and residuals Ly α images are shown
for the best-fitting values of n, Re, and µ = µ(a) + µ(b).

plane, the arrival positions of the light rays are used to sample the
brightness distribution of the source, which is then mapped on to
the image plane. By performing this operation, we reconstruct the
lensed image, which is subsequently convolved with a Gaussian
PSF with an FWHM of 0.6 arcsec. The resulting convolved image
is first rebinned at the same resolution of the MUSE image (0.2
arcsec pixel−1) and then compared to the observed Ly α arclet. We
use the python package LMFIT to perform a Non-linear Least Square
Minimization of a cost function defined as the squared difference
between the simulated and the observed images. As shown in the
upper panels of Fig. 3, the source model, despite its simplicity,
reproduces very well the observed arclet morphology. The two
parameters n and Re are quite degenerate. For a Sérsic index in the
range n = 1−4, the best-fitting effectitve radius Re varies between
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the exceptionally high-effective temperatures of Pop III stars in
the zero-age main sequence, they emit a large fraction of their
luminosity in the Lyman continuum and have a much harder
ionizing spectrum than stars with higher metallicity. The main
characteristics of their predicted spectral energy distribution (SED)
are the presence of a prominent rest-fame Ly α (Lyman-alpha)
emission line due to the strong ionizing flux up to ∼1000–4000
Å rest-frame equivalent width (denoted as EW0, hereafter) and
significant He recombination line (especially He IIλ1640, with EW0

up to 15–40 Å) due to spectral hardness, while a clear deficit of all
the metal lines is expected. In particular, Inoue (2011) suggested
the following criteria for the identification of extremely metal poor
or Pop III galaxies: EW0(Ly α) >230 Å, EW0([O III]5007) <20
Å, and EW0(He IIλ1640) >1 Å, and prominent Balmer lines like
EW0(H α) > 1900 Å, while showing an extremely blue ultraviolet
spectral slope [β ∼ −3, F(λ) ∼ λβ ].

Observations have yielded candidates for Pop III stellar popu-
lations at high redshift (e.g. Kashikawa et al. 2012; Sobral et al.
2015, and references therein), yet without any definitive detection.
These include a controversial z = 6.6 galaxy dubbed CR7 that
displays He IIλ1640 emission (Shibuya et al. 2018; Sobral et al.
2019). Thus, to date, there has not been a confirmed observation of
a galaxy dominated by the flux of Pop III stars. The possibility
of observing signatures from very metal poor or Pop III star
clusters through gravitational lensing has also been discussed, e.g.
Zackrisson et al. (2015) (see also Hernán-Caballero et al. 2017),
including the detection of single Pop III stars with fluxes temporarily
magnified to extreme values (with the magnification parameter µ #
103−105) during their transit across the caustic of a galaxy cluster.
Such single-star-transit events can boost the flux of the star by
7−12 mag (Windhorst et al. 2018), making such objects visible
for a limited amount of time even down to intrinsic magnitudes of
35−38. Examples of such events detecting single normal stars at z

< 2 have been reported recently by Rodney et al. (2018).
Very low luminosity emission-line galaxies have been identified

in Hubble Ultra Deep Field, down to magnitude 30–32 (M1500 =
−15) and S/N ∼1–5 (Maseda et al. 2018). Strong gravitational
lensing allowed us to shed further light on similar low-luminosity
objects, providing higher S/N ∼20 for individual cases (e.g.
Vanzella et al. 2017, 2019). In this letter, we present an object
at z = 6.629 showing (1) the faintest Ly α emission ever detected at
z > 6 crossing the caustic of the Hubble Frontier Field (HFF) galaxy
cluster MACS J0416 (Lotz et al. 2017) and (2) a large Ly α EW0,
potentially implying that extreme stellar populations are present.
We assume a flat cosmology with $M = 0.3, $% = 0.7, and H0 =
70 km s−1 Mpc−1.

2 TH E M U S E D E E P L E N S E D FI E L D : M D L F

VLT/MUSE (Bacon et al. 2010) deep spectroscopic observations of
17.1 h of integration time in a single pointing have been obtained on
the HFF galaxy cluster MACS J0416 (Prog. 0100.A-0763(A),
PI Vanzella). The data reduction follows the technique described
in Caminha et al. (2017), eventually achieving a point spread
function (PSF) with full width at half-maximum (FWHM) of 0.6
arcsec in the final data cube. A more detailed description of the
observational campaign of the MUSE Deep Lensed Field (MDLF)
and of the data reduction will be presented elsewhere. A refined
lens model of HFF J0416 using a new set of confirmed multiple
images from the MDLF, will also be presented in a forthcoming
paper.

Figure 1. A 30 arcsec × 30 arcsec region extracted from the MDLF at
the z = 6.629 Ly α wavelength and averaged over dv = 200 km s−1. The
indicated Ly α arclet straddles the critical line (marked with the blue dotted
line), close to a highly magnified system already confirmed at z = 6.145
and well constrained by the three giant Ly α arcs (black contours). The
one-dimensional spectrum of the Ly α line at z = 6.629 is shown in the
inset, where the asymmetry towards the red side is evident (a Gaussian with
FWHM = 100 km s−1 is superimposed with a blue line).

2.1 An Ly α arc at z = 6.629 and the faint HST counterpart

Fig. 1 shows the extended (3 arcsec) arc from the continuum
subtracted narrow band image extracted from the MUSE data cube
and the one-dimensional profile of the emission line at λ = 9270.7
Å, in a region free from OH sky emission lines. The arc is detected
at S/N = 18 with flux 4.4 × 10−18 erg s−1 cm−2 calculated within
an elliptical aperture with major and minor axes of 4 and 1.5
arcsec, respectively, and shows an asymmetric profile having an
instrumental corrected FWHM of 98 (±7) km s−1. We identify
this line as Ly α at z = 6.629 for the following reasons: (1) the
weighted skewness SW (as defined by Shimasaku et al. 2006) is
3.4 ± 0.7, in line with the typical values observed for asymmetric
Ly α emissions at high-z (it is zero for symmetric shapes, Fig. 1);
(2) if it is identified to other typical lines like [O II] λ3727, 3729,
[O III] λ4959, [O III] λ5007, H β, or H α, each of them would imply
the presence and detection of additional lines in the same spectrum;
(3) the MUSE spectral resolution at λ > 9000 Å is R # 3500,
high enough to resolve the single components of the doublets
like C IVλ1548, 1550, O III] λ1661, 1666, C III] λλ1907, 1909, and
[O II] λ3727, 3729 further excluding these lines for identification.
As Fig. 2 shows, there is no clear detection in the F105W (Y),
F125W (J), F140W (JH), and F160W (H) bands in the HFF images,
probing the ultraviolet stellar continuum down to the nominal depth
of the HFFs (mag # 29, at 5σ limit; Lotz et al. 2017). We therefore
computed the Y + J + JH + H weighted-mean-stacked images
(probing λ ∼ 1500 Å), reaching a 1σ limit of 31.6 within circular
apertures of diameter 0.4 arcsec. Such a limit has been derived
by inserting 30 apertures in free regions surrounding the source
position and computing the standard deviation among them (the
A-PHOT tool has be used for this task, Merlin et al. 2019). As
discussed in the next section, there is a configuration in that we
expect the presence of two very close multiple images near the

MNRASL 494, L81–L85 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/494/1/L81/5804734 by N
ational Astronom

ical O
bservatory of Japan user on 10 M

arch 2021

@z=6.6

Mag. factor 
µ~100

MACS J0416

Weak [OIII] suggested by JWST/NIRSpec IFU

[OIII]5007 Hα+Hβ+Hγ

Vanzella et al. 2023
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[OIII] deficit 
@ LAP1-B

(Rint ~10pc)



Deep JWST/NIRSpec MSA Medium-grating Observations
targeting LAP1-B

© NASA, ESA, CSA, STScI

2.5”Composite of F115W, F150W, 

F200W, F277W, F356W & F444W

LAP1-B1
(Hα+Hβ+Hγ) 

JWST PID: 4750 (Cycle 3 GO) a.k.a.
DREAMS

Deep Reconnaissance of 
Early Assemblies with 
Metal-poor Star formation

PI: K. Nakajima

Allocated Time: 63 hours 

ExpTime for LAP1-B:
16.4 hr (G140M; 0.8-1.8um)
16.4 hr (G395M; 2.9-5.2um)

Nakajima et al. 2025, arXiv:2506.11846



Recent Progress w/ JWST 
(ii) LAP1-B: Hard Spec. & Ext. Low- M★, Low-Metallicity

Nakajima et al. 2025
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See also: Vanzella+2023

Extremely low metallicity is revealed by deep NIRSpec-MSA observations
→ Nascent, chemically-primitive galaxy

What kinds of stars are currently shining? 

4x10-3 Zsun

< 2,700 Msun
(3σ)

Hβ [OIII]5007[OIII]4959

TMTで挑む、初代星・初代銀河天⽂学の展望 –中島 王彦（⾦沢⼤学）



Nakajima et al. 2025

CIV1549

Recent Progress w/ JWST 
(ii) LAP1-B: Hard Spec. & Ext. Low- M★, Low-Metallicity

Hβ [OIII]5007[OIII]4959

Photoionization models
from Nakajima & Maiolino 2022

UV emission line Diagnostics
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Recent Progress w/ JWST 
(ii) LAP1-B: Hard Spec. & Ext. Low- M★, Low-Metallicity

Photoionization models
from Nakajima & Maiolino 2022

✘

Efficient production of photons (>~50eV)
→ Likely metal-deficient ionizing source

Pop III stars and ISM metals coexist ?

cf. High C/O is consistent w/ Pop III SNe enrichment

UV emission line Diagnostics
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Recent Progress w/ JWST 
(iii) Intense Hydrogen Line Emitters (w/ Weak Metal Lines) 

Inoue 2011

Z=0 (Pop III)

Zsun

Hα becomes more intense
towards lower metal.

Pop III model (Zackrisson et al. 2011)

Trussler, .., Nakajima et al. 2023

@z=8

Hα

cf. LAP1 is also originally discovered 
by intense Lyα

See also: Cai+2025
NIRCam + MIRI Imaging to search for Pop III cand 
w/ strong Balmer lines & Weak metal lines
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Recent Progress w/ JWST 
(iii) Intense Hydrogen Line Emitters (w/ Weak Metal Lines) 

[Pilot study] 17 extremely metal-poor candidates 
at z=4-5 selected based on NIRCam photometry
(Nishigaki, .., Nakajima et al. 2023)

Fujimoto et al. 2025

Hsiao et al. 2025

See also: Morishita+2025, Maiolino+2025
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Prospects for Research of Primordial Obj in TMT Era
Spectroscopic characterizations of Pop III cand

Search Strategies for Pop III cand

+ Spectral Signatures: Find intense H-line emitters (w/ weak/no metal lines)

+ Proximity Searches: Target regions near luminous, (moderate-) high-redshift obj 

+ Explosive Transients: Detect their deaths as PISNs/GRBs
(Tanaka+13, de Souza+13, Hartwig+18, Moriya+22) 

+ Etc. 

+ Future Surveys: Utilize next-generation wide-field imaging & spectroscopy

TMTで挑む、初代星・初代銀河天⽂学の展望 –中島 王彦（⾦沢⼤学）
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+ Proximity Searches: Target regions near luminous, (moderate-) high-redshift obj 

+ Explosive Transients: Detect their deaths as PISNs/GRBs
(Tanaka+13, de Souza+13, Hartwig+18, Moriya+22) 

+ Etc. 

+ Future Surveys: Utilize next-generation wide-field imaging & spectroscopy

Prospects for Research of Primordial Obj in TMT Era
Spectroscopic characterizations of Pop III cand

Hβ

・TMT’s follow-up IFU spec. 
around luminous obj found by 
Euclid/Roman

・Slitless blind spectroscopy for 
intense Lyα, Hα+

・Photometric selection of obj w/ 
intense Hα, weak/no metal lines

Future IR space missions
e.g. GREX-PLUS 

(Inoue et al. 2022)
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© NASA
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z~7 metal-poor galaxies
incl. PopIII galaxies

GREX-PLUS Science Book 
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© TMT Detailed Science Case 2015

TMT/IRIS

Why TMT is Crucial: 
TMT will offer sensitivity (higher than JWST) at high spec. resolution (esp. for point src) 
to de-blend HeII from OIII], examine HeII’s spectral profile for Wolf-Rayet features, etc. 

Better Sensitivity

JWST/NIRSpec

Point source

Prospects for Research of Primordial Obj in TMT Era
Spectroscopic characterizations of Pop III cand
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Dedicated NIR IFU capable of surveying large areas for faint, primordial sources
+ Map large areas by providing FoV ~1 arcmin² (~100x100 kpc² @z=10)
+ Directly detect faint recombination line signatures (HeII, Lyα), allowing for discovery of 

primordial sources without prior knowledge of their exact locations

Filaments

PopIII galaxy

Faint 
galaxies

Large
Ionized bubble

(~several x 100kpc)

Luminous
galaxies

Super massive star
à DCBH

© H. Yajima, 
together w/ Y. Harikane and K. Nakajima 
(Subaru TMT Science Book 2020)
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Prospects for Research of Primordial Obj in TMT Era
A Vision for Future Primordial Surveys
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Search strategies for primordial candidates in TMT era: Lessons from JWST
Spectral Signatures: Find intense H-line emitters (w/ weak/no metal lines)

(Vanzella+2023, Nakajima+2025, Nishigaki+2023, Fujimoto+2025, see also: Inoue 2011)

Proximity Searches: Target regions near luminous, (moderate-) high-redshift obj
(Maiolino+2024, see also: Visbal+2020, 2025)

And More (incl. Explosive Transients: Detect their deaths as PISNs/GRBs)

Future Surveys: Utilize next-generation wide-field imaging & spectroscopy

Key role of TMT

Summary

TMTで挑む、初代星・初代銀河天⽂学の展望 –中島 王彦（⾦沢⼤学）

Superior Spec Sensitivity: Higher sensitivity than JWST at high spectral resolution

Instrument Flexibility: Ability to host powerful new instruments (e.g. wide-field NIR IFU)

Definitive Diagnoses: Confirming primordial nature of sources 

w/ hard ionizing spectrum and extremely low metallicity

Efficient "Blind" Surveys: Systematically exploring primordial sources 
w/o needing to know their exact locations in advance


