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Abstract

We report the serendipitous discovery of an [OTII] AA4959/5007 and Ha line emitter in the Epoch of
Reionization (EoR) with the James Webb Space Telescope (JWST) commissioning data taken in the NIRCam
wide-field slitless spectroscopy (WFSS) mode. Located ~55” away from the flux calibrator P330-E, this
galaxy exhibits bright [O 1II] AA4959 /5007 and Ha lines detected at 3.70, 9.90, and 5.7, respectively, with a
spectroscopic redshift of z=6.112 £ 0.001. The total HG+[O 111] equivalent width is 664 4 98 A (454 +78A
from the [O 111] A5007 line). This provides direct spectroscopic evidence for the presence of strong rest-frame
optical lines (H+[O 11I] and He) in EoR galaxies as inferred previously from the analyses of the Spitzer/
IRAC spectral energy distributions (SEDs). Two spatial and velocity components are identified in this source,
possibly indicating that this system is undergoing a major merger, which might have triggered the ongoing
starburst with strong nebular emission lines over a timescale of ~2 Myr, as our SED modeling suggests. The
tentative detection of He II A\4686 line (1.90), if real, may indicate the existence of very young and metal-poor
star-forming regions with a hard UV radiation field. Finally, this discovery demonstrates the power and
readiness of the JWST/NIRCam WFSS mode, and marks the beginning of a new era for extragalactic
astronomy, in which EoR galaxies can be routinely discovered via blind slitless spectroscopy through the
detection of rest-frame optical emission lines.

Unified Astronomy Thesaurus concepts: Emission line galaxies (459); High-redshift galaxies (734); Starburst
galaxies (1570); Galaxy spectroscopy (2171); Space telescopes (1547); James Webb Space Telescope (2291)

, Mario Gennaro
, Karl Misseltl,
, and Christopher N. A. Willmer'

3

>

1. Introduction

In the Epoch of Reionization (EoR; z = 6), the rest-frame optical
nebular emission lines (e.g., Ho, HG, and [O TT] AM959/5007) of
galaxies were difficult to observe in the pre-James Webb Space
Telescope JWST) era. Typically being the brightest lines in the
rest-frame optical bands, [O III] and Ha: get redshifted out of the
near-infrared (NIR) K band at z > 3.6 and 2.5, respectively, and
therefore become inaccessible from the ground because of low
sensitivity. At higher redshifts, these lines enter the passbands of
the Spitzer/IRAC Channel 1/2 (3.6/4.5 pum), boosting broadband
photometric measurements (e.g., Schaerer & de Barros 2009).
Such an effect has been widely used to infer their line strengths at
z~3.8-5 (Ha; e.g., Shim et al. 2011; Stark et al. 2013),
z7~5.1-5.4 (Ha; e.g., Rasappu et al. 2016), and z ~ 6.7-7.0 (HG
and [OII]; e.g., Smit et al. 2014, 2015; Endsley et al.
2021a, 2021b). Possible modulation of observed IRAC
[3.6 um]}—{4.5 pm] colors by emission lines was also reported for
galaxies even at z~ 8 (e.g., Labbé et al. 2013; De Barros et al.
2019). Despite all of this exciting evidence, up to now, all of these
optical emission-line studies in the EoR relied on broadband
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photometry, which is inevitably affected by multiple factors such
as the assumptions of star formation history, metallicity, ionization
parameter, and dust attenuation.

The JWST will undoubtedly revolutionize the studies of rest-
frame optical-line emitters at high redshift (see a recent review
by Robertson 2022). With its unprecedented sensitivity, JWST
will detect Ha emission up to z ~ 6.7 and [O III] emission up to
z~9 with two of the four scientific instruments, NIRCam and
NIRSpec. The wide-field slitless spectroscopy mode of NIRCam
(Greene et al. 2017) conducts grism spectroscopy at 2.4-5.0 ym
with a medium spectral resolution of RN 1600 around 4 pm.
With a dispersion of around 1 nm pixel "', one cannot obtain the
full 2.4-5 ym spectrum s1multaneously across the detector,
which has 2040 pixels in each dimension. Therefore, a filter is
also needed to ensure that desired wavelengths are captured on
the detector. A filter will also minimize IR background and its
associated noise from the telescope and sky. Combining the data
taken with the two long-wavelength modules of NIRCam, an
instantaneous survey area of up to ~9 arcmin” can be reached (in
which sources yield either partial or complete spectra), enabling
efficient wide-field surveys of line-emitting galaxies in the EoR.
Multiple JWST Cycle-1 Early Release Science (ERS) and
General Observers (GO) programs (e.g., CEERS, PI: Finkel-
stein; ASPIRE, PI: Wang; FRESCO, PI: Oesch) will exploit this
powerful observing mode by detecting > 10> ~ 10° [OTII] and
Ha line emitters at z 2 6.
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In this work, we present the first serendipitous spectroscopic
discovery of an [OIII] AA4959/5007 and Ha line emitter at
z>6 with the JWST/NIRCam WEFSS mode. The galaxy,
named NRCJ1631+3008-z6.1, was discovered in the field
around the flux calibrator P330-E (GSC 02581-02323), which
was observed during the commissioning phase of this
observing mode. The detection of [O 1] A\4959/5007 and
Ha emission lines at 3.528, 3.562, and 4.668 pm indicates a
spectroscopic redshift of z=6.112 £ 0.001. The observations
and corresponding data reduction techniques are described in
Section 2. The spectroscopic, photometric measurements, and
spectral energy distribution (SED) modeling are presented in
Section 3. In Section 4, we compare our results with pre-JWST-
era studies at z ~ 0-7 and discuss the implication of emission-
line strengths. The conclusions can be found in Section 5.
Throughout this Letter, we assume a flat ACDM cosmology
with 1 =0.7 and §2,, = 0.3, and a Chabrier (2003) initial mass
function (IMF). The AB magnitude system (Oke & Gunn 1983)
is used.

2. Observation and Data Reduction

The JWST/NIRCam long-wavelength (LW; 2.4-5.0 pum)
grism characterization observations were obtained through
Program #1076 (PI: Pirzkal) during the commissioning phase
of the instrument. NIRCam has four grisms: each of the two
modules (A and B) has two grisms that disperse light parallel to
detector rows (Grism R) or columns (Grism C), respectively.
For the flux and wavelength calibration, P330-E (a G2V star)
and IRAS 05248-7007 (a post-asymptotic-giant-branch star in
the Large Magellanic Cloud) were observed, respectively.

The WEFSS observations of the P330-E field were obtained
with both F322W2 and F444W filters on 2022 April 29. In
each band, the target was observed with four grisms (AR, AC,
BR, and BC) at four INTRAMODULEX primary dither positions,
respectively. With a five-group BRIGHT1 readout pattern, the
effective time per integration was 96s. This resulted in a
signal-to-noise ratio (S/N) of 2100 (per pixel, ~1 nm) for the
extracted 1D spectrum of P330-E in each exposure, enabling
accurate flux calibration over the full wavelength range of
NIRCam WFSS mode. We note that the last exposure with the
Module B Grism C in the F322W2 band (Observation #108,
Visit 001, and Exposure 4) failed because of unstable guiding,
and therefore these data were not included in the analysis. The
effective total exposure time of each source depends on its
location, with a maximum of ~25 minutes in each band after
combining exposures with all grisms.

The WFSS data were reduced to the level of Stage-1 (i.e.,
“ RATE” files) with the standard JWST calibration pipeline®
v1.4.7. After that, we performed the 2D sky-background
subtraction using the sigma-clipped median images, which
were constructed from the obtained WFSS data. We then
applied flat-field correction using the imaging flat data obtained
with the same filter and module. The world coordinate system
(WCS) of each grism image was calibrated with the GAIA DR2
catalog (Gaia Collaboration et al. 2018) by matching with the
stars detected in the NIRCam short-wavelength (SW) images,
which were taken simultaneously in the F212N band.

The imaging data of the P330-E field were taken either
simultaneously with the grism exposures (F212N) or after the
grism observations through direct and out-of-field imaging
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(SW: F212N; LW: F250M, F322W2, and F444W). The direct-
imaging data were reduced and mosaicked using the standard
Stage-1/2/3 JWST pipeline. We also manually adjusted the
photometric zero-points of these image products based on the
in-flight measurements of P330-E (see Rigby et al. 2022) by
—0.11, 0.06, 0.15, and 0.21 mag with the F212N, F250M,
F322W2, and F444W bands, respectively, as the revised
photometric zero-points were not incorporated in the early
pipeline version that we used. The revised zero-points are
consistent with those in the latest reference files
"Jjwst_0942.pmap" at the time of writing. The final image
products were resampled to a native pixel size of 070312 (SW)
and 070629 (LW) with pixfrac =0.8, and the WCSs of the
images were registered with the Gaia DR2 catalog (Gaia
Collaboration et al. 2018). The effective exposure times (f.yp) at
the location of our source, NRCJ1631+3008-z6.1, are 33.8,
6.4, 2.5, and 3.2 minutes in the F212N, F250M, F322W2, and
F444W bands, respectively.

We also note that although P330-E was frequently observed
as a flux calibrator for the Hubble Space Telescope (HST) and
JWST, most of the existing data are too shallow and our source
was not detected. Ground-based g/r/z-band images (e.g., the
Mosaic z-band Legacy Survey and the Beijing-Arizona Sky
Survey; Dey et al. 2019; Zou et al. 2019) were also checked,
but the data were too shallow to constrain the SED (30 upper
limits at g > 24.8 and z > 23.6 mag) of NRCJ1631+3008-z6.1.

We performed source extraction with the mosaicked F322W2
and F444W images using SEXTRACTOR v2.25.3 (Bertin &
Arnouts 1996). With the derived source catalog, we conducted 2D
spectral extraction, wavelength, and flux calibration on the flat-
fielded WEFSS data, and combined the extracted data taken with
Grism R, C, or both. These were performed for ~3000 sources
detected in the F322W2 image, to test the accuracy of derived
spectral tracing and dispersion models in the instrument
commissioning phase. We defer the detailed descriptions of these
models to another paper from the collaboration. Qualitatively, for a
given source with direct-imaging position of (xp, yg) in an
exposure, our dispersion model can predict the position of a
spectral feature at a wavelength of ) along the dispersion direction
(e.g., x, in Grism R) with an rms accuracy of 0.2 pixel, i.e.,
~10% of the resolution element. With the derived x,, our spectral
tracing model can predict the position along the perpendicular
direction (e.g., y, in Grism R) with an rms accuracy of
0.1-0.2 pixel, i.e., 5%—10% of the FWHM of the point-source
spectral trace.

3. Results
3.1. Discovery of an [0 1lI] \5007 Emitter at z =6.112

Through visual inspection of extracted spectra, we identified
a source with a prominent emission-line feature at 3.562 ym
(NRCJ16314-3008-z6.1; Figure 1). Located ~55" away from
P330-E, this source was observed with Grism R in five
integrations of exposure (fexp = 8 minutes) and Grism C in
seven integrations (fexp = 11 minutes). We note that this source
could potentially yield spectra in two additional integrations
with the Module A Grism R (Observation #106, Visit 001, and
Exposure 2/3), but the direct-imaging position of the source
was near the edge of the pick-off mirror. We did not include
these data as the emission line was not seen in these
integrations, suggesting a significant loss of the target signal.
The 2D spectra of this source overlapped with two continuum
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Figure 1. JWST/NIRCam F322W2 image (top-left; size: 179 x 179), 2D, and 1D spectra (top/bottom-middle /right) of NRCJ1631+3008-z6.1 in the F322W?2 and
F444W band. Image and 1D spectra were smoothed with a Gaussian kernel of o = 1 pix (0”063 or 1 nm) and 2D spectra were smoothed with o = 2 pix. All spectra
were flux-calibrated and background-subtracted. 1D spectra were extracted within D = 7 pix (0”44) box with aperture correction factors applied (modeled from the
profiles of the [O 1] A5007 and Hev line). Six identified lines (He 11 A4686, HE, [O 11] AM959/5007, He, and [N 1] A6583) at z = 6.112 £ 0.001 are labeled with
dark blue lines and highlighted with shallow red shades. 1D error spectra are shown as the gray-shaded regions.

sources around 3.5 yum in the Module B Grism R (four
integrations). In the combined 2D spectra, we subtracted 1D
continuum and background along both the row and column
direction through linear fitting in the line/source-free region.
This reduced the rms noise by ~20% and the resultant
background can be well described with a normal distribution
with zero mean through the Kolmogorov—Smirnov test (p-
value = 0.43). 1D spectra were extracted using a box aperture
with the height D =7 pix (0”44), which optimized the S/N of
the second brightest emission line at 3.528 um. An aperture
correction factor was calculated as 1.07, using the 3.562 um
line profile in the vertical direction.

The two lines detected at 3.562 yum (9.90) and 3.528 um
(3.70) were identified as [O1II] AA5007/4959 emissions at
7z=06.112+0.001. We also searched for other possible
emission lines in extracted spectra, and tentatively identified
He 11 M686 (1.90) and HB M861 (1.50) lines. [O ] AA3726/
3729 doublet lines were not detected in the F322W2 spectrum
(<4 x 10" erg s7! cmfz) because of a twice higher rms noise
at the expected wavelength. We also identified Ha (5.70) and
[N1I] A6583 (1.40) in the F444W spectra at the expected
wavelengths (right panels of Figure 1). We modeled
the profiles of four identified lines in the F322W2 band with
the Gaussian functions simultaneously, and in this fitting, the
FWHM and flux of each line were allowed to float, while the
line centers were controlled by the redshift parameter. The best-
fit spectroscopic properties are presented in Table 1. Measure-
ments using Grism R-only or C-only 1D spectra returned
consistent line fluxes. We observed a flux ratio of 2.9+ 0.8
between the identified [O 1] AA5007/4959 lines, consistent
with the theoretical ratio of three. Ha and [NII] lines were
modeled with similar methods, and the detailed analysis of
these lines will be presented in another paper from the
collaboration with a larger sample of z 2> 6 Ha emitters.

3.2. Two Spatial and Velocity Components

Figure 2 displays the 2D spectra of NRCJ1631+3008-z6.1
obtained with the orthogonal Grism R and C separately. [O II1]

Table 1
Summary of the Properties of NRCJ1631+3008-z6.1

Photometric Properties

RA. 16:31:34.45
Decl. +30:08:10.6
F212N [AB mag] >23.8
F250M [AB mag] >24.8
F322W2 [AB mag] 24.45 4 0.09
F444W [AB mag] 2453 +0.17
Spectroscopic Properties

Redshift 6.112 + 0.001
F(He 11 M4686) [10~ ¥ erg s~ cm 2] 99452
FHP) [107 ¥ erg s em™2] 50+32
FO11] M4959) [10 B erg s~ cm 2] 142439
FO 1] A5007) [10~ ¥ erg s~ em™2] 40.5 + 4.1
FHe) [107 ¥ ergs™ cm™? 16.0 £ 2.8
FUNTI] A6583) [10 ¥ erg s~ cm 2] 33423
EW(He 11 AM686) [A] 97 + 52
EWHP) [A] 52435
EW([O 111] AM959) [A] 156 + 47
EW([O 1] A5007) [A] 454 + 78
EW(Ha) [A] 369 + 104
EW(N 11] A6583) [A] 76 + 56
EW(HSB+[O0 m]) [A] 664 + 98
FWHM([O 111] A5007) [km s '] 382 + 130
FWHM(Ho) [km s~ '] 267 4+ 109
Physical Properties

R, [kpc] 1.240.1
SFR(Ho) [M, yr '] 36+ 6
SFR(UV,SED) [M, yr~] 23+6
Mg [108 M 10+8
log[&,/(erg~'Hz)] 253 £0.1

Note. The uncertainty of absolute flux calibration is estimated as between 2%
(according to Gordon et al. 2022) and 5% (conservative), considerably smaller than
the observational errors presented in this table. The derivation of EWs is detailed in
Section 3.3.
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Figure 2. JWST/NIRCam F322W2 direct image and F322W2/F444W 2D spectra of NRCJ1631+3008-z6.1 seen with Grism R (top) and C (bottom). The
orientations of direct images have been aligned to the dispersion directions of the two grisms. In the plots of 2D spectra, the expected positions of detectable emission
lines are indicated with vertical white lines. [O II] AA4959 /5007 and Hev lines can be detected with Grism R and C data separately, confirming the line identification.
Two potential clumpy structures (A and B) with a spatial offset of 1.6 & 0.3 kpc and a velocity offset of 602 4 105 km s~ ' are noted with dashed blue and green
circles in direct images, respectively, and the expected locations of corresponding line emissions ([O IlI], He, and [N 11]) are shown with dashed circles of the same
colors superimposed on the 2D spectra. The PAs of the two clumps with respect to the dispersion directions are also shown in the direct images.

and Ha lines can be detected in the two spectra individually,
further confirming the line identification and association with
the source.

From the F322W2 image, we identified two spatial
components labeled as clump-A and B with a physical
separation of 1.6 £0.3kpc between their centroids. The
dispersion direction of Grism C was off by 62° + 7° from the
position angle (PA) of the two clumps, and two clumps of
[O 1] A5007 emissions can be identified on the 2D spectrum
with Grism C. Similar clumps can also be tentatively seen for
[O 1] M4959, albeit at much lower significance. These can also
been seen as the major and minor peaks of [OII] lines in the
1D spectrum (Figure 1). Through both 1D line profile fitting
and aperture photometry of the [O III] A5007 emission lines in
the spectra, we measured a flux ratio of 2.6 + 0.6 between the
two [O III] clumps.

The offset between the two clumps in spectral image is a
result of both intrinsic velocity offset and projected physical
offset along the dispersion direction, and the velocity offset
was measured as 605 + 102 kms~'. In the Grism R data, the
dispersion direction was only off by 28°+7° from the PA
between clump-A /B, leading to a strong spectral overlapping
between the two clumps. As a result, the overall line width seen
with Grism R, which was convolved with the surface
brightness profile of the source in dispersion direction, is also
larger than that measured from the Grism C data. The
deconvolved (intrinsic) FWHM of [O1III] A5S007 line is
measured as 362+ 134kms™' from both the Grism R and
C data.

We also examined such a two-component model with the
F444W spectra. Interestingly, we found that the bulk of the Ha
emission is from clump-A, which can also be tentatively seen
for HZ emission with F322W2 data despite a lower

significance. In contrast, clump-B hosts more luminous [N II]
emission that overlaps with the Ha emissions from clump-A in
the wavelength space with both grisms. The [N II] emissions
from clump-B can be clearly seen in Grism C data where the
perpendicular offset of the two clumps is larger. A higher
[NI]/Ha ratio in clump-B (>1.2) compared with clump-A
(0.25 £0.17) may indicate elevated metallicity and/or harder
UV radiation field in clump-B.

3.3. Photometry and SED Modeling

We performed aperture photometry of NRCJ16314-3008-
76.1 (both clumps together) in F212N, F250M, F322W2, and
F444W images with a circular aperture of r=0745 using
PHOTUTILS (Bradley et al. 2022). The circularized surface
brightness profile modeled in the F322W2 band (effective
radius R, = 0722 +0702; 1.2 + 0.1 kpc after deconvolving the
point-spread function) suggests that the aperture correction is
negligible. The sky background was subtracted using the
median of sigma-clipped local annulus, and the photometric
uncertainty was computed using the rms of that. The source
was detected in the wide F322W2 (24.45 £0.09 mag) and
F444W (24.53 4+ 0.17 mag) bands, but remained undetected in
either the F212N or F250M band (3¢ upper limits of >23.8 and
>24.8 mag, respectively; Figure 3). The nondetection in the
F212N/F250M band can be explained by their smaller
bandwidths in contrast to those of wide filters, and lack of
luminous line emission within their wavelength ranges.

We then conducted SED modeling with CIGALE (Boquien
et al. 2019). In addition to the four-band photometry, the
equivalent widths (EWs) of HG, [O 1T], and Hae lines were also
included as constraints. These line EWs were calculated using
the measured line fluxes and the underlying F322W2 /F444W
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Figure 3. Top: JWST/NIRCam short-wavelength (F212N) and long-
wavelength (F250M, F322W2, and F444W) cutout images of NRCJ1631-
3008-z6.1. Measured source brightness in each filter is shown in the lower-
right corner of each plot (in AB mag; 30 upper limit for nondetection). Bottom:
best-fit SED model obtained with CIGALE (black curve; Boquien et al. 2019).
Photometric measurements are shown as red circles, and best-fit source
brightnesses are shown as open blue squares. The transmission curves of four
utilized filters are also plotted for comparison. Note that the transmission of the
F322W2 band is computed using the measured grism throughput and is
different from that in the JWST User Documentation.

continuum flux densities, which were computed from broad-
band photometry by subtracting all measured line fluxes within
the passband and were assumed as constant across the
bandwidth. All line EWs are reported in Table 1. We assumed
a commonly used delayed star formation history (SFH;
sfhdelayed) with an optional late starburst, and allowed a
metallicity range of 0.2Z.-Z.. The allowed range of
ionization parameter (log U) was set as —1 ~ —2 given the
presence of strong [OII] and Hell lines, and a modified
Calzetti et al. (2000) attenuation curve was adopted.

The best-fit SED model is shown in the lower panel of
Figure 3. The best-fit SFH model invokes both young
(1-2 Myr) and old (~500 Myr) stellar populations to interpret
both strong optical emission lines and underlying stellar
continuum. Similar models have been reported for z>6
galaxies with the presence or evidence of strong nebular lines
(e.g., Hashimoto et al. 2018; Jiang et al. 2020; Whitler et al.
2022). The reduced y* of best-fit line EWs is 0.65. The dust
attenuation is negligible, and the best-fit metallicity is ~ 0.4 Z...
We derived a stellar mass of (1.0 £ 0.8) x 10° M. In order to
compare our star formation rate (SFR) measurement with rest-
frame-UV-selected galaxies at z > 6, we derived a UV SFR of
23+ 6M.yr ' from the best-fit SED. Although the UV
continuum of NRCJ1631+4-3008-z6.1 was not directly detected
in any band, the inferred SFR (UV, SED) is comparable with
the SFR derived with Ho luminosity (3646 M, yr '),
assuming the Ha luminosity—SFR conversion in Kennicutt &
Evans (2012).

4. Discussion

4.1. Comparisons with Galaxies across z >~ 0-7

We compare the emission-line and physical properties of
NRCJ1631+3008-z6.1 with those of galaxies across z >~ 0-7 in
Figure 4.
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In the left panel, we first compare the measured HG+[O T11]
EW with z ~ 6.8 galaxies in Endsley et al. (2021a, 2021b). In
the pre-JWST era, HG+[O 1] EWs at z2>4 can only be
inferred through the modeling of Spitzer/IRAC SEDs within
certain redshift windows (e.g., z>2 6.7 —7.0). Endsley et al.
(2021b) reported a median H3+[O 1] EW of 759*113 A for
UV-luminous (Myv< —21, SFRyy 2 10 M, yr~ ') galaxies at
z~6.8. With the data presented here, we show thaot the
HE+[Om] EW of NRCJ1631+43008-z6.1 (664 =98 A) is
consistent with those of z~ 6.8 galaxies with comparable
stellar mass and SFRyy. This confirms the presence of
prominent rest-frame optical nebular emission lines in EoR
galaxies, which are more than an order-of-magnitude stronger
than those of galaxies in the local universe with comparable
stellar masses (e.g., Sloan Digital Sky Survey (SDSS)-selected
galaxies; Maraston et al. 2013; Thomas et al. 2013).

In the middle panel, we compare the Ha and [O 1II] A5007
EWs of NRCJ1631+3008-z6.1 with extreme emission-line
galaxies at z = 1.3-2.4 (Tang et al. 2019), where these redshifted
optical emission lines are still accessible for ground-based NIR
spectroscopy. The Hae EW of our source is consistent with those
of z=1.3-24 galaxies with similar [OIll] EWs. We also
compute the hydrogen-ionizing photon production efficiency
(&on) using the observed Ha (tracing ionizing photons) and
inferred UV luminosity following the same procedure in Shivaei
et al. (2018) and Tang et al. (2019). We derive a
log[&,,/(erg ' Hz)] = 25.3 + 0.1 for NRCJ163143008-
76.1, which is widely seen in emission-line galaxies at z~2
(e.g., Shivaei et al. 2018). The derived &, is also consistent with
those of the z~2 galaxies on the &, — EW(OII) relation
modeled by Tang et al. (2019). This suggests that the physical
properties of certain strong line-emitting galaxies at z~ 2 and
z> 6 may be similar.

One potential surprising discovery of this work is the
tentative detection of the He 1 M686 line. We examine the
strength of the He Il line in all 12 available integrations. The
line flux remains positive in nine integrations (75%), consistent
with the expectation (72%) from Gaussian statistics for a 20
stacked signal. The production of helium recombination lines
require sufficient ionizing photons with energy greater than
54.4eV, much higher than the requirements for hydrogen
(13.6eV) and [O 111] (35.1 V) lines, and a very low-metallicity
environment (<0.01 Z.) is required to interpret a large Hell
EW (=100 A; e.g., Inoue 2011). In the right panel of Figure 4,
we show the EW(He Il M684) versus EW([O III] A5S007) of
NRCJ1631+3008-z6.1 compared to those of extreme emis-
sion-line galaxies (Senchyna et al. 2017, 2020, mostly powered
by X-ray binaries) and SDSS active galactic nuclei (AGNs; Oh
et al. 2011; Bir et al. 2017) in the local universe, which were
detected in He I M686. At a given [O IlI] EW, the He I EW of
NRCJ1631+3008 is higher than those of all comparison
samples at z ~ 0.

We note that a well-known Lya-emitting galaxy, CR7 at
7=6.6, was reported for a possible detection of He Il A1640
lines with ground-based and HST grism spectroscopy (Sobral
et al. 2015, 2019; but see also Shibuya et al. 2018 claiming no
detection of this line). The HeIl AMd686 line is 60% more
luminous than the He Il A\1640 line in Case B recombination
with an electron temperature of T, = 10* K (Osterbrock &
Ferland 2006). The tentative detection of the He I1 A4686 line
may indicate an elevation of the hardness of the ionizing
spectrum in certain EoR galaxies, i.e., a larger fraction of
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Figure 4. Comparisons of emission-line equivalent widths of NRCJ1631+3008-z6.1 (colored diamonds with black edges) with those of galaxies across z >~ 0-7. Left:
HB+([O 1] line EW vs. the stellar mass of NRCJ1631+4-3008-z6.1 compared with those of z ~ 6.8 galaxies whose EWs are inferred from Spitzer/IRAC [3.6 pum]-
[4.5 pum] color (circles; Endsley et al. 2021a, 2021b), and also SDSS-selected galaxies in the local universe (dots; Thomas et al. 2013). Sources at z > 6 are color-
coded by their UV-based SFRs. Middle: Hae EW vs. [O 1] A5S007 EW compared with those of extreme emission-line galaxies at z = 1.3-2.4 (squares; Tang
et al. 2019). Sources are color-coded by their ionizing photon production efficiency (o). Right: He 11 M686 EW vs. [O 1] A5S007 EW compared with those of
extreme emission-line galaxies (hexagons; Senchyna et al. 2017, 2020) and SDSS-selected He I AGNs (dots; Oh et al. 2011; Bir et al. 2017) in the local universe.
Sources are color-coded with their H3 EWSs. Given the low significance of He II \M686 detection with NRCJ1631+4-3008-z6.1, we show the 5th, 16th, and 84th

percentiles of the likelihood distribution of the He It EW.

ionizing photons with high energy (>54.4 eV) when compared
with those seen at ionizing environments at lower redshifts
(Hem EW < 10 A even in so-called Wolf-Rayet galaxies; e.g.,
Brinchmann et al. 2008; Cassata et al. 2013). This may further
indicate a young (1-2Myr) metal-poor (i.e., ‘“Pop III’-like)
stellar population produced with a top-heavy IMF (e.g.,
Jerdbkova et al. 2017) with the existence of very massive stars
over 300 M, (e.g., Schaerer 2002, which could produce He II
EW at 2100 A) and/or a higher binary fraction. However, we
also make the caveat clear that the significance of Hell
detection is low (1.90) with the shallow commissioning data
and no decisive conclusion could be made. Deeper He IT A1640
or \684 spectroscopy is necessary to disentangle the physics
behind this puzzling tentative detection.

4.2. Overall Physical Picture of NRCJ1631+3008-z6.1

The two spatial and velocity components of NRCJ1631
+3008-z6.1 resolved with JWST/NIRCam imaging and
slitless spectroscopy suggest that this source is a galaxy pair.
Assuming a constant mass-to-light ratio for the two compo-
nents, the mass ratio is 2.6 + 0.6, satisfying the classification
criterion of a major merger event. The dynamic timescale
computed from the spatial and velocity offset of the two
components is 2-3 Myr, consistent with the timescale of the
late starburst (1-2 Myr) indicated by the strong nebular lines as
modeled in Section 3.3. Therefore, it is possible that the strong
optical emission lines and ongoing star formation seen in this
source is triggered by the merger of the two galaxies
undergoing the final coalescence phase.

The two components are unlikely two star-forming clumps in
the same galaxy, because the corresponding dynamic mass
Mdyn:sz/GN 10" M. would be much larger than one
typically expects for a galaxy with a stellar mass of 10° M. In
addition to this, the physical extent of NRCJ1631+3008-z6.1 is
also twice larger than those of galaxies with comparable UV
luminosity and stellar mass at z ~ 6 (e.g., Shibuya et al. 2015),
making the system more likely a merger pair.

Although the [O1m], HF, and Ha line properties of
NRCJ1631+43008-z6.1 are consistent with those of emission-
line galaxies at intermediate (z~2) and high redshifts
(z~6.8), the tentative HeII detection is not expected based
on the majority of existing literature except for a few rare cases
(e.g., CR7; Sobral et al. 2019). We note that both CR7 and
NRCJ1631+3008-z6.1 show clear morphological and kine-
matic evidence of a merger (Sobral et al. 2015; Matthee et al.
2017), and it is possible that HeII can originate from certain
merging young and gaseous clumps with very low metallicity,
which are barely enriched before the coalescence. The spatial
distribution of metallicity in such systems can be uneven as
shown in the 2D spectra of the [NII] line. Given the
shallowness of obtained data, deeper integral field unit
observations (e.g., with JWST/NIRspec) will be highly
valuable to shed light on the potential existence of low-
metallicity star-forming clumps in galaxies at the so-called
“Cosmic Dawn” (z = 6).

5. Conclusion

We report the serendipitous discovery of an [O II] AA4959/
5007 and an Ha line-emitting galaxy in the Epoch of
Reionization with JWST/NIRCam wide-field slitless
spectroscopy. The galaxy, NRCJ1631+4-3008-z6.1, is located
~ 55" apart from the flux calibrator P330-E, and was observed
with JWST/NIRCam in the F322W2 and F444W bands using
both the imaging and slitless spectroscopy modes during the
commissioning phase. [O I] A\4959/5007 and Ha lines were
detected in both the Grism R and C data separately, confirming
the line identification with a spectroscopic redshift of
z=06.112 £ 0.001. The He I1 M686, HS, and [N 1] A6583 lines
are also detected tentatively.

The equivalent widths of the [O11I], HG, and Ha lines are
consistent with those of emission-line galaxies at z~1 — 2,
which are measured through ground-based near-IR spectrosc-
opy, and also those of galaxies at z ~ 6.8, which are inferred
from Spitzer/IRAC [3.6 um]—[4.5 um] colors. This provides
direct spectroscopic evidence for the presence of strong rest-
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frame optical nebular emission lines in galaxies at z > 6. The
tentative detection of HeII A4686, however, is inconsistent
with those observed in either extreme emission-line galaxies or
AGNs in the local universe. If real, this may indicate the
existence of very young and metal-poor star-forming regions
with a hard UV radiation field in NRCJ1631+4-3008-z6.1.

We show that NRCJ16314-3008-z6.1 consists of two spatial
and velocity components (clump-A/B) that are undergoing the
final coalescence stage of a major merger. The dynamic
timescale (2-3 Myr) of the merger is consistent with the
timescale of the late starburst (1-2 Myr) modeled through SED
fitting, indicating that the merger triggers the recent starburst
and strong optical nebular emission lines ([O 1] and Ha).
Clump-B shows higher [N1I]/Ha ratio than clump-A, which
may indicate a higher metallicity. Under-enriched gaseous
clumps can be the source of potential He Il emission seen in
z > 6 merging galaxies, which could be tested with deep near-
IR integral field spectroscopy in the JWST era.

Finally, the serendipitous discovery of NRCJ1631+3008-
z6.1 in the commissioning phase demonstrates the scientific
readiness and excellent capability of the JWST/NIRCam
WESS mode. It also marks the beginning of the JWST era
for extragalactic astronomy, in which galaxies at z = 6 can be
routinely discovered and confirmed through wide-field slitless
spectroscopy (see also the detections of [O 1] AAA4363/4959/
5007 lines for z>6 galaxies with JWST/NIRSpec early
release observations; Pontoppidan et al. 2022).
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