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JWST Revolution

the spectra of the individual exposures (Figure 9); (2) it is not
unusual that clear four negative patterns are not seen for the
5.5σ line; and (3) the metallicity from the spectral energy
distribution (SED) fitting is not robustly constrained and the
low [Ne III]/[O II] ratio ([Ne III]/[O II]∼ 0.3) is seen in low-
metallicity galaxies (Nakajima et al. 2022). Moreover, the
wavelength of the possible [Ne III] line is consistent with that of
[O II]. We determine the redshift to be zspec= 11.40 using the
[O II] line, which agrees well with the previous measurement in
Arrabal Haro et al. (2023b). We do not use the possible C III]
λ1909 line because of its low significance.

The spectrum of CEERS2_588, which was photometrically
identified in Finkelstein et al. (2023) and Donnan et al. (2023a),
shows the Lyman break, the [O II]λ3727 line (5.7σ), and the
possible [Ne III]λ3869 line (2.8σ), as shown in the middle panel of
Figure 2. The [O II] line feature is also seen in some of the
individual frames (Figure 10), and they are not affected by an
obvious image defect, indicating that this [O II] line is real. The
rest-frame equivalent width of the [O II] line is ∼100Å,
comparable to that seen in galaxies at z∼ 2–3 (Reddy et al.
2018). We newly determine the spectroscopic redshift of
CEERS2_588 to be zspec= 11.04 based on the [O II] and [NeII]
lines. The wavelength of the Lyman break is consistent with this
redshift estimate. We do not use the possible C III] line because of
its low significance. Our obtained spectroscopic redshift is
consistent with the measurement in Arrabal Haro et al. (2023b).
The [Ne III]/[O II] ratio is low, [Ne III]/[O II]∼0.6, and is
comparable to those seen in low-metallicity galaxies in Nakajima
et al. (2022). Given its UV magnitude, MUV=− 20.4 mag, this
galaxy is the most luminous galaxy spectroscopically confirmed at
zspec> 11.0.

In the bottom panel of Figure 2, we present the spectrum of
MACS0647-JD, which was first photometrically reported in
Coe et al. (2013). This galaxy is a triply lensed galaxy, and a
recent study using NIRCam images suggests that MACS0647-
JD is a merger. We show the NIRSpec spectrum of JD1 (micro-
shutter assembly (MSA) ID: 3593) in the observation ID of 23.
The spectrum shows the Lyman break and the C III]λ1909,
[Ne III]λ3869, and Hγ emission lines, suggesting the spectro-
scopic redshift of zspec= 10.17. The data analysis by the PI
team is presented in Hsiao et al. (2023b).
There are four galaxies whose spectra show only the

Lyman break without clear emission lines, CEERS2_7929,
CEERS_99715, CEERS_35590, and CEERS2_2324 (Figure 3
and the top panel in Figure 4). For these sources, we fit model
spectra to the observed ones at the observed wavelength of
0.6–3.0μm, including the break using PROSPECTOR (Johnson
et al. 2021), and obtain the best-fit spectroscopic redshifts. Model
spectra are derived from the Flexible Stellar Population Synthesis
(Conroy et al. 2009; Conroy & Gunn 2010) package with the
Modules for Experiments in Stellar Astrophysics Isochrones and
Stellar Tracks (MIST; Choi et al. 2016). The boost of the ionizing
flux production of massive stars is included in the MIST
isochrones (Choi et al. 2017). Here we assume the stellar
IMF determined by Chabrier (2003), the Calzetti et al. (2000)
dust extinction law, and the intergalactic medium (IGM)
attenuation model by Madau (1995). Detailed modeling of the
Lyα damping wing may improve the accuracy of the redshift
estimate (see, e.g., Curtis-Lake et al. 2023; Heintz et al. 2023;
Umeda et al. 2023), but it is beyond the scope of our paper. The
Lyα emission line is also masked, considering the high IGM
neutral fraction at these redshifts. We adopt a flexible star

Figure 1. Absolute UV magnitude as a function of the redshift for galaxies at 6 < z < 17. The red diamonds are the spectroscopically confirmed galaxies at zspec > 8.5
summarized in Table 1. Galaxies at zspec > 9.0 are marked with their names. The red open symbols are galaxies with photometric redshifts selected with JWST/NIRCam in
the literature (Bradley et al. 2023; Bouwens et al. 2023a, 2023b; Castellano et al. 2022, 2023; Finkelstein et al. 2022b, 2023; Adams et al. 2023; Atek et al. 2023; Morishita &
Stiavelli 2023; Naidu et al. 2022b; Donnan et al. 2023a, 2023b; Harikane et al. 2023a; Pérez-González et al. 2023b). If a photometric candidate is reported in more than one
paper, we represent the candidate with a paper that reports for the first time. The gray circles denote dropout galaxies selected with deep HST images (Bouwens et al. 2015).
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JWST登場前の状況
• ハッブル望遠鏡による観測 (z<10)

– 星形成率密度進化 (e.g., Bouwens+15, Finkelstein+15)
• モデル: 星形成効率 (SFR/(dMh/dt)) 一定

– z=0-10の進化を再現, z>10では急激な現象 (∝10-0.5(1+z))

Harikane+22a

JWST

See also e.g., Madau+14, Bouwens+15,20, Mason+15, Tacchella+18, Oesch+18…
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Excess in UV Luminosity Function
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Figure 8. Comparison of the luminosity functions with theoretical predictions in the literature at z ⇠ 7 (upper-left),
z ⇠ 8 (upper-right), z ⇠ 10 (lower-left), and z ⇠ 12 (lower-right). The red symbols show observational results based on the
spectroscopically-confirmed galaxies obtained in this study (filled diamond), Harikane et al. (2024, filled circle), Meyer et al.
(2024, open square), and Fujimoto et al. (2023c, open pentagon). The dashed lines and shaded region show predictions of
theoretical and empirical models in Mauerhofer & Dayal (2023), Prada et al. (2023), Vogelsberger et al. (2020), Vijayan et al.
(2021), Yung et al. (2019, 2024), Mason et al. (2015a, 2023, their model with dust extinction), Kannan et al. (2023), Wilkins
et al. (2023), Ferrara (2024a), Li et al. (2023). For models in Li et al. (2023), a range of a maximum e�ciency parameter of
✏max = 0.2 � 1.0 is plotted as the grey shaded region. Spectroscopic constraints for bright galaxies with �24 < MUV < �23
mag at z ⇠ 7 (�21 < MUV < �20 mag at z ⇠ 12) are higher than the number densities of some model predictions.

et al. 2020, 2023a,b; Donnan et al. 2024; Finkelstein
et al. 2015, 2023b; McLeod et al. 2024; Harikane et al.
2023a; Pérez-González et al. 2023; Willott et al. 2023).
Since some of these studies calculate the SFR densi-
ties with di↵erent integration limits from MUV = �18.0
mag, we have corrected their results based on the dif-
ference between the SFR density integrated down to
their limit and that down to MUV = �18.0 mag using
their fiducial luminosity function, in the same manner
as Bouwens et al. (2023a). Our lower limit at z ⇠ 14 is

consistent with these photometric estimates and is more
than 10 times higher than the model predictions assum-
ing a constant star formation e�ciency (Harikane et al.
2018, 2022b; Mason et al. 2015a, 2023; Sun & Furlanetto
2016).

4. MORPHOLOGY

4.1. Multiple Sub-Components in Bright Galaxies at

z ⇠ 7
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4. MORPHOLOGY

4.1. Multiple Sub-Components in Bright Galaxies at

z ⇠ 7

LF => Star Formation Rate (SFR)

Salpeter (0.1-100Msun),Zsun, 100Myr
e.g., Madau&Dickinson14

“JWST excess”

LUV = εrad c2 SFR



Origins of JWST excess
LUV = (εrad c2 SFR + LAGN)exp[-τUV]

Case A: SFR excess
Case B: IMF transition
Case C: Small τUV / AGN

Dekel+23,Fukushima&Yajima22

Inayoshi+22,Chon+22,Steinhardt+23

Ferrara24, Harikane+23

Can high-z GRBs discriminate these scenarios?



GRBs as a tracer of SFR
L106 KISTLER ET AL. Vol. 705

GRBs in z = 1 - 4
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Figure 3. Cumulative distribution of Liso for GRBs in the range z = 1–4. Shown
are the cutoffs used for our GRB subsamples (as in Figure 1).

Our interest is in finding ⟨ρ̇∗⟩z1−z2
by dividing out A (using

Equation (3)). Taking the measured GRB counts, N obs
z1−z2

, to be
representative of the expectations, N exp

z1−z2
, we find

⟨ρ̇∗⟩z1−z2
=

N obs
z1−z2

N obs
1–4

∫ 4
1 dz dV/dz

1 + z
ρ̇∗(z) (1 + z)α

∫ z2

z1
dz dV/dz

1 + z
(1 + z)α

. (4)

Note that the decrease of (dV/dz)/(1 + z) at z ! 1.5 (as shown
in Figure 1 of Kistler et al. 2008) gives progressively more
weight to each observed higher-z GRB.

We show our new determinations of the high-z SFR in
Figure 4 (assuming a Salpeter 1955 IMF). Error bars correspond
to 68% Poisson confidence intervals for the binned events
(Gehrels 1986). We also show as a shaded band the values
obtained for different assumptions of α, bounded above by
α = 0.6 and below by α = 1.8, which yields an uncertainty
smaller than the statistics in the last bins. Variations due to
changing the Liso cutoff can be determined from Figure 3,
which will typically be less than the statistical uncertainties.
We have been generally conservative and have also verified that
using another luminosity estimator, the peak isotropic equivalent
luminosity, yields similar results. Other effects, including the
selection of z-ranges and the inclusion/exclusion of particular
bursts, are discussed in Yüksel et al. (2008). We mention only
that none of these affect the basic point that the SFR must be
large enough to produce the observed GRB counts.

Depending upon the source of the evolution, our bias correc-
tion may be unduly underestimating ρ̇∗ by a factor of a few at
higher z. The most likely astrophysical explanation is due to
metallicity. GRBs are found to favor metal-poor (Stanek et al.
2006), sub-L∗ galaxies (Fynbo et al. 2003; Le Floc’h et al.
2003; Fruchter et al. 2006), so having a larger fraction of the
SFR within such hosts would result in a higher GRB rate. This
could be the case with a steepening faint-end slope of the galaxy
LF, so that more of ρ̇∗ arises from below L∗

z (L∗ as defined
at z). This has been observed between z = 0 and z ≈ 2–3 (see
Figure 7 of Reddy & Steidel 2009).

While our result at z = 4–5 is in basic agreement with earlier
measurements, at the highest-z ranges, LBG studies probe only
the brightest galaxies and must estimate the faint end of the
UV LF based on limited data. Our results diverge from these if
corrections for unseen galaxies are not made. For example, we
focus upon the measurements in Bouwens et al. (2007, 2008),
which are reported (lower triangles in Figure 4) for an integration
down to 0.2 L∗

z=3 (with their adopted dust corrections). Fully
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Figure 4. Cosmic star formation history. Shown are the data compiled in
Hopkins & Beacom (2006) (light circles) and contributions from Lyα emitters
(LAE) (Ota et al. 2008). Recent LBG data are shown for two UV LF integrations:
down to 0.2 L∗

z=3 (down triangles; as given in Bouwens et al. 2008) and complete
(up triangles). Our (bias-corrected) Swift gamma-ray burst inferred rates are
diamonds, with the shaded band showing the range of values resulting from
varying the evolutionary parameter between α = 0.6–1.8. Also shown is the
critical ρ̇∗ from Madau et al. (1999) for C/fesc = 40, 30, 20 (dashed lines, top
to bottom).

integrating their UV LFs (which can be regarded as giving
a maximum), with faint-end slopes of −1.73, −1.66, −1.74,
−1.74 for ⟨z⟩ = 3.8, 5.0, 5.9, 7.3, respectively, yields the upper
set of triangles.

Within the uncertainties, even the highest redshift fully
integrated point now agrees reasonably well with our results,
and the preference of GRBs for faint galaxies (although the
exact relation between GRB hosts and star-forming galaxies as
a whole remains to be determined). We note that the Bouwens
et al. (2008) LF slope at ⟨z⟩ = 7.3 was taken to be the same as at
⟨z⟩ = 5.9. If the slope is actually steeper (e.g., Yan & Windhorst
2004), then these measurements could be higher, although it is
difficult to draw definite conclusions, due to the limited statistics
and uncertainties in dust corrections (e.g., Chary et al. 2005).

4. IMPLICATIONS FOR REIONIZATION

Transmission in the Gunn–Peterson troughs of high-redshift
quasars implies that reionization must have been accomplished
before z = 6 (Fan et al. 2006). Active galactic nuclei seem to
be insufficient for this purpose (Srbinovsky & Wyithe 2007;
Hopkins et al. 2008), leaving stars as the leading candidate.
To address the ability of an observed population to reionize
the universe, Madau et al. (1999) provided an estimate for the
required SFR to balance recombination, ρ̇c, which depends upon
the fraction of photons that escape their galaxy (fesc) and the
clumpiness of the intergalactic medium (IGM; C), updated in
Pawlik et al. (2009) as

ρ̇c(z) = 0.027 M⊙

Mpc3 yr

C/fesc

30

[
1 + z

7

]3 [
Ωb

0.0465

]2

. (5)

For comparison with our empirical SFR, we show in Figure 4
curves of ρ̇c as a function of z for C/fesc = 40, 30, and 20. We
find that our SFR estimates can exceed the ρ̇∗ required to keep
the universe ionized at redshifts as high as z ! 8. However,
this criterion refers to an instantaneous equilibrium, and so

ΨGRB = ηGRB ρSFR

Kistler+09

GRB event rate
[/yr/Mpc3]

SFR
[Msun/yr/Mpc3]

“GRB formation efficiency”
[1/Msun]

Totani97,Wijers+98,Blain&Natarajan00,Porciani&Madau01, …

Using Swift 
high-z GRBs (z~8-9)
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Fig. 4: Comparison of EP240315a and Swift GRBs with z > 4.5 in the soft X-ray band. a,
The unabsorbed flux light curve in 0.3–10 keV of EP240315a and Swift-BAT GRBs with z > 4.5

in the observer frame. The observed flux light curves of Swift-BAT GRBs are adopted from the
Burst Analyser with a signal-to-noise ratio of at least 546. The WXT prompt emission data are
rebinned with a signal-to-noise ratio of 5. Some GRBs with the flux of ⇠ 10�9 erg cm�2 s�1 are
detected by BAT in its optimal condition (e.g. GRB 060522 and GRB 140515A), which is higher
than the sensitivity of WXT by one order of magnitude if ↵ ⇠ �1 (Methods). b, Distribution of the
peak flux in 0.3–10 keV of EP 240315a (red arrow) and Swift-BAT redshift-known GRBs sample
(shaded histogram) and Swift-BAT GRBs subsample with redshift z > 4.5 (framed histogram).
EP240315a is located at the fainter end of the distribution of the high-redshift sample. c, The k-
corrected luminosity light curve in 0.3–10 keV of EP240315a and Swift-BAT GRBs with z > 4.5

in the rest frame. d, Same as c, but including the late WXT and FXT observations of EP240315a
and both the BAT and XRT light curves for the high-z GRBs.
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ABSTRACT

Not Yet extrapolating the GRB formation rate in previous literature, which are calibrated by GRB
population up to & 5, we find that Einstein Probe can detect GRBs z ⇠ 10 a few events per year.
This is because of the high sensitivity of the EP as well as the advantage of the soft X-ray band. If the
intrinsic GRB rate is proportional to the star formation rate, which the JWST observation recently
suggested to have an excess at z & 10, the GRB rate increases beyond z & 10. Such an excess in the
GRB rate will strongly support vigorous star formation in a high-z universe. We also discuss XXX.

Keywords: XXX

1. INTRODUCTION

Not Yet James Webb Space Telescope (JWST)
opened up a new window to the high-z universe
(Harikane et al. 2023a, 2024a,b). Currently one of the
most interesting results is the discovery of luminous and
abundant galaxies, which may rise a tension with previ-
ous theoretical expectation (Inayoshi et al. 2022; Dekel
et al. 2023; Ferrara et al. 2023; Ferrara 2023).
With their high-luminosity, gamma-ray bursts have

been focused on as a complementary probe of high-z
universe (Lamb & Reichart 2000; Ciardi & Loeb 2000).
In particular, long GRBs produced by demise of massive
stars (e.g., Woosley 1993; MacFadyen & Woosley 1999),
can be a tracer of the cosmic star formation (Totani
1997; Krumholz et al. 1998; Mao & Mo 1998; Wijers
et al. 1998; Blain & Natarajan 2000; Porciani & Madau
2001).
Another potential probe is Einstein Probe (EP, Yuan

et al. 2022).1 EP detected a long GRB z = 4.859 dur-
ing its commission phase, demonstrating its potential to
detect high-redshift events (Liu et al. 2024; Levan et al.
2024; Ricci et al. 2024).
The high luminosity makes GRBs an ideal tool to

study the early Universe. Just after the identification
of their cosmological origin, many researchers have been
considered the potential of GRBs (e.g., Totani 1997;
Lamb & Reichart 2000; Ciardi & Loeb 2000; Porciani
& Madau 2001; Bromm & Loeb 2002). In particular,
the detection of several high-z GRBs at z & 8 (e.g., Sal-
vaterra 2015, for a review) invoked many researches to

1 https://ep.bao.ac.cn/ep/

utilize GRBs as a probe of star formation (Kistler et al.
2008; Yüksel et al. 2008; Kistler et al. 2009; Robertson &
Ellis 2012; Salvaterra et al. 2012; Wang 2013) or even the
first generation of stars (Bromm & Loeb 2006; Mészáros
& Rees 2010; de Souza et al. 2011; Suwa & Ioka 2011;
Toma et al. 2011; Kashiyama et al. 2013; Nagakura et al.
2012; Nakauchi et al. 2012; Matsumoto et al. 2015, 2016;
Kinugawa et al. 2019).
SVOM (Llamas Lanza et al. 2024), High-z GUNDAM,

THESEUS (Amati et al. 2021), Gamov Explore.
The paper is organized as follows. In Sec. 2 we de-

scribe the method to calculate the event rate of GRBs.
The results are presented in Sec. 3, and we summarize
our findings in Sec. 4. Throughout this Letter, we as-
sume ⇤CDM cosmology and use the cosmological pa-
rameters of H0 = 67.4 km s�1 Mpc�1, ⌦m = 0.315, and
⌦⇤ = 0.685 (Planck Collaboration et al. 2020).

2. EVENT RATE OF HIGH-Z GRBS

The number of GRBs detected by a detector during
an observation time �tobs and for a redshift range of
(z, z + dz) is calculated by (e.g., Bromm & Loeb 2006;
de Souza et al. 2011)

dNGRB

dz
=  obs

GRB
�tobs

1 + z

dV

dz
, (1)

where  obs
GRB is the observed comoving event rate of

GRBs, that is the number of observable GRBs per
comiving volume and time, discussed in the next para-
graph, and the cosmological volume element is given by

dV

dz
=

4⇡cd2L
1 + z

����
dt

dz

���� =
4⇡cd2L

(1 + z)2H0

p
⌦m(1 + z)3 + ⌦⇤

.

(2)
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Here c and dL are the speed of light and the luminosity
distance, respectively.
The comoving event rate of GRBs observed by the

detector covering a solid angle ⌦ in the sky is given by

 obs
GRB(z) =

⌦

4⇡
⌘beam GRB(z)

Z 1

Lmin(z)

dn

dL
dL , (3)

where ⌘beam is the beaming factor giving a fraction of
on-axis events,  GRB(z) is the intrinsic comoving GRB
formation rate, Lmin(z) is the minimal GRB luminosity
to trigger the detector, and dn/dL is the normalized
luminosity function (LF,

R
dn
dLdL = 1). In this Letter

we call an isotropic equivalent gamma-ray luminosity as
a gamma-ray luminosity for simplicity. For a jet with a
half-opening angle ✓j, the beaning factor is given by

⌘beam = 1� cos ✓j '
✓
2
j

2
' 0.005

✓
✓j

0.1

◆2

, (4)

where ✓j = 0.1 is an observationaly motivated value
(e.g., Frail et al. 2001; Goldstein et al. 2016). Justifi-
cation to fix the opening angle to this value as well as
reasons for fixing ↵ and �.
The minimal luminosity in Eq. (3) is calculated by

equating a flux of a prompt GRB emission with the de-
tector’s sensitivity. To obtain the former one, we assume
that the prompt emission has the Band spectrum (Band
et al. 1993):

N(E) = A

8
<

:

�
E
100

�� ⇣ (↵��)E0
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where A and e are a normalization and the Napier’s
constant, respectively. The photon energy is measured
in a unit of keV. We fix the low and high energy power-
law indexes to typical values of ↵ = �1 and � = �2.3
(Preece et al. 2000; Kaneko et al. 2006), respectively. E0

is the cut-o↵ energy, which is related to the peak energy
in the energy spectrum, E2

N(E), as Ep = (↵ + 2)E0.
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and the photon energies at the observer and rest frames
E = E

0
/(1+ z) in the second equality. The peak energy

Figure 1. Gamma-ray spectra of a GRB with luminos-

ity L = 1052 erg s�1 at di↵erent redshift. Red and blue

shaded regions and dashed lines represent the energy bands

and sensitivities of Einstein Probe (EP) WXT and Swift

BAT, respectively. Black dotted curve shows the spectrum

of EP240315a with L ' 1.2 ⇥ 1053 erg s�1 and z ' 4.9 (Liu

et al. 2024).
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which is taken from the cosmological N-body simulations
(Millennium simulations; Boylan-Kolchin et al. 2009). The Mh-
and z-dependence are consistent with those derived based on the
extended Press–Schechter formalism (e.g., Press & Schechter
1974; Bond et al. 1991), µ +( ) ( )d M dt zln 1h

5 2 (Dekel
et al. 2013). The normalized value in Equation (1) is the mean
rate of the distribution of Mh , and is nearly two times higher than
the median rate since the distribution has a positive tail. Note that
the cosmological parameters adopted in those simulations are out
of date (e.g., σ8= 0.9). Dong et al. (2022) employed a set of
high-resolution N-body simulations to study the merger rate of
DM halos and found that while the functional form is universal
even with different combinations of cosmological parameters,
the rate normalization decreases by ∼0.1 dex using up-to-date
cosmological parameter sets that favor a smaller value of
σ8= 0.8102 (Planck Collaboration et al. 2020). They also show
that other prescriptions of the halo growth rate (e.g., Genel et al.
2009; Stewart et al. 2009) are consistent within the accuracy.
Therefore, the SFR and UV luminosity given below would be
overestimated, and our model choice gives a conservative
argument for our purpose. The total baryonic inflow rate into a
halo is given by = W W( )M Mb h b m  , where the baryon fraction
is Ωb/Ωm= 0.1621 (Planck Collaboration et al. 2020).

Let us suppose that a fraction få of the gas accretes onto the
galaxy and forms stars: = f MSFR b . The value of the
conversion factor can be characterized with various effects
and has been investigated based on the existing high-z galaxy
observations. For high-z galaxies at 10< z< 15, an empirical
model for linking galaxy SFRs to the properties of host halo
predicts få 0.01 at Mh∼ 109−10Me (Behroozi et al. 2020),
which is the typical mass range of the DM halos for bright,
JWST-detected galaxies. A higher efficiency of få∼ 0.03–0.05
is consistent with those inferred by abundance matching and
the observed UV LF of galaxies at z∼ 6 (Bouwens et al. 2015)
and by clustering analysis at z∼ 2–7 (Harikane et al.
2016, 2018, 2022b). In the local universe, more direct
observations measuring the gas mass and SFR find that the
global star formation efficiencies in galaxies are typically
få; 0.01–0.03, but increase to få 0.3 in starburst galaxies
(e.g., Bigiel et al. 2008; Kennicutt & Evans 2012). Moreover,
super-star clusters found predominately in starburst environ-
ments are expected to form from giant molecular clouds in a
short time at a high star formation efficiency of få 0.3–0.5,
and are gravitationally bound (e.g., Lada et al. 1984; Ho &
Filippenko 1996; Keto et al. 2005; Murray et al. 2010). Recent
numerical studies of star cluster formation from compact giant
molecular clouds also suggest high efficiencies of få; 0.2–0.3
when an initial gas surface density is sufficiently high (Kim
et al. 2018; Fukushima et al. 2020; Fukushima & Yajima 2021;
see also a review by Krumholz et al. 2019).

For a given SFR, we estimate the specific UV luminosity (in
units of erg s−1 Hz−1) as

h=n · ( )L SFR, 2UV, UV0

where the conversion factor ηUV is given by assuming the IMF and
age of the stellar population (e.g., Madau & Dickinson 2014). As a
fiducial case, we adopt ηUV; 7.94× 1027 erg s−1 Hz−1/(Me yr−1)
at λ0= 1500Å (ν0; 8.3 eV), corresponding to a stellar population
formed with a Salpeter IMF (Salpeter 1955) in the mass range of
0.1–100Me with Z= Ze. The stellar age is set to tage 100Myr,
where the photon production efficiency is saturated.
For convenience of the following discussion, we define the

UV radiative efficiency of star formation for a given SFR as

º = ´ - ·
( )L

cSFR
2.79 10 , 3,rad

UV
2

4

where nº nL LUV 0 UV, 0. As shown in Figure 18 of Harikane
et al. (2022a), the UV photon production efficiency increases by
a factor of ;1.2 as the metallicity decreases to Z; Ze/50. More
drastic enhancement of the efficiency is achievable in the limit of
Z; 0 (Schaerer 2002, 2003). For metal-free Population III stars
(hereafter, Population III), the efficiency becomes three to four
times higher when an extremely top-heavy IMF (a Salpeter IMF
with 50–500Me) and a moderately top-heavy IMF (log-normal
with a characteristic mass ofMå= 10Me, dispersion σå= 1Me,
and wings extending from 1–500Me; Zackrisson et al. 2011) are
used. In Table 1, we list the values of the UV photon production
efficiency and radiative efficiency for different IMF shapes.

3. Results

In Figure 1, we show the galaxy LFs at three different
redshift ranges of (a) z∼ 10, (b) z∼ 13, and (c) z∼ 17, along
with the observed data points (Oesch et al. 2016; Morishita
et al. 2018; Donnan et al. 2022; Harikane et al. 2022a, 2022c;
Finkelstein et al. 2022; Naidu et al. 2022a). The UV photon
production efficiency per SFR is set to òå,rad= 2.79× 10−4,
assuming a stellar population with a Salpeter IMF in the mass
range of 0.1–100Me with Z= Ze. Each curve corresponds to
cases with different star formation efficiencies of få= 1.0
(solid), 0.6 (long dashed), 0.3 (short dashed), and 0.15 (dotted).
The region above få= 1.0 is prohibited for the given IMF
because the SFR exceeds its strict upper bound, namely, the
total baryonic mass inflow rate.

Table 1
UV Luminosity-SFR Conversion Factor

(1) (2) (3) (4)
IMF Z ηUV òå,UV

Salpeter [0.1, 100] 0.02 7.94 × 1027 2.79 × 10−4

Salpeter [0.1, 100] 0.0004 9.32 × 1027 3.28 × 10−4

Salpeter [50, 500] 0 3.57 × 1028 1.26 × 10−3

log-normala [1,500] 0 2.68 × 1028 9.42 × 10−4

Notes. Column (1): IMF mode with the mass range in Me. Column (2):
metallicity (the solar metallicity corresponds to Ze = 0.02). Column (3): the
conversion factor from the SFR to the specific UV luminosity at 1500 Å in
units of erg s−1 Hz−1/(Me yr−1). Column (4): the UV-radiation efficiency.
a A log-normal distribution with a mean mass of Må = 10 Me and dispersion
of σå = 1 Me is assumed.

2

The Astrophysical Journal Letters, 938:L10 (6pp), 2022 October 20 Inayoshi et al.

Planck (Planck Collaboration et al. 2020). For given halo mass
Mh and redshift z, the mass growth rate of DM halos is
characterized with an analytical function of the form (Fakhouri
et al. 2010)

´ + W + + W

-

L( ) ( ) ( )

M M
M

M

z z

46.1 yr
10

1 1.11 1 , 1

h
1 h

12

1.1

m
3

  


⎜ ⎟⎛⎝ ⎞⎠
which is taken from the cosmological N-body simulations
(Millennium simulations; Boylan-Kolchin et al. 2009). The Mh-
and z-dependence are consistent with those derived based on the
extended Press–Schechter formalism (e.g., Press & Schechter
1974; Bond et al. 1991), µ +( ) ( )d M dt zln 1h

5 2 (Dekel
et al. 2013). The normalized value in Equation (1) is the mean
rate of the distribution of Mh , and is nearly two times higher than
the median rate since the distribution has a positive tail. Note that
the cosmological parameters adopted in those simulations are out
of date (e.g., σ8= 0.9). Dong et al. (2022) employed a set of
high-resolution N-body simulations to study the merger rate of
DM halos and found that while the functional form is universal
even with different combinations of cosmological parameters,
the rate normalization decreases by ∼0.1 dex using up-to-date
cosmological parameter sets that favor a smaller value of
σ8= 0.8102 (Planck Collaboration et al. 2020). They also show
that other prescriptions of the halo growth rate (e.g., Genel et al.
2009; Stewart et al. 2009) are consistent within the accuracy.
Therefore, the SFR and UV luminosity given below would be
overestimated, and our model choice gives a conservative
argument for our purpose. The total baryonic inflow rate into a
halo is given by = W W( )M Mb h b m  , where the baryon fraction
is Ωb/Ωm= 0.1621 (Planck Collaboration et al. 2020).

Let us suppose that a fraction få of the gas accretes onto the
galaxy and forms stars: = f MSFR b . The value of the
conversion factor can be characterized with various effects
and has been investigated based on the existing high-z galaxy
observations. For high-z galaxies at 10< z< 15, an empirical
model for linking galaxy SFRs to the properties of host halo
predicts få 0.01 at Mh∼ 109−10Me (Behroozi et al. 2020),
which is the typical mass range of the DM halos for bright,
JWST-detected galaxies. A higher efficiency of få∼ 0.03–0.05
is consistent with those inferred by abundance matching and
the observed UV LF of galaxies at z∼ 6 (Bouwens et al. 2015)
and by clustering analysis at z∼ 2–7 (Harikane et al.
2016, 2018, 2022b). In the local universe, more direct
observations measuring the gas mass and SFR find that the
global star formation efficiencies in galaxies are typically
få; 0.01–0.03, but increase to få 0.3 in starburst galaxies
(e.g., Bigiel et al. 2008; Kennicutt & Evans 2012). Moreover,
super-star clusters found predominately in starburst environ-
ments are expected to form from giant molecular clouds in a
short time at a high star formation efficiency of få 0.3–0.5,
and are gravitationally bound (e.g., Lada et al. 1984; Ho &
Filippenko 1996; Keto et al. 2005; Murray et al. 2010). Recent
numerical studies of star cluster formation from compact giant
molecular clouds also suggest high efficiencies of få; 0.2–0.3
when an initial gas surface density is sufficiently high (Kim
et al. 2018; Fukushima et al. 2020; Fukushima & Yajima 2021;
see also a review by Krumholz et al. 2019).

For a given SFR, we estimate the specific UV luminosity (in
units of erg s−1 Hz−1) as

h=n · ( )L SFR, 2UV, UV0

where the conversion factor ηUV is given by assuming the IMF and
age of the stellar population (e.g., Madau & Dickinson 2014). As a
fiducial case, we adopt ηUV; 7.94× 1027 erg s−1 Hz−1/(Me yr−1)
at λ0= 1500Å (ν0; 8.3 eV), corresponding to a stellar population
formed with a Salpeter IMF (Salpeter 1955) in the mass range of
0.1–100Me with Z= Ze. The stellar age is set to tage 100Myr,
where the photon production efficiency is saturated.
For convenience of the following discussion, we define the

UV radiative efficiency of star formation for a given SFR as

º = ´ - ·
( )L

cSFR
2.79 10 , 3,rad

UV
2

4

where nº nL LUV 0 UV, 0. As shown in Figure 18 of Harikane
et al. (2022a), the UV photon production efficiency increases by
a factor of ;1.2 as the metallicity decreases to Z; Ze/50. More
drastic enhancement of the efficiency is achievable in the limit of
Z; 0 (Schaerer 2002, 2003). For metal-free Population III stars
(hereafter, Population III), the efficiency becomes three to four
times higher when an extremely top-heavy IMF (a Salpeter IMF
with 50–500Me) and a moderately top-heavy IMF (log-normal
with a characteristic mass ofMå= 10Me, dispersion σå= 1Me,
and wings extending from 1–500Me; Zackrisson et al. 2011) are
used. In Table 1, we list the values of the UV photon production
efficiency and radiative efficiency for different IMF shapes.

3. Results

In Figure 1, we show the galaxy LFs at three different
redshift ranges of (a) z∼ 10, (b) z∼ 13, and (c) z∼ 17, along
with the observed data points (Oesch et al. 2016; Morishita
et al. 2018; Donnan et al. 2022; Harikane et al. 2022a, 2022c;
Finkelstein et al. 2022; Naidu et al. 2022a). The UV photon
production efficiency per SFR is set to òå,rad= 2.79× 10−4,
assuming a stellar population with a Salpeter IMF in the mass
range of 0.1–100Me with Z= Ze. Each curve corresponds to
cases with different star formation efficiencies of få= 1.0
(solid), 0.6 (long dashed), 0.3 (short dashed), and 0.15 (dotted).
The region above få= 1.0 is prohibited for the given IMF
because the SFR exceeds its strict upper bound, namely, the
total baryonic mass inflow rate.

Table 1
UV Luminosity-SFR Conversion Factor

(1) (2) (3) (4)
IMF Z ηUV òå,UV

Salpeter [0.1, 100] 0.02 7.94 × 1027 2.79 × 10−4

Salpeter [0.1, 100] 0.0004 9.32 × 1027 3.28 × 10−4

Salpeter [50, 500] 0 3.57 × 1028 1.26 × 10−3

log-normala [1,500] 0 2.68 × 1028 9.42 × 10−4

Notes. Column (1): IMF mode with the mass range in Me. Column (2):
metallicity (the solar metallicity corresponds to Ze = 0.02). Column (3): the
conversion factor from the SFR to the specific UV luminosity at 1500 Å in
units of erg s−1 Hz−1/(Me yr−1). Column (4): the UV-radiation efficiency.
a A log-normal distribution with a mean mass of Må = 10 Me and dispersion
of σå = 1 Me is assumed.

2

The Astrophysical Journal Letters, 938:L10 (6pp), 2022 October 20 Inayoshi et al.

High-z GRBs 5

Figure 3. (Top) Intrinsic (beaming-corrected) GRB forma-

tion rate for di↵erent scenarios. Red and blue solid curves

show the rates of Ghirlanda & Salvaterra 2022 (GS22) and

the same one but extended beyond z > 6 in proportion to the

pre-JWST SFR. The latter has hence a constant GRB for-

mation e�ciency. Dashed curves show the same as the solid

ones but boosted in proportion to the SFR excess (JWST ex-

cess, see Fig. 2) for z > 10. Orange and light blue triangles

schematically show the excess in the GRB rate corresponding

to the JWST excess. Dotted curves show the case where the

JWST excess is caused by a transition of IMF from Salpeter

to top-heavy shape over 10 . z . 11.5. For the models of

the SFR excess (red dashed) and IMF transition (red dot-

ted),  GRB is artificially suppressed for z & 14. (Bottom)

GRB formation e�ciency corresponding to models in the top

panel, defined by Eq. (9) for the pre-JWST SFR ⇢SFR (black

curve in Fig. 2).

• Case B: IMF transition. A transition of the
Salpeter IMF to top-heavy one increases the con-
version factor from the UV luminosity to SFR,
which may result in the JWST excess without a
genuine excess of the SFR (Chon et al. 2022; In-
ayoshi et al. 2022; Steinhardt et al. 2023). For
example, Inayoshi et al. (2022) demonstrated that
the conversion factor becomes ' 3 times higher
for a top-heavy IMF than Salpeter one (see their
Table. 1 for details).

We construct  GRB in this scenario by assuming
that the IMF gradually shifts to a top-heavy shape
so that the true SFR traces the pre-JWST SFR.
However, with the same parameters as Inayoshi

et al. (2022), we find that for the IMF transi-
tion alone cannot sustain the JWST excess beyond
z & 11.5, and hence an excess of the true SFR is
still required (but ' 3 times lower than the JWST
excess in Fig. 2 due to more e�cient UV emissiv-
ity). Importantly, more abundant massive stars
boost the GRB formation e�ciency. We may fac-
tor out the e↵ect of the IMF on the e�ciency as

⌘GRB /
Rmup

mGRB
�(m)dm

Rmup

mlow
m�(m)dm

, (13)

where �(m) is the IMF defined for mlow < m <

mup, and mGRB is the minimal mass to produce a
GRB (we set mGRB = 25M� following de Souza
et al. 2011). For the Salpeter and top-heavy3

IMFs in Inayoshi et al. (2022), this factor takes
values of ' 1.4 ⇥ 10�3 and ' 1.1 ⇥ 10�2, respec-
tively. Therefore, when the IMF completes the
transition at z ' 11.5, the GRB formation e�-
ciency becomes 1.1/0.14 ' 7.9 times higher than
that at z ' 10. This increase of ⌘GRB results in
an overall increase of the GRB formation rate by
7.9/3 ' 2.6 times higher than the case A beyond
z & 11.5 (here the denominator, 3 comes from the
reduction of the SFR from the value in case A).
 GRB of this scenario are shown by dotted curves
in Fig. 3. Note a small bump in the transition
period (10 . z . 11.5) does not have a physi-
cal origin but an artifact dependent on a scheme
connecting values of ⌘GRB over the period.

• Case C: Small ⌧UV or AGN. Our last possi-
bility is related not directly with star formation
processes but other e↵ects such as less UV photon
attenuation due to dust expulsion from galaxies
(Ferrara et al. 2023; Tsuna et al. 2023; Ferrara
2024) or contribution from AGNs (Hegde et al.
2024). The corresponding GBR formation rates
are actually already represented by the original
GS22 (red solid) and ⌘GRB = const models as the
red and blue solid curves in Fig. 3. This is because
the SFR nor GRB formation e�ciency should not
be increased to cause the JWST excess.

Note that while above three possibilities are listed
up independently, they may be related with each other
and interplay to shape the GRB formation rate. For
instance, an e�cient star formation perhaps causes
radiation-driven outflows clearing up dust (Ferrara et al.
2023). Abundant massive stars born through a top-
heavy IMF would cause an intense feedback diminishing

3
Inayoshi et al. (2022) considered a log normal distribution defined

from 1M� to 500M� with a mean mass of 10M� dispersion of

M�. In the estimation of ⌘GRB, we excluded a mass window of

pair instability supernovae, 140�260M� (e.g., Heger & Woosley

2002).
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tion alone cannot sustain the JWST excess beyond
z & 11.5, and hence an excess of the true SFR is
still required (but ' 3 times lower than the JWST
excess in Fig. 2 due to more e�cient UV emissiv-
ity). Importantly, more abundant massive stars
boost the GRB formation e�ciency. We may fac-
tor out the e↵ect of the IMF on the e�ciency as

⌘GRB /
Rmup

mGRB
�(m)dm

Rmup

mlow
m�(m)dm

, (13)

where �(m) is the IMF defined for mlow < m <

mup, and mGRB is the minimal mass to produce a
GRB (we set mGRB = 25M� following de Souza
et al. 2011). For the Salpeter and top-heavy3

IMFs in Inayoshi et al. (2022), this factor takes
values of ' 1.4 ⇥ 10�3 and ' 1.1 ⇥ 10�2, respec-
tively. Therefore, when the IMF completes the
transition at z ' 11.5, the GRB formation e�-
ciency becomes 1.1/0.14 ' 7.9 times higher than
that at z ' 10. This increase of ⌘GRB results in
an overall increase of the GRB formation rate by
7.9/3 ' 2.6 times higher than the case A beyond
z & 11.5 (here the denominator, 3 comes from the
reduction of the SFR from the value in case A).
 GRB of this scenario are shown by dotted curves
in Fig. 3. Note a small bump in the transition
period (10 . z . 11.5) does not have a physi-
cal origin but an artifact dependent on a scheme
connecting values of ⌘GRB over the period.

• Case C: Small ⌧UV or AGN. Our last possi-
bility is related not directly with star formation
processes but other e↵ects such as less UV photon
attenuation due to dust expulsion from galaxies
(Ferrara et al. 2023; Tsuna et al. 2023; Ferrara
2024) or contribution from AGNs (Hegde et al.
2024). The corresponding GBR formation rates
are actually already represented by the original
GS22 (red solid) and ⌘GRB = const models as the
red and blue solid curves in Fig. 3. This is because
the SFR nor GRB formation e�ciency should not
be increased to cause the JWST excess.

Note that while above three possibilities are listed
up independently, they may be related with each other
and interplay to shape the GRB formation rate. For
instance, an e�cient star formation perhaps causes
radiation-driven outflows clearing up dust (Ferrara et al.
2023). Abundant massive stars born through a top-
heavy IMF would cause an intense feedback diminishing

3
Inayoshi et al. (2022) considered a log normal distribution defined

from 1M� to 500M� with a mean mass of 10M� dispersion of

M�. In the estimation of ⌘GRB, we excluded a mass window of

pair instability supernovae, 140�260M� (e.g., Heger & Woosley

2002).
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Figure 4. (Top) Redshift distribution of GRBs detected

by EP. Color and types of curves correspond to the same

meaning as in Fig. 3. (Bottom) The cumulative number of

GRBs detected by EP. The downward and upward triangles

mean constraints from an expected total detection number

of X-ray transients and the detection of EP240315a, respec-

tively.

the star formation e�ciency (Chon et al. 2024; Menon
et al. 2024). Nevertheless in this Letter we consider
them separately as idealized cases and to see individual
e↵ects.

3. RESULTS

Figure. 4 shows the redshift distribution and cumula-
tive number of detected GRBs expected for the observa-
tion by EP. Within the models of GS22, the total num-
ber of GRB detection expected for one-year operation
amounts to' 280 (see the bottom panel in Fig. 4), which
could be larger than an actual number. As of August 1,
2024, ' 20 X-ray transients have been reported on GCN
circulars4, corresponding to ' 40 events per year, al-
though not all detection may be posted. In addition, our
choice of the limiting flux, ⇠ 10�10 erg s�1 cm�2, may
not be applicable to compare our estimate with the cur-
rent detection number given the observation by EP has
just started and it underwent a commission phase. An-
other possibility is a jet opening angle might be smaller

4 https://gcn.nasa.gov/circulars

than our fiducial value of ✓j = 0.1. The detection of
EP240315a at z ' 4.9 just two months after the start of
operation Liu et al. (2024), may also put a lower limit on
the detection rate (corresponding to 6 events per year,
upward triangle).5

If the original GRB formation rate of GS22 can be ex-
trapolated beyond z & 6 (red solid curve), a few GRBs
at z � 10 could be detected for one-year observation.
The number of detection could be ten times larger if the
JWST excess caused by the SFR excess or IMF transi-
tion. In this case, one GRB could be detected per a few
years even for the conservative model of ⌘GRB = const

(blue solid curve).
More Interestingly, the redshift distribution of GRBs

has an excess from an extrapolation from low redshifts or
even increases for z & 10 corresponding to the origins of
the JWST excess, which will be useful in discriminating
the models. In case A (dashed curves in Fig. 4), the
excess of the SFR also causes an excess of the GRB
event rate in proportion to the SFR. In case B (dotted
curves), the excess is larger than in case A. In particular,
the GRB rate increases more rapidly than case A during
the period of the IMF transition (10 . z . 11.5). In
case C (solid curves), the true SFR does not have an
excess from the pre-JWST value, and hence the GRB
rate extends smoothly as an extrapolation of the rate at
z . 10.
Figure 5 summarizes the above discussion about a po-

tential behavior of the high-z GRB rate, and its impli-
cation on the origin of the JWST excess. If an excess
in the GRB redshift distribution is identified at z & 10,
it suggests that the JWST excess is caused by a real
elevation of the SFR from the pre-JWST value (case
A) or a transition of IMF from Salpeter to top-heavy
ones (case B). These scenarios could be discriminated
by the increase in the GRB rate. No detection of an
excess in the GRB rate supports that the JWST excess
is caused by less attenuation of UV photons (small UV
optical depth) due to dust expulsion or a contribution
from AGNs (case C).

4. DISCUSSION & SUMMARY

In this Letter, we explore the detectability of high-z
GRBs by WXT onboard Einstein Probe, which started
its operation in January 2024. Owing to the high sen-
sitivity at the soft X-ray band, EP WXT is an ideal
detector to access high-z GRBs as demonstrated for
EP240315a and 240219a (Liu et al. 2024; Yin et al.
2024). We find that EP will detect a few GRBs at z � 10
for a one-year operation if the GRB formation rate cali-
brated by bursts at z . 6 can be extrapolated to z ' 10.
In particular, we focus on a synergy with JWST, which
recently reported an excess in the UV luminosity density

5
If the first month after the launch of EP was not available for

observation, the rate could be doubled.
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Figure 5. Origin of the JWST excess implied by the behav-

ior of the GRB event rate for z & 10.

at z & 10 (Harikane et al. 2024b). Since long GRBs are
produced by collapse of massive stars, they probe the
star formation activities in high-z universe by tracing
the star formation history directly. Interestingly, corre-
sponding to potential origins of the JWST excess, the
redshift distribution of GRBs shows di↵erent behaviors
(Fig. 4). As summarized in Fig. 5, if the JWST excess
is caused by an elevation of the genuine SFR (case A),
the redshift distribution has an excess at z & 10 in pro-
portion to the JWST excess. If the transition of IMF
from Salpeter to top-heavy one creates the JWST ex-
cess (case B), the distribution also shows an excess but
the degree of the excess is di↵erent from case A. If other
e↵ects than star formation activities such as less attenu-
ation of UV photons or AGN contribution (case C), the
distribution extends smoothly beyond z & 10.

UP TO HERE There are several future missions
targeting high-z GRBs as EP.
It should be noted that determing redshift in the ob-

servatio of EP is not an east task. Without any de-
tector in other wavelengths, detecting its counterpart
may be challenging. In this sense, while the sensitivity
is less than EP, future detectors such as high-z GUN-
DAM which has a NIR telescope, will play an impor-
tant role to determine redshift. Identifying the high-z
GRB from only prompt emission is also a challenge. It
is known since the observations of HETE? the duration
of the prompt emission, more precisely T90, is longer
than harder band. While the high-z burst will be ex-
pected to have longer duration due to cosmological time
dilaton, it is still unclear how to discrminate true high-z
events. One possibility may be to use a time variability.
Swift actually detected several GRBs with z & 8� 9.
Discussion about little red dotts as a GRB host??? We

also have to remark that a detailed study of high-z GRBs
requires follow-up observation by JWST. It will be inter-
esting to explore not only very high-z GRBs but inter-
mediate high-z GRBs such as z ' 6� 9. The nature of
such host galaxies is still less understood. Recent inter-
esting discovery by JEST is compact reddenned galax-
ies, so called little-red-dotts (LRDs). Its origin is still
under debate. Interestingly, in the star-forming galaxy
scenario, the expected SFR suggests that they can be a
GRB host.

This research is supported by the Hakubi project at
Kyoto University, JSPS KAKENHI Grant Number
24K17088 (T.M.).
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APPENDIX

A. OTHER GRB FORMATION RATE AND LF

We briefly discuss the results for other GRB formation rate and LF. As other representative studies of the GRB
population than GS22, we consider Lan et al. (2021) and Palmerio & Daigne (2021). These works did not derive the
intrinsic GRB formation rate  GRB, but the rate for on-axis GRBs, which is expressed by ⌘beam GRB in our notation.
Lan et al. 2021 (L21) analyzed 302 GRBs detected by Swift up to 2019 with a photon count rate greater than

� 1 photon s�1 cm�2. They assumed that the (on-axis) GRB formation rate is proportional to the SFR as in Eq. (9),
and a broken power-law LF (Eq. 10, defined for 1049 erg s�1

< L < 1055 erg s�1). Several possibilities were considered
such as combinations of both non-evolving GRB formation e�ciency (⌘GRB = const) and LF (k = 0), and either
redshift-evolving e�ciency or LF. We consider their result for the GRB formation rate with an evolving e�ciency:

⌘beam GRB = 37.9(1 + z)1.43
"
0.0157 + 0.118z

1 +
�

z
3.23

�4.66

#
Gpc�3 yr�1

, (A1)

where the bracketed factor comes from the SFR of Hopkins & Beacom (2006); Li (2008), and the other factor shows
the z-dependence of the GRB formation e�ciency. The LF is assumed to be independent of redshift and its parameters
are obtained as p1 = 0.60, p2 = 1.65, and L⇤ = 1052.98 erg s�1.



Summary
• JWST discovered excess in LUV (or SFR) 

• Origin of excess?

• GRB is a tracer of SFR

• Einstein Probe may detect high-z GRBs

LUV = (εrad c2 SFR + LAGN)exp[-τUV]
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