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ABSTRACT
Long gamma-ray bursts (GRBs) serve as powerful probes of distant galaxies. Their luminous afterglow pinpoints galaxies
independent of luminosity, in contrast to most flux-limited surveys. Nevertheless, GRB-selected galaxy samples are not free
from bias, instead tracing the conditions favoured by the progenitor stars. Characterising the galaxy populations traced by GRBs
is therefore important both to effectively use GRBs as probes as well as to place stronger constraints on the progenitor stars
capable of forming long GRBs. Spatially-resolved spectroscopic observations with integral field units (IFUs) provide valuable
insights into the interstellar medium and stellar populations of GRB host galaxies. In this paper we present results of the first
two GRB host galaxies observed with the JWST/NIRSpec IFU with a spatial resolution of ∼ 1.6 kpc; the hosts of GRB 150403A
and GRB 050820A at redshifts 𝑧 ∼ 2.06 and 𝑧 ∼ 2.61, respectively. The data reveal two complex galaxy environments made
up of two or more star forming galaxies that are likely interacting given their small spatial separation (< 20 kpc) and line of
sight velocity offsets (< 100 km/s). The measured gas-phase metallicity, star formation rates (SFRs), and key diagnostic line
ratios for each of the detected galaxies are overall consistent with the properties of other star forming galaxies and GRB hosts at
𝑧 > 2. However, differences in the SFR and metallicities of the interacting galaxies highlight the importance of spatially resolved
observations in order to accurately characterise the galaxy properties traced by GRBs.

Key words: galaxies: abundances – galaxies: high-redshift – gamma-ray burst: general – gamma-ray-burst: individual:
GRB 050820A – gamma-ray burst: individual: GRB 150403A

1 INTRODUCTION

Gamma-ray bursts (GRBs) are extremely luminous, short-lived out-
bursts of gamma rays that reach energies of 1049 - 1054 ergs (e.g,
Berger et al. 2005; Zhang & Pe’er 2009), and were first detected
serendipitously in the late 1960s (Klebesadel et al. 1973). Obser-
vations reveal a bimodal distribution of GRB durations, leading
to the classification of GRBs into two populations: long duration
GRBs with prompt 𝛾-ray emission lasting longer than 2 seconds,

★ E-mail: bt434@bath.ac.uk

and short duration GRBs with emission shorter than 2 seconds. It is
now widely accepted that long GRBs are associated with the core
collapse of a massive star (Woosley & Bloom 2006) whereas short-
GRBs are formed from compact binary star mergers (Eichler et al.
1989; Narayan et al. 1992; Abbott et al. 2017) (although see e.g.
Rastinejad et al. 2022; Troja et al. 2022; Levan et al. 2024; Yang
et al. 2024). Long GRBs are therefore powerful tracers of star for-
mation since they select star-forming galaxies independent of galaxy
luminosity (e.g., Berger et al. 2003; Le Floc’h et al. 2003; Chris-
tensen et al. 2004; Kistler et al. 2009; Savaglio et al. 2009), and
can be detected out to very high redshifts (e.g, Greiner et al. 2009;
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Salvaterra et al. 2009; Tanvir et al. 2009). The successful, long GRB
‘collapsar’ model (Woosley 1993) nevertheless predicts a cap on the
metallicity of the progenitor star (< 0.3𝑍⊙), which would introduce
selection effects in GRB-selected galaxy samples. Characterising the
properties of long GRB host galaxies is therefore not only important
to test key predictions from GRB progenitor models, but it is also
an essential step in order to understand the galaxy properties that are
traced by long GRBs.

With a handful of exceptions (e.g., Rossi et al. 2014; Levan et al.
2023), long GRBs are found in low luminosity, star-forming, low
mass galaxies (e.g., Le Floc’h et al. 2003; Fruchter et al. 2006; Kelly
et al. 2008; Savaglio et al. 2009; Svensson et al. 2010; Li et al. 2011;
Perley et al. 2016), with a preference for lower metallicity environ-
ments (e.g., Le Floc’h et al. 2003; Tanvir et al. 2004; Savaglio et al.
2009; Levesque et al. 2010a,b; Graham & Fruchter 2013; Krühler
et al. 2015; Graham & Fruchter 2017), in agreement with the ex-
pectations of the collapsar model. The metallicity drop off, however,
does not appear as a sharp cut-off, and a notable fraction of long
GRBs have been found to reside within more massive, chemically
enriched, and dusty galaxies (e.g., Fruchter et al. 2006; Krühler et al.
2011; Rossi et al. 2012; Perley et al. 2016; Tanga et al. 2018). Any
metallicity bias should also become less important at higher redshift,
when the Universe was less chemically enriched. However, due to
the increasing difficulty in obtaining good quality spectra to measure
the metallicity of GRB host galaxies at 𝑧 > 2 (e.g., Krühler et al.
2015), it remains unclear at what redshift long GRBs are no longer
biased tracers of star formation.

In addition to long GRBs showing a preference for low metal-
licity environments, high spatial resolution Hubble Space Telescope
(HST) observations reveal a strong tendency for long GRB host galax-
ies to exhibit irregular morphologies (Fruchter et al. 2006), with a
significant fraction appearing to be interacting or merging systems
(Conselice et al. 2005; Wainwright et al. 2007). Complementary to
HST observations, H i 21 cm emission line studies have identified
GRB hosts with clear signs of interactions (e.g., Arabsalmani et al.
2015, 2019, 2022). Additionally, the detection of multiple absorbers
along the line of sight in optical afterglow spectra at close velocity
offsets from the GRB (e.g., Savaglio et al. 2002; Klose et al. 2004;
Ferrero et al. 2009; Page et al. 2009; Savaglio et al. 2012) provides
further indication that interaction may be a common feature of long
GRB host galaxies, especially at 𝑧 > 2. A possible reason for this is
that galaxy interactions may trigger a starburst episode, leading to a
rise in the formation of massive stars and thus in the likelihood of a
long GRB event (Somerville et al. 2001; López-Sánchez & Esteban
2009; Teyssier et al. 2010). Such merger interactions can also induce
gas instabilities that funnel low-metallicity gas into central regions
of galaxies, causing a starburst in the less enriched gas compared to
the overall host galaxy ISM. This combination of elevated star for-
mation rates and low metallicities may create particularly favourable
conditions for long GRB production.

With integral field unit (IFU) instruments such as the Visible
Multi Object Spectrograph (VIMOS; LeFevre et al. 2003) and the
Multi Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010), it has
been possible to obtain spatially resolved spectroscopic observations
of GRB host galaxies, where both galaxy morphology and spectral
properties can be studied (e.g., Christensen et al. 2008; Izzo et al.
2017; Krühler et al. 2017; Tanga et al. 2018; Thöne et al. 2024). The
combined sensitivity, large field of view and high spatial resolution
(0.′′2 in wide field mode) of MUSE has made it possible, in some
cases, to study the stellar population at the GRB site, revealing metal
poor H ii regions, with ages < 10 Myr, implying massive long GRB
progenitors (> 20 M⊙), in line with expectations of the collapsar

model (although see GRB 111005A; Tanga et al. 2018). While valu-
able for studying nearby GRB host galaxies, the spectral coverage of
MUSE (0.465− 0.93𝜇m) limits the access to key diagnostic nebular
lines for more distant galaxies, with [O iii]𝜆5007 and H𝛼 no longer
being accessible at 𝑧 ≳ 1.0.

The unprecedented sensitivity and spectral range of the James
Webb Space Telescope (JWST) has now significantly extended the
redshift out to which sensitive and spatially resolved spectroscopic
observations are available with the Near-Infrared Spectrograph
(NIRSpec; Jakobsen et al. 2022; Ferruit et al. 2022; Böker et al.
2022). The operational wavelength range of NIRSpec is 0.6−5.3𝜇m,
providing access to strong optical line emission including H𝛼 out to
𝑧 ∼ 7.

Here we present the results from JWST NIRSpec integral field
spectrograph (IFS; Jakobsen et al. 2022) observations of the host
galaxies of the two long GRBs, GRB 050820A and GRB 150403A at
redshifts z ∼ 2.65 and ∼ 2.06 respectively. These data were included
in Schady et al. (2024) as part of a larger spectroscopic sample
of GRB host galaxies at 𝑧 ≳ 2 (mostly spatially unresolved) that
focused on the relation between GRB afterglow absorption and host
galaxy emission line metallicities. In this work we present a more
detailed analysis of the spatially resolved emission line properties of
the two targets, focusing on the dynamical properties and presenting
a comparison with previously studied samples of long GRB host
galaxies and high redshift star-forming galaxies. In section 2 we
provide details on the NIRSpec observations and describe our data
analysis in section 3. In section 4 we present our results on the
kinematics and emission line properties of the two galaxies, and in
section 5 we discuss the implications of our results and compare the
two galaxies to a larger sample of 𝑧 > 2 long GRB host galaxies and
to the general star forming galaxy population. Finally, we provide
our conclusions in section 6. All uncertainties are given as 1𝜎 unless
otherwise stated and we assume a standard Lambda cold dark matter
(ΛCDM) cosmology with Ω𝑀 = 0.31, ΩΛ = 0.69, and H0 = 67.8 km
s−1Mpc−1 (Planck Collaboration et al. 2016).

2 OBSERVATIONS

The host galaxies of GRB 050820A and GRB 150403A were both
part of a larger GRB host galaxy sample observed during a cycle-1
JWST/NIRSpec program (ID 2344; Schady et al. 2024). They were
the only two galaxies in the sample to be observed using the IFS,
prompted by the extended emission seen in pre-existing imaging of
GRB 050820A and GRB 150403A with HST (Chen 2012) and the
GRB Optical and Near-infrared Detector (GROND; Greiner et al.
2008), respectively. The JWST NIRSpec observations provide spa-
tially resolved spectroscopic information on pixel scales 0.′′1 over
a 3′′× 3′′ field of view. The IFS point spread function full width
half maximum is around 2 pixels wide, corresponding to a physical
spatial resolution of ∼ 1.6 kpc for both host galaxies. Observations
were taken using the G140M/F100LP and G235M/F170LP grat-
ing/filter combinations corresponding to a wavelength coverage of
1.0 – 1.9 𝜇m and 1.7 – 3.2 𝜇m respectively, which at the redshift of
the two host galaxies, covered all strong emission lines from [O ii]
𝜆𝜆3726,3729 to [S ii] 𝜆𝜆6717,6731. The spectral resolution ranges
from R∼500 to R∼1500, corresponding to a velocity width resolution
of 𝜎 ∼ 85 − 250 km s−1.

The reduced and calibrated 3D spectra were downloaded from
the Mikulski Archive for Space Telescopes (MAST) Data Discovery
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Portal 1. The data were reduced with version 11.17.2 of the CRDS
file selection software, using context jwst_1140.pmap, and were cal-
ibrated with version 1.11.4 of the calibration software. The reader
is referred to Schady et al. (2024) for further details regarding the
observations of the targets.

3 DATA ANALYSIS

3.1 Gaussian line fitting

For both targets, emission from H𝛼, H𝛽, [O ii]𝜆𝜆3726, 3729 and
[O iii]𝜆𝜆4959, 5007 are detected, but there is no significant emis-
sion at the position of [N ii]𝜆𝜆6549, 6584 or [S ii]𝜆𝜆6717, 6731. The
galaxy continuum is not detected in either spectra. Line fluxes for
each spaxel were measured from Gaussian fits to the emission lines.
For greater constraint, the fits were performed simultaneously for H𝛽

and [O iii]𝜆𝜆4959, 5007, with the peak positions of all three lines tied
to a consistent redshift and keeping the velocity widths also tied. Ad-
ditionally, the flux ratio of the [O iii]𝜆𝜆4959, 5007 doublet was fixed
at 1:3, as per Osterbrock (1989). The velocity width and peak position
of all other fitted lines were then fixed to be consistent with the best-
fit values from the H𝛽 and [O iii]𝜆𝜆4959, 5007 line fits. Although
the [O ii]𝜆𝜆3726, 3729 doublet was not resolved, a double Gaussian
was fit to the line, and the total flux was taken as the sum of the two
profiles. In those cases where the velocity width of 𝜆𝜆4959, 5007 was
unresolved, the fitted full width half maximum (FWHM) was left as
a free parameter in subsequent line fits. Although [N ii]𝜆6584 was
undetected in the observations in both galaxies, a flux upper limit
was determined from simultaneous fits to H𝛼 and [N ii]𝜆6584, with
the peak position and velocity width tied as described above. The
flux upper limit was then determined from the best fit amplitude and
1𝜎 uncertainty at the position of [N ii]𝜆6584.

All line fluxes were corrected for Milky Way dust extinction using
the Schlafly & Finkbeiner (2011) 𝐸 (𝐵 − 𝑉) reddening maps, which
gave 𝐸 (𝐵 −𝑉) = 0.038 ± 0.001 for GRB 050820A and 𝐸 (𝐵 −𝑉) =
0.047 ± 0.001 for GRB 150403A. The extinction correction was
performed assuming a Cardelli et al. (1989) dust extinction curve
with an average total-to-selective dust extinction value 𝑅𝑉 = 3.08.

The host galaxy dust reddening was calculated from the H𝛼/H𝛽

Balmer decrement assuming an intrinsic ratio H𝛼/H𝛽=2.86 (Oster-
brock 1989) and using the average Small Magellanic Cloud (SMC)
dust law from Pei (1992) with 𝑅𝑉 = 2.93. In some cases the mea-
sured host galaxy 𝐸 (𝐵−𝑉) was less than zero, which is not physical,
and the 𝐸 (𝐵 − 𝑉) was therefore set to zero when applying dust
corrections.

3.2 Emission line fluxes

Surface brightness maps were created for all detected lines (H𝛼,
H𝛽, [O ii]𝜆𝜆3726, 3729 and [O iii]𝜆𝜆4959, 5007). As an example,
in Fig. 1 and Fig. 2 we show the [O iii]𝜆5007 surface brightness
map for the two targets. In Fig. 1, we also include an HST image
of GRB 050820A (left panel), showing continuum emission in the
F775W filter alongside our NIRSpec [O iii]𝜆5007 surface brightness
map. The extended nature of the emission regions is apparent in both
the HST image and the [O iii]𝜆5007 surface brightness map.

Note that the surface brightness maps represent a pixel-by-pixel
analysis of the flux based on Gaussian fits to the corresponding line

1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
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Figure 1. Image of the field of the host galaxy of GRB 050820A showing
continuum emission at F775W observed with the HST/Advanced Camera for
Surveys (ACS) (PID 10551; PI: S. Kulkarni) (left panel) and [O iii]𝜆5007 flux
emission from our JWST/NIRspec data (right panel). In both images we label
the star forming components A and B identified in Chen (2012), as well as the
fainter component C. The position of the GRB detected in early-epoch HST
observations (Chen 2012) is indicated with an ‘X’. The pixel scale of the HST
and JWST images is 0.′′05 and 0.′′1, respectively, and the uncertainty on the
GRB position is within a couple of ACS pixels and a single NIRSpec pixel.
For clarity, contours tracing the the F775W continuum at flux levels 0.6, 0.65
and 0.7 ×10−20 erg cm−2 s−1, and the [O iii]𝜆5007 surface brightness levels
0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0 ×10−17 erg cm−2 s−1 arcsec−2 are shown
in white. Three dashed red circles in the right-hand panel indicate the sizes of
the apertures used in our stacking analysis (see section 3.2). Both images are
oriented with North up and East to the left, and the physical scale is indicated
in both panels.

in that spaxel, whereas in Schady et al. (2024) the surface bright-
ness maps were produced by collapsing a slice of the IFU data cube
centred on the emission line of interest. As was done in Schady
et al. (2024), we highlight three distinct emission regions in the two
galaxies and label these ‘A’, ‘B’ and ‘C’. In Schady et al. (2024)
an additional emission region was seen to the left of component C
in the [O iii]𝜆5007 map of the host galaxy of GRB 050820A, but
this is no longer present with the improved NIRSpec data reduction
used here, indicating that the feature was due to noise. Similar noise
characteristics are observed to the north of component C in the sur-
face brightness map of GRB 150403A in Fig. 2. These features are
not present in other line maps and their spectral features resemble
narrow spikes rather than Gaussian profiles. To help distinguish be-
tween regions of true line emission and noise, we show contours
(white lines) in Figs. 1 and 2 that trace the line flux strength. The flux
map host galaxy dust corrections were applied to each of the three
components separately, using the relevant E(B-V) measured from the
corresponding Balmer decrement for each component, as reported in
Table 2. A component-averaged dust correction was applied rather
than computing the Balmer decrement on each individual spaxels
in order to increase the signal to noise ratio (SNR) of the measured
E(B-V), which was too low to construct an E(B-V) pixelated map for
either observation.

In addition to the pixel-by-pixel analysis, we also measured the in-
tegrated fluxes for the individual star-forming components identified
above within both targets and labelled in Figs. 1 and 2. To do this we
stacked the spectra within a circular aperture centred on the region
of interest and with a radius sufficiently large to ensure that the entire
emission region was encompassed within the aperture, see dashed

MNRAS 000, 1–13 (2014)
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Figure 2. [O iii]𝜆5007 surface brightness map of the host galaxy of GRB
150403A. Three star-forming components are labelled as A, B and C. The
position of the GRB afterglow is just west of component C indicated with
an ’x’. The 1𝜎 uncertainty on the GRB position is indicated by the dashed
circle. Some bright emission is observed to the north of C which is due to
noise. Similarly, contours tracing the flux strength from 0.1 to 0.5 ×10−17

erg cm−2 s−1 arcsec−2 are shown in white and the extraction regions used for
stacking (see section 3.2) are shown with dashed red circles. The pixel scale
of the image is 0.′′1.

red circles in Figs. 1 and 2. The apertures used had radii ranging
from 0.25′′to 0.6′′. The stacking was performed by summing the
spectra from individual spaxels within the aperture and propagating
their respective uncertainties to obtain a single stacked spectrum for
each component. The line fluxes in the stacked spectra were then
measured using Gaussian fits and we applied Milky Way and host
galaxy dust corrections as previously described. In Fig. A1 and A2
we show the Gaussian fits applied to the stacked spectra of the three
components for both GRB 050820A and GRB 150403A.

We note that for the host galaxy of GRB 150403A, component B
has two extended structures, and thus approximating this component
by using a circular region results in a notable amount of background
being included in the source aperture. To investigate the effect of the
background noise on our measured line fluxes, we divided component
B into three separate regions corresponding to the central circular
emitting region and the two extended regions to the North-West
and South-West. We then summed the line fluxes measured within
each of these smaller regions. We found no significant difference
in the measured line flux SNR between the two methods, and we
therefore use the results from the single aperture method for further
analysis. The Milky Way extinction corrected fluxes are reported in
Table 1 for each component along with the redshifts corresponding
to the best-fit peak wavelength fitted to the [O iii]𝜆5007 line. The
uncertainties on our redshift measurements include the NIRSpec
wavelength calibration uncertainty, which is on the order of 0.8Å2.

The fluxes we measure are generally in good agreement with those
reported in Schady et al. (2024) within 1𝜎, and larger differences can
be explained by differences in the source extraction regions used for

2 https://jwst-docs.stsci.edu/depreciated-jdox-articles/
jwst-data-calibration-considerations/
jwst-data-absolute-wavelength-calibration#gsc.tab=0

each component. The measured emission line redshifts are consistent
with the absorption line redshifts of 2.615 (Prochaska et al. 2007;
Ledoux et al. 2009) and 2.057 (Selsing et al. 2019) measured from the
afterglow spectra of GRB 050820A and GRB 150403A, respectively.

In Table 2 we give the measured host galaxy 𝐸 (𝐵 − 𝑉) values for
each component along with the measured intrinsic velocity disper-
sions, 𝜎. We note that the measured 𝜎 values correspond to FWHM
comparable to the NIRSpec line spread function (LSF) and the wave-
length pixel scale. To quantify the impact of spectral resolution on
our best-fit line widths and peak wavelengths, we generated a Gaus-
sian model on an oversampled wavelength grid, and then binned this
to the wavelength scale of our observed spectra. We then re-fitted
our spectra with this discretely-sampled Gaussian model. Compar-
ing the two cases, we found that the newly fitted line widths were
1.4 to 2.1 times narrower than the line widths measured from an un-
binned Gaussian model, although the best-fit peak wavelengths were
unchanged within uncertainties. Consequently, we refrain from per-
forming any analysis using the measured velocity widths, and merely
report for completeness the (generally small or unresolved) velocity
dispersions from the binned Gaussian model fits in Table 2. We con-
sidered any extra line broadening to be intrinsic only if it accounted
for more than 10% of the observed FWHM; otherwise, we report the
sigma dispersion as an upper limit.

4 RESULTS

4.1 Kinematics

In order to study the relation between the multiple components de-
tected in our IFS data we looked at the kinematics of each galaxy
system. We created velocity field maps using the best-fit peak wave-
length to the [O iii]𝜆5007 line and converted this into rest-frame
velocity space. Zero velocity was chosen to correspond to the red-
shift of the star-forming component hosting the GRB (component C
in both cases). In order to reduce the noise present in the maps, a
mask was applied to remove all spaxels with SNR < 2. The velocity
maps for the two GRB host galaxies are shown in Fig 3 where the
contours corresponding to the three components identified in Figs. 1
and 2 are overplotted in black.

In the data cube of GRB 050820A ( Fig. 3, left panel), component A
stands out with having the largest velocity difference, with a peculiar
velocity of −58±8 km s−1 relative to component C. Although this is
not a significant velocity offset, when combined with the projected
separation of ∼ 8 kpc from the other two components, the indication
is that this is a separate but interacting galaxy in this system. In
contrast, the spatial proximity of < 3 kpc and smaller velocity offset
of −26±8 km s−1 between components B and C imply that these two
components are interacting and possibly in the process of merging.

In the velocity map of GRB 150403A (Fig. 3, right panel), both
components A and B have velocity offsets relative to component C,
indicating that they are blue-shifted relative to component C. Based
on redshifts determined from stacked spectra, we measure peculiar
velocities relative to component C of−68±15 km s−1 for component
A and −96 ± 15 km s−1 for component B. The projected separation
between component C and the other two components (∼ 10 kpc)
along with the velocity offsets, suggests that component C, which
we associate with the GRB, is a separate galaxy. Despite having
a separation of ∼ 20 km/s and sharing similar rotational velocity
axes, components A and B also appear to be separate galaxies. If
components A and B were part of a single galaxy, the observed
velocity field in Fig. 3 (right panel) would indicate rotation along the
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Figure 3. Maps showing the velocity offsets across the three detected star-forming components in GRB 050820A on the left panel and in GRB 150403A on the
right relative to the GRB hosting component (i.e., component C in both). The contours trace the flux strength of [O iii]𝜆5007 line emission as in Figures 1 and
2. Bright spaxels represent regions that are redshifted relative to the GRB hosting component and dark spaxels show blueshifted regions.

major axis, whereas galaxies are expected to rotate along the minor
axis. Nonetheless, the close proximity of all three components in
velocity space implies that all three are gravitationally interacting.

4.2 Star formation rates

The SFR of each component is estimated using the dust corrected
integrated H𝛼 fluxes (Kennicutt 1998) assuming a Chabrier (2003)
initial mass function. The estimated values are reported in Table
2. For GRB 050820A, component C, which we associate with the
GRB, has the lowest SFR. It is nevertheless still clearly a star-forming
region, with an H𝛼 SFR of 5.4 ± 2.0 M⊙yr−1. GRB 150403A also
lies close to a star-forming region (component C), although SFR
is more uncertain due to the undetected H𝛽 line. The H𝛼 SFR of
component C is 39+76

−36 M⊙yr−1. Here, the lower limit corresponds to
the SFR inferred from the dust uncorrected H𝛼 flux, corresponding to
∼ 3 M⊙yr−1. From Fig. 2 we measure a projected separation between
component C and the GRB position that is less than ∼ 1.6kpc when
accounting for the GRB positional uncertainty. This is consistent
within 1𝜎 of the median offset measured in Blanchard et al. (2016)
and therefore suggests that while the GRB did not occur in the region
of peak star formation, it is still likely associated with the nearby
star-forming component.

4.3 Emission line metallicities

Multiple gas-phase metallicity line diagnostics, based on different
emission line ratios, are available, each with their own advantages
and disadvantages. We chose to consider diagnostics that are cali-
brated using high-𝑧 galaxies or their low-redshift analogues, and that
are least sensitive to the effects of ionisation. These are the 𝑅̂ diagnos-
tic from Laseter et al. (2024), and the R23 diagnostics from Nakajima
et al. (2022) and Sanders et al. (2024). In addition to calibrating mul-
tiple diagnostics on their full galaxy sample, Nakajima et al. (2022)
also provide H𝛽 equivalent width (EW)-dependent calibrations for
their low metallicity sample (12+ log(O/H) ∼ 8.0). However, we un-
fortunately do not detect the galaxy continuum in our NIRSpec data,

and are therefore unable to measure H𝛽 EW. In this work, we there-
fore adopt the diagnostic calibrated using the full available sample.
From the dust corrected line fluxes, we calculate the diagnostic line
ratios R2=log([O ii]𝜆𝜆3726, 3729/H𝛽), R3=log([O iii]𝜆5007/H𝛽),
R23=log(([O ii]𝜆𝜆3726, 3729+[O iii]𝜆𝜆4959, 5007)/H𝛽), and 𝑅̂ =
0.47 R2 + 0.88 R3 from Laseter et al. (2024).

4.3.1 Selecting the appropriate metallicity branch

A drawback of all three diagnostics used here is that they are double
branched with a turnover that can yield two metallicity solutions for a
given line ratio. However, for the R23 values we measure, the Sanders
et al. (2024) R23 diagnostic has no valid upper-branch solutions due
to its shorter validity range of metallicities. Therefore, we exclude
Sanders et al. (2024) R23 from the reported metallicity results. Nev-
ertheless, we provide the lower-branch solutions in Table B1.

The turnover for the Laseter et al. (2024) 𝑅̂ diagnostic is at
12+log(O/H) = 8.12, while for the two R23 diagnostics, it is ap-
proximately 8.00. In order to determine whether to use the lower
or upper branch solutions, we considered several additional factors
for both galaxies. First, solutions calculated in this work were com-
pared to the GRB afterglow absorption line metallicities. For GRB
050820A, Wiseman et al. (2017a) reported a sightline host galaxy
metallicity [M/H] = −0.49± 0.103, which corresponds to an oxygen
abundance 12+ log(O/H) = 8.20±0.10. For GRB 150403A, the ab-
sorption metallicity was [M/H] = −0.92± 0.05 (Bolmer et al. 2019),
corresponding to 12 + log(O/H) = 7.77 ± 0.05. The absorption line
metallicities along the GRB line of sight thus suggest an upper-branch
solution for GRB 050820A and a lower-branch for GRB 150403A.
However, it remains unclear whether we should expect the absorp-
tion line metallicity, which probes the galaxy neutral gas, to be the
same as the ionised gas within star-forming regions that we probe
here with nebular emission lines (Schady et al. 2024).

We therefore also considered additional strong line diagnostics to

3 [M/H] = log 𝑁𝑀
log 𝑁𝐻

− log 𝑁𝑀⊙
log 𝑁𝐻⊙

for some element 𝑀

MNRAS 000, 1–13 (2014)



6 B. Topçu et al.

Table 1. Total integrated and individual component emission line fluxes for all detected lines in the host galaxies of GRB 050820A and GRB150403A. All line
fluxes have been corrected for Milky Way dust extinction and are presented here without host galaxy reddening correction. The [N ii]𝜆6584 fluxes are reported
as 1𝜎 upper limits.

GRB Host 𝑧∗em
Line Flux (10−17 erg cm−2 s−1)

H 𝛽 H 𝛼 [O ii]𝜆𝜆3726, 3729 [O iii]𝜆4959 [O iii]𝜆5007 [N ii]𝜆6584

050820A
total integrated 2.6131 2.85 ± 0.11 10.49 ± 0.26 5.13 ± 0.22 6.33 ± 0.17 18.66 ± 0.19 < 0.80
component A 2.6129 1.14 ± 0.08 4.67 ± 0.13 1.76 ± 0.12 2.43 ± 0.11 7.17 ± 0.15 < 0.41
component B 2.6133 1.50 ± 0.05 4.83 ± 0.27 2.38 ± 0.07 3.35 ± 0.08 9.87 ± 0.11 < 0.39
component C 2.6136 0.42 ± 0.04 1.44 ± 0.21 0.98 ± 0.06 0.68 ± 0.10 2.00 ± 0.12 < 0.12

150403A
total integrated 2.0563 2.88 ± 1.43 10.64 ± 3.18 7.57 ± 2.71 4.34 ± 1.68 12.78 ± 2.36 < 2.96
component A 2.0564 1.62 ± 0.29 2.80 ± 0.52 1.74 ± 0.50 1.28 ± 0.31 3.78 ± 0.44 < 0.19
component B 2.0562 2.17 ± 0.52 5.76 ± 1.26 4.62 ± 0.90 2.32 ± 0.55 6.82 ± 0.77 < 0.69
component C 2.0571 0.14 ± 0.21 1.71 ± 0.68 0.94 ± 0.35 1.16 ± 0.29 3.40 ± 0.40 < 0.16

∗ In all cases the measured redshift uncertainty is 0.0002.
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Figure 4. Metallicity variation across the two GRB host galaxies. The top row corresponds to GRB 050820A, and the bottom row to GRB 150403A. Left:
Gas-phase metallicity derived using the R23 diagnostic from Nakajima et al. (2022), with contours tracing [O iii]𝜆5007 flux. For GRB 150403A component C,
the metallicities are represented using 1𝜎 upper limits. Right: Metallicity distributions of components A (filled orange), B (black outline), and C (hatched green),
from the metallicity maps obtained by Monte Carlo sampling from the metallicity maps. The solid, black vertical lines indicate the GRB afterglow absorption
metallicity, Zabs, converted to an equivalent oxygen abundance with its 1𝜎 uncertainty represented by the shaded region. Finally, the theoretical metallicity cap
of 0.3𝑍⊙ predicted by the single star collapsar model is indicated by the dashed, vertical blue line. In the bottom right panel, the upper limit metallicity on
component C is represented by the vertical green line and the leftwards arrow.
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Figure 5. Figure showing the 𝑅̂ metallicity maps from Laseter et al. (2024) on the left, and the histograms representing the distribution of metallicities across
the three components on the right for GRB 050820A (top row) and GRB 150403A (bottom row).

help break the degeneracies between the two-branch solutions. Fol-
lowing the same procedure as in Curti et al. (2020), we combined
the R23, R3 and O32 diagnostics from Nakajima et al. (2022) into
a single estimate and determined the metallicity that minimised the
difference between the observed and predicted diagnostic line ra-
tio, taking into account the uncertainties in the line ratios. Using this
technique, we measure a metallicity of 8.28±0.12 for GRB 150403A
component C and 8.10± 0.10 for GRB 050820A component C, sug-
gesting that for both host galaxies the upper-branch solution provides
the greatest mutual consistency with all line diagnostics considered
here. It is worth noting that the result from this analysis in the case
of GRB 150403A is strongly influenced by the O32 diagnostic, as
it has the smallest uncertainty due to not relying on the H𝛽 line.
The O32 diagnostic is known to be highly sensitive to ionisation
parameters (e.g. Kewley & Dopita 2002), which adds additional sys-
tematic uncertainty to the metallicity measured in component C of
GRB 150403A.

Finally, we also consider the galaxy metallicity expected from
scaling relations given by other measured characteristic properties.
In the case of GRB 050820A, we measure a star formation rate
(SFR) of 5.4 ± 2.0 M⊙yr−1 in component C, and use the stellar
mass of log(𝑀★/𝑀⊙) = 9.29 for the same component measured in
Chen et al. (2009). Using the mass metallicity relation (MZR) from
Sanders et al. (2021), we would expect a component C metallicity of

12 + log(O/H) = 8.30 ± 0.03. Similarly, when considering the SFR-
dependence on the MZR described by the fundamental metallicity
relation (FMR), we would expect a comparable metallicity of 12 +
log(O/H) = 8.37 ± 0.05 based on the high-z FMR from Sanders
et al. (2021). The results obtained again support an upper-branch
solution for component C. Similar outcomes were obtained for the
other components after performing the same analysis and therefore
we report the upper-branch solutions in Table 2. It is worth noting one
caveat with this method, which is that Sanders et al. (2021) use the
‘B18’ (Bian et al. 2018) metallicity diagnostic in their determinations
of the MZR and FMR that is also based on strong-line calibrations.

For GRB 150403A component C, we only have a lower limit on the
SFR due to our uncertain dust correction. We therefore refrain from
making a similar analysis as in the case of GRB 050820A. We are,
however, able to use the measured SFRs of components A and B, and,
assuming they are main sequence galaxies, combine these with the
galaxy main sequence (SFR-𝑀★ relation) from Sanders et al. (2021)
to obtain a stellar mass estimate of log(𝑀★/𝑀⊙) = 8.91 ± 0.21
and 9.33 ± 0.17, respectively. For these masses the Sanders et al.
(2021) MZR predicts a metallicity 12+log(O/H) = 8.22 ± 0.11 for
component A and 8.33 ± 0.09 for component B. However, it is also
worth noting that there is a large systematic uncertainty associated to
these metallicity estimates given the large scatter in both the galaxy
main sequence and the MZR.
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Although the relations used within the methods above rely on var-
ious assumptions and empirical relations, all estimates consistently
indicate an upper-branch solution with the exception of the absorp-
tion metallicity of GRB 150403A. We therefore adopt the upper
branch solution for both host galaxies.

4.3.2 Metallicity distribution

In addition to reporting the total integrated and component-based
𝑅̂ and R23 metallicities, and line ratios in Table 2, as was done in
Schady et al. (2024), we also determine the metallicity at each IFU
pixel to produce metallicity maps and study the metallicity variations
across the two systems. In Fig. 4, we show the Nakajima et al. (2022)
R23 metallicity maps in the left panel for the host galaxies of GRB
050820A (top row) and GRB 150403A (bottom row). Similarly, in
Fig. 5, we show the Laseter et al. (2024) 𝑅̂ metallicity maps for the
two host galaxies. For the metallicity maps, the same masking cri-
teria as in Fig. 3 is applied, removing all spaxels with [O iii]𝜆5007
SNR < 2. Additionally, in Figs. 4 and 5, we also mask those spaxels
for which our H𝛽 fits failed. In addition to the metallicity maps, we
also show the metallicity distribution within each of the components
in the right panels of both figures. To take into account the mea-
surement metallicity uncertainties on the generated histogram, we
applied a Monte Carlo (MC) sampling, where we randomly selected
the metallicity of each pixel from a Gaussian distribution centred
at the measured pixel metallicity with a width corresponding to the
metallicity 1𝜎 uncertainty. We ran this 100 times, producing a his-
togram after each run, and the average of these 100 realizations is
then used to generate an MC-averaged histogram for each compo-
nent. The filled orange, solid black and hashed green histograms in
the right panels of Fig. 4 and Fig. 5 correspond to the results from our
MC analysis for components A, B and C, respectively. Note that for
GRB 150403A (bottom panels), a green vertical line with a leftwards
arrow is used to represent the upper limit placed on the measured
metallicity value instead of a histogram. On the same histograms, the
GRB afterglow absorption metallicity is indicated with the labelled
solid, black vertical line along with its 1𝜎 uncertainty in shaded re-
gions. Finally, the 0.3𝑍⊙ metallicity cap predicted by the long GRB
collapsar model is indicated with a blue, vertical dashed line.

The metallicity maps for GRB 050820A (Fig. 4 and 5, top left
panels) show no obvious patterns of variation or gradients. However,
components A and B exhibit a slightly inverted metallicity gradient,
with lower metallicities in the centres and higher metallicities in the
outskirts. In contrast, the histograms in the top panels of Figs. 4 and 5
indicate that the metallicity distributions across the three components
are largely consistent, apart from a few outlier spaxels.

For the likely host galaxy of GRB 050820A (component C), we
measure metallicities of 8.24± 0.25 and 8.27± 0.18 using the Naka-
jima et al. (2022) R23 and Laseter et al. (2024) 𝑅̂ diagnostics, re-
spectively. From the IFU data, we also determine the metallicity
at the GRB location to be 8.17 ± 0.22 and 8.19 ± 0.15 for the
Nakajima et al. (2022) R23 and Laseter et al. (2024) 𝑅̂ diagnos-
tics, respectively. All four measurements are consistent with the ab-
sorption metallicity, which is equivalent to an oxygen abundance of
12+log(O/H) = 8.20±0.10 (Wiseman et al. 2017a). This can also be
seen in the right-most top panels of Figs. 4 and 5, where the vertical
line indicating the absorption metallicity, Zabs, lies within the metal-
licity distribution of all three components. When compared to the
maximum metallicity of long GRB progenitor stars predicted by the
single star collapsar model, the histograms of all three components
peak at metallicities below 0.3Z⊙ , although it is noteworthy that
component C, which we associate with the GRB, shows a broader

distribution than components A and B. Nevertheless, the measured
metallicity is consistent with being below 0.3𝑍⊙ when considering
uncertainties.

For GRB 150403A, the metallicity maps show no clear patterns.
From the histograms on the bottom panels, all three components
appear to be inconsistent (∼ 0.6 dex higher) with the measured
absorption metallicity of 7.77 ± 0.05 for GRB 150403A (Bolmer
et al. 2019). For component C we only indicate the 1𝜎 upper limit
on the measured metallicity due to the non-detection of the H𝛽 line
for this component. The corresponding upper limits we measure are
< 8.79 using the Nakajima et al. (2022) R23 diagnostic and < 8.62
using the Laseter et al. (2024) 𝑅̂ diagnostic.

We also note that, a new metallicity calibration was published by
Scholte et al. (2025), providing a recalibration of the Laseter et al.
(2024) 𝑅̂ diagnostic using a larger sample of high-redshift galaxies.
We tested our results with the updated 𝑅̂ calibration and found them
to be consistent with the Laseter et al. (2024) 𝑅̂ values reported in
Table 2, within 1𝜎.

4.4 The ISM Properties

The Baldwin, Phillips & Terlevich (BPT) diagram of
log( [O iii]𝜆5007/𝐻𝛽) against log( [N ii]𝜆6584/𝐻𝛼) is effective at
identifying the dominant ionisation mechanism responsible for the
observed emission line, and it highlights differences in the ionisation
properties of local and distant galaxies (Baldwin et al. 1981). The
O32 (=log([O iii]𝜆5007 / [O ii]𝜆𝜆3726, 3729)) vs R23 diagram sim-
ilarly depicts the ISM conditions of the nebular gas (e.g., Nakajima
& Ouchi 2014; Paalvast et al. 2018; Runco et al. 2021), with R23
tracing metallicity and O32 tracing ionisation. The BPT diagram and
the O32 vs R23 diagrams in Fig. 6 show the emission line properties
for each of the three components identified in our two likely host
galaxies as filed squares as well as the total integrated estimates as
empty squares. The remaining two star-forming components are rep-
resented with circles. For comparison, we also show a sample of 15
high redshift (𝑧 > 2) GRB host galaxies on both diagrams as the
cyan data points from Krühler et al. (2015) and Schady et al. (2024)
as well as GRB 050505 observed with JWST at 𝑧 ∼ 4.3 (Inkenhaag
et al., in prep.). For the majority of GRB host galaxies [N ii]𝜆6584 is
undetected, and we thus use the 1𝜎 upper limit, which is indicated
by the leftward arrows. For GRB 150403A component C, additional
1𝜎 lower limits are shown for the log( [O iii]𝜆5007/𝐻𝛽) and R23
line ratios due to the non-detection of H𝛽. Gray data points represent
the local star-forming galaxies from the seventh data release of the
SDSS survey (Abazajian et al. 2009) while orange data points rep-
resent high-redshift (𝑧 ∼ 2.3) star-forming galaxies from MOSDEF
(Kriek et al. 2014; Reddy et al. 2015). Only SDSS and MOSDEF
galaxies with H𝛽, [O ii]𝜆𝜆3726, 3729 and [O iii]𝜆5007 fluxes with
SNR > 3 are plotted.

High redshift star-forming galaxies are expected to shift upwards
on the BPT diagram compared to local galaxies due to the harder
ionisation fields and higher ionisation parameters at higher redshift
(Kewley et al. 2013; Shirazi et al. 2014; Steidel et al. 2014). This
behaviour is observed in the MOSDEF galaxy at z ∼ 2.3 (orange)
and the 𝑧 > 2 GRB host galaxy sample from Krühler et al. (2015)
and Schady et al. (2024) (cyan), which lie systematically above the
SDSS galaxies (Fig. 6 left panel). For GRB 050820A, all three com-
ponents, as well as the total integrated data point, appear relatively
consistent with one another. For GRB 150403A, components A and
B appear consistent with the distribution of high redshift GRB hosts
and galaxies. In the case of component C, we only have limits on the
line ratios due to the non-detection of [N ii]𝜆6584 and H𝛽. Neverthe-
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Figure 6. Left: The N2-BPT diagram with 1𝜎 upper limits on [N ii]/H𝛼. Right: The O32 vs R23 diagram. In both diagrams the star-forming components
presented in this work are plotted in red (for GRB 050820A) and blue (GRB 150403A) with the likely host galaxies (component C) represented with filled
squares and the galaxy-integrated measurements with empty squares. Finally, the remaining two star-forming components from both observations (components
A and B) are represented as blue and red circles. Note that for GRB 150403A component C, additional 1𝜎 lower limits are placed on line ratios containing H𝛽.
The cyan data points represent a sample of high redshift (𝑧 > 2) GRB hosts observed with X-shooter (Krühler et al. 2015), and with JWST/NIRSpec in fixed
slit mode (Schady et al. 2024), including the host galaxy of GRB 050505 at 𝑧 = 4.27 (Inkenhaag et al., in prep.). Orange data points are high-redshift (𝑧 ∼ 2.3)
star-forming galaxies from the MOSDEF survey while the black data points represent local star-forming galaxies from the SDSS catalogue.

less, the star-forming components studied in this work lie in a region
of the BPT diagram consistent with other GRB host and star-forming
galaxies at 𝑧 > 2. In the right panel of Fig. 6 we show the O32 vs
R23 line ratios for the same sample of galaxies as plotted in the BPT
diagram. We again see an offset in the 𝑧 > 2 galaxies relative to
the SDSS sample, with high-redshift galaxies clustering around the
tail end of the distribution of local SDSS galaxies, corresponding to
the generally higher ionisation fields and lower abundances in high
redshift galaxies as already seen in the BPT diagram (e.g, Shapley
et al. 2015). In this parameter space our sample of star-forming com-
ponents again lie within the same region of the parameter space as
occupied by other high-redshift GRB hosts and star-forming galax-
ies. This indicates that these GRB host galaxies are not particularly
unusual or distinct compared to high-z star-forming galaxies.

5 DISCUSSION

5.1 Relation between components

In the host galaxy observations of both GRB 050820A and
GRB 150403A three spatially distinct emission components are
clearly visible. Aside from their projected separation, the IFU data
provide key emission line properties (section 4) which we use to
determine the relation between the detected components and to the
GRB itself. We have labelled these components A, B and C, and in
both cases the GRB position is spatially located closest to component
C.

5.1.1 GRB 050820A

Within the galaxy complex of GRB 050820A, component A is well
separated from the other two components, with a projected physical
separation of ∼ 8kpc (Fig 1; see also Chen et al. 2009). This separa-
tion is ∼ 4 times larger than the average size of star-forming galaxies

at similar redshifts (Ribeiro et al. 2016), suggesting that component
A is a separate galaxy to the GRB host, as already concluded in
Chen et al. (2009). On the other hand, components B and C exhibit
a smaller velocity offset (−26 ± 8 km s−1), and their separation of
less than 3kpc is more consistent with them being part of a single
galaxy. Additionally, emission is observed across components B and
C in continuum as detected in the HST broadband imaging, as well
as in our [O iii]𝜆5007 surface brightness maps (see Fig. 1). However,
interpreting them as a single system would imply a total diameter of
∼ 8kpc, which, as stated above, would be far larger than the average
size of star forming galaxies at a similar redshift. Furthermore, the
morphology and dynamics of the system do not appear disk-like (see
Fig. 1), making it more likely that components B and C are also
separate galaxies.

We can use the velocity offsets measured between the three com-
ponents, combined with the GRB afterglow absorption spectra from
Prochaska et al. (2007) to build a 3D picture of the system. The
absorption spectra reveal broad absorption features spanning up to
Δ𝑣 ∼ 400 kms−1, but due to degeneracies between local velocities
and cosmological redshift, we are unable to robustly identify the ori-
gin of the high velocity absorbing material. As described in Chen
(2012), either component C lies in front of components A and B and
is falling towards them, or it is located behind A and B but moving
away from component B. In our NIRSpec IFS data we additionally
measure a velocity offset of−97±17 kms−1 for component C relative
to the GRB absorption redshift of 2.61469 (Prochaska et al. 2007).
Given the projected proximity between the GRB and component C,
it is natural to assume that component C is the host galaxy, and the
afterglow spectrum shows blueshifted absorption features consistent
with the velocity offset measured to component C. This would there-
fore imply that turbulence within the host galaxy (i.e. component
C) contributes to the velocity spread of ∼ 100 km/s observed in
the afterglow spectrum, with additional absorption at larger veloci-
ties originating from material within B and in tidal debris between
components A and B, as suggested in Chen (2012).
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Table 2. Table with NOX22 R23 (Nakajima et al. 2022) and LMC24 𝑅̂ (Laseter et al. 2024) emission line metallicities and H𝛼 SFRs of the total integrated and
individual components detected in the host galaxies of GRB 050820A and GRB 150403A. The measured host galaxy 𝐸 (𝐵 − 𝑉 ) and 𝜎 values are also shown.

GRB Host 𝑅̂ R23
12+log(O/H) SFRH𝛼 𝐸 (𝐵 − 𝑉 ) 𝜎

NOX22 R23 LMC24 𝑅̂ (𝑀⊙ /yr) (mag) (km s−1)

050820A
total integrated 0.88 ± 0.10 1.04 ± 0.07 8.04 ± 0.07 8.13 ± 0.04 46 ± 4 0.23 ± 0.04 29 ± 5
component A 0.87 ± 0.17 1.02 ± 0.12 8.10 ± 0.14 8.17 ± 0.09 25 ± 4 0.33 ± 0.07 26 ± 9
component B 0.84 ± 0.12 1.02 ± 0.10 8.09 ± 0.12 8.17 ± 0.09 16 ± 2 0.11 ± 0.06 35 ± 4
component C 0.80 ± 0.38 0.96 ± 0.27 8.24 ± 0.25 8.27 ± 0.18 5.4 ± 2.0 0.16 ± 0.16 < 98

150403A
total integrated 0.81 ± 1.22 0.96 ± 0.87 8.40 ± 0.42 8.39 ± 0.31 24+27

−8 0.20+0.50
−0.20 < 116

component A 0.34 ± 0.13 0.62 ± 0.09 8.60 ± 0.08 8.57 ± 0.05 4.2 ± 0.8 < 0.25∗ 56 ± 39
component B 0.59 ± 0.15 0.80 ± 0.11 8.41 ± 0.16 8.40 ± 0.12 8.7 ± 1.9 < 0.83∗ < 116
component C 1.86 ± 2.31 1.77 ± 1.71 < 8.79† < 8.62† 39+76

−36 1.35 ± 0.94 < 116

∗ In these cases the measured E(B-V) was less than zero, so we report the corresponding 3𝜎 upper limits and use E(B-V) = 0 in our calculations.
† The metallicity of GRB 150403A component C is reported with 1𝜎 upper limits due to the non-detection of H𝛽 for this component.

An additional reason to favour a scenario in which component C is
the GRB host galaxy and lies behind components A and B is the de-
tection of the excited line Si ii*𝜆1264 absorption feature in the GRB
absorption spectrum consistent with the velocity of component B.
Si ii*𝜆1264 is an excited-state transition and previous time evolution
observations of excited lines in GRB afterglow spectra have indicated
that the GRB is the source of excitation, placing the absorbing mate-
rial within a few kpc of the GRB (Vreeswĳk et al. 2007; D’Elia et al.
2010; Vreeswĳk et al. 2013; Saccardi et al. 2023). This is consistent
with the measured separation between components B and C, which
may help break the degeneracy between the two possible scenarios,
ultimately favouring the interpretation that the GRB host lies behind
the other two interacting galaxies.

5.1.2 GRB 150403A

Our IFU observations of the host galaxy of GRB 150403A reveal
a significant projected separation (∼ 7 kpc) between the component
likely to have hosted the GRB (component C) and the other two
components (see Fig. 2). This separation suggests that component
C is a distinct galaxy that is interacting with components A and
B, which are offset from C by −68 ± 15 km s−1 and −96 ± 15
km s−1, respectively. The smaller velocity offset between A and
B (∼ 28 km s−1), combined with a smaller projected separation
(< 3 kpc), may imply that they are two bright emission regions
of a single galaxy. However, if components A and B were a single
galaxy, the combined projected diameter would then be ∼ 11kpc,
which, as was the case for GRB 050820A, is far larger than what
is typically observed at 𝑧 > 2. Also, given the morphology and
dynamics indicated in Fig. 3, it seems more likely that the three
components identified in the data cube correspond to three closely
interacting galaxies.

Similar to GRB 050820A, components A and B, which are un-
likely to have hosted the GRB, are blueshifted from the likely host
galaxy (component C). To construct a 3D picture of the galaxy sys-
tem, we again compare the kinematics measured from our IFU data to
those derived from the GRB afterglow spectrum presented in Bolmer
et al. (2019). Absorption features are detected in the absorption spec-
trum at -60 km s−1 and -100 km s−1 from the GRB in several lines
(e.g. O i, Mn ii and Mg ii), consistent with the velocity offsets that
we measure between the likely GRB host galaxy and components
A and B, respectively. This would imply that components A and B

lie in front of the host galaxy (component C), and thus as was the
case for GRB 050820A, the host galaxy of GRB 150403A appears to
be moving away from the other two companion galaxies. Absorption
features at higher velocities at -150 and -200 km s−1 are also observed
relative to component C. However, these are undetected in emission
and thus correspond to diffuse gas that may originate from galaxy in-
flows/outflows, possibly related to interactions between components
A and B.

5.1.3 Examples of interacting GRB host galaxies

There are examples of other GRB hosts that show evidence of inter-
action with another galaxy from their morphologies or kinematics,
such as GRB 980425(Arabsalmani et al. 2015, 2019), GRB 980613
(Djorgovski et al. 2003), GRB 990123 (Bloom et al. 1999; Fruchter
et al. 1999), GRB 080810 (Wiseman et al. 2017b), GRB100219A
(Thöne et al. 2013) and GRB 171205A (Arabsalmani et al. 2022).
Similar to the host galaxies studied in this paper, GRB 980425, GRB
980613, GRB 990123 and GRB 080810 were also found in host
galaxies that are surrounded by multiple neighbouring components.
Additionally, afterglow absorption spectrum of GRB 090323 and
GRB 080810 showed absorption features at large velocity offsets in-
dicative of a companion galaxy (Savaglio et al. 2012; Wiseman et al.
2017b).

The hosts of GRB 050820A and GRB 150403A show evidence
of interactions, both through the morphologies of their observed
systems and through the absorbing features seen in the GRB afterglow
spectra. Merging or interacting galaxies can trigger star formation
(Somerville et al. 2001; Teyssier et al. 2010), and it may therefore
be reasonable to expect an increase in long GRBs occurring within
interacting galaxy systems. Furthermore, given the increasing merger
rate with redshift up to 𝑧 ∼ 2 (Le Fèvre et al. 2000), it is likely that
more interacting galaxies will be observed as GRB hosts in the high-
redshift (𝑧 ∼ 2 − 3) universe. Quantifying the importance of galaxy
interactions in the formation of long GRBs will require a complete
study on the morphological and kinematic properties of GRB host
galaxies relative to the general star forming galaxy population.

5.2 Implications for the 0.3𝑍⊙ theoretical threshold

The collapsar model predicts a 0.3𝑍⊙ metallicity threshold for pro-
genitors of long GRBs (Woosley 1993). Consequently, a similar cut-
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off is expected in the star-forming regions hosting a GRB event. For
GRB 050820A, both the emission and absorption metallicity mea-
surements lie close to 0.3𝑍⊙ (∼ 8.21). However, the majority of the
spaxels fall below this value (see top right panel in Fig. 4), and for
component C, the measured metallicity is consistent with being be-
low 0.3𝑍⊙ when considering uncertainties. This therefore suggests
that our results for GRB 050820A are not in strong tension with the
standard collapsar model.

For GRB 150403A, the metallicity of component C is not well con-
strained and we therefore report this as an upper limit. The remain-
ing two components appear to have metallicities above the collapsar
model theoretical threshold (see the bottom histograms in Figs. 4 and
5), although consistent within the uncertainties (see Table 2). They
are, however, significantly larger than the absorption line metallicity,
which may imply that these two components are more metal-rich
than component C.

Although the metallicities of both GRB hosts lie close to or above
the 0.3𝑍⊙ threshold, several previous observations of GRB hosts,
both nearby (𝑧 < 1) and more distant (𝑧 > 2), have reported metallic-
ities comparable to or higher than 0.3𝑍⊙ (e.g, Krühler et al. 2015).
The discrepancies between emission and absorption line metallici-
ties introduce significant uncertainty regarding whether the emission
line metallicities truly trace the metallicity of the progenitor envi-
ronment. Considering these factors, along with the uncertainties in
high-redshift metallicity diagnostics, we do not consider the metal-
licities measured in this paper to be significantly unusual.

5.3 The characteristic host galaxy properties

The flux estimates trace the SFR as the emission is most likely due
to ionization by young stars. For the observations of GRB 050820A,
the component within which the GRB is located is the faintest region
among all three components. However, this does not necessarily in-
dicate that the GRB happened in a low star-forming region consistent
with many previous observations (e.g., Bloom et al. 2002; Fruchter
et al. 2006; Krühler et al. 2015, 2017). The estimates done using
the H𝛼 flux yield a SFR of 5.4 ± 2.0 M⊙yr−1 for the component
associated with the GRB location. Other hosts have been observed
in the past for which the observed location of the GRB was found
not to lie within the region with the highest SFR (e.g. Krühler et al.
2011; Izzo et al. 2017). Nevertheless, component C is still a region
with significant star formation. Compared to the larger population
of long GRB hosts studied by Krühler et al. (2015), the SFR of
component C appears lower than the median value of ∼ 20 M⊙yr−1

observed for long GRB hosts at 𝑧 > 2. This lower SFR could be
attributed to the host galaxy of GRB 050820A being a tidal dwarf
galaxy, as suggested by Chen (2012), since typical long GRB hosts
generally exhibit higher SFRs than tidal dwarf galaxies (Ploeckinger
et al. 2015; Lee-Waddell et al. 2016). Alternatively, the host galaxy
may still be in the process of transitioning to a higher SFR due to the
ongoing interactions with neighbouring galaxies, similar to the star-
burst phase transitions observed in particularly massive GRB hosts
by Nadolny et al. (2023).

Component C also has a mass estimate of log(𝑀★/𝑀⊙) ∼ 9.3
from the literature (Chen et al. 2009). Using this estimate and the
work done by Thorne et al. (2021) from the Deep Extragalactic
Visible Legacy Survey (DEVILS), it is possible to check where this
host lies on the galaxy main sequence. We see that the SFR estimated
in this work lies slightly below the point where the number density
of galaxies peaks in galaxy main sequence plots at the redshift bins
of both 2.2 < 𝑧 < 2.6 and 2.6 < 𝑧 < 3.25 (see Fig. 13 in Thorne
et al. 2021). Similarly, comparing with 𝑧 ∼ 2.3 galaxies from the

MOSDEF survey with a mass range log(𝑀★/𝑀⊙) = 9.15 – 9.68 also
reveals that component C has a lower SFR than the measured median
value of 11.6 M⊙yr−1 (Sanders et al. 2015).

On the other hand, had the galaxy complex not been imaged with
HST beforehand, revealing multiple extended components, the JWST
follow-up may well have been planned in slit-based rather than IFU
mode. In such a scenario, component B might have been incorrectly
assigned as the host galaxy instead of component C, and the re-
sulting SFR would be consistent with both the MOSDEF and the
DEVILS samples as well as other long GRB hosts within Krühler
et al. (2015). Even with the HST observation, a fixed slit observation
of the host galaxy could have included contamination from compo-
nent B, leading to an overestimation of the measured SFR. This may
already be the case for some high redshift (𝑧 > 2) GRB host studies
that lack spatially resolved observations. If the SFR in these hosts is
overestimated due to contamination, it would mean that the SFR of
component C is closer to being consistent with other high-redshift
(𝑧 > 2) GRB hosts.

Observations of GRB 150403A show that component C, with
which the GRB is affiliated, shows significant line emission and a
SFR which is 39+76

−36 M⊙yr−1. The SFR is largely unconstrained
due to the uncertainty on host galaxy dust corrections. However, the
uncertainty at the lower end is set by the fact that the SFR cannot
be lower than the dust uncorrected H𝛼 flux, corresponding to a SFR
∼ 3 M⊙yr−1. This shows that GRB 150403A is also affiliated with a
star-forming region, consistent with GRB 050820A and previous long
GRB host galaxy observations (e.g., Sollerman et al. 2005; Gorosabel
et al. 2005; Krühler et al. 2011). Currently, no mass estimates are
present in the literature for the host of GRB 150403A, by lack of
sensitive long-wavelength photometric measurements of the host.

As was the case for GRB 050820A, if the afterglow of GRB
150403A had not been well localized, it would be unclear which of
the three galaxies was the host. Given the separation of component
C from the other two components, contamination from neighbouring
regions is not expected. However, misidentifying the host galaxy
would have been a possibility.

6 CONCLUSIONS

We present our spectroscopic analysis of the intermediate redshift
host galaxies of GRB 050820A and GRB 150403A observed with
JWST/NIRSpec using IFU data. These IFU observations are among
the first observations where we were able to resolve multiple star-
forming components at the GRB location within redshift 𝑧 > 2
galaxies instead of single slit observations. This provided the op-
portunity of comparing the ISM properties and characteristics such
as metallicities of these resolved regions with single slit observa-
tions of high redshift GRB hosts from earlier works. In addition,
we also compared the line diagnostic properties of our sample with
larger samples characterizing the broader star-forming populations
in the local Universe and at 𝑧 ∼ 2.3. Having IFU observations fur-
ther allowed for the kinematics of the observed systems to be studied
making it possible to build a 3D picture of the interacting galaxies.

Based on our analysis of the velocity offsets and the spatial sepa-
ration between the multiple star-forming components in each obser-
vation, we believe that the observed targets are interacting with one
another and that it is likely that all components are independent galax-
ies. The exception to this could be the host of GRB 050820A which
appears to be a tidal dwarf galaxy that formed during the interactions
of the other two galaxies, which is also suggested in Chen (2012).
Comparisons between the spatial and velocity offsets of the galaxies
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measured in our IFU data combined with the GRB afterglow absorp-
tion kinematics suggest that, in both cases, the neighbouring galaxies
may lie between us and the host galaxies. Additionally, both GRB
hosts appear to be moving away from their neighbouring galaxies.

Both GRB hosts were observed to be found in star-forming galaxies
in line with expectations and previous observations (Le Floc’h et al.
2003; Fruchter et al. 2006; Perley et al. 2016). Furthermore, the ISM
properties of the GRB host galaxies are consistent with other GRB
host galaxies and star-forming galaxies found at 𝑧 > 2.

For GRB 050820A, we find that both the metallicity at the GRB
location and the metallicity of the overall host galaxy is consistent
with the absorption metallicity of 8.20±0.10 (Wiseman et al. 2017a).
For GRB 150403A, we report the metallicity of the host galaxy as
upper limits due to non-detection of H𝛽. However, we note that
the neighbouring galaxies (components A and B) appear to have
metallicities that are ∼ 0.6 dex higher than the absorption metallicity
of 7.77 ± 0.05 (Bolmer et al. 2019), which may imply that they are
more-metal rich than the GRB host galaxy (i.e. component C).

In some of our measurements of the SFRs and certain line di-
agnostics, we observed differences between the values obtained for
individual components and those averaged across all components.
This shows the importance of spatially resolved spectroscopy, par-
ticularly for high redshift objects. IFU observations allow to create
maps of parameters such as metallicity, SFRs, and line ratios, reveal-
ing spatial variations across a galaxy. Furthermore, the kinematic
information content provides insights into dynamical characteris-
tics, such as rotational patterns, velocity dispersions, and evidence
of interactions or mergers. This information can improve our un-
derstanding of high redshift GRB host galaxies and of the broader
galaxy population traced by long GRBs. As observational campaigns
continue to expand with instruments like JWST, we may find more
GRB host galaxies near star-forming companions like those observed
in this study. This could provide further evidence supporting the hy-
pothesis that GRB hosts are often irregular galaxies (Conselice et al.
2005; Fruchter et al. 2006; Wainwright et al. 2007), possibly shaped
by past interactions with neighbouring galaxies. Therefore, it is es-
sential to conduct such spectroscopic analyses with larger samples,
which would also allow us to obtain more robust conclusions about
how high redshift GRB hosts differ from their local counterparts or
how they differ from broader galaxy populations at similar redshifts.
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Figure A1. Stacked spectra of all three components of GRB 050820A. The red curves show Gaussian fits to detected emission lines, ranging from
[O ii]𝜆𝜆3726, 3729 to H𝛼. The expected position of the undetected [N ii]𝜆6584 line is also marked in each spectrum. In both cases, the best-fit back-
ground has been subtracted, centering the noise level at zero. Note: For component C, the best fit amplitude of [O iii]𝜆5007 appears slightly lower than the top
data point due to lower limit of its width being constrained by the instrument LSF.
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First IFU observations of two GRB host galaxies at cosmic noon with JWST/NIRSpec 15
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Figure A2. Same as Fig. A1 but for GRB 150403A.
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Table B1. Table with lower-branch SST24 R23 (Sanders et al. 2024) emission-line metallicities along with the corresponding R23 line ratios that we measure for
the total integrated and individual components detected in the host galaxies of GRB 050820A and GRB 150403A.

GRB Host R23
12+log(O/H)
SST24 R23

050820A
total integrated 1.04 ± 0.07 7.91 ± 0.19
component A 1.02 ± 0.12 7.79 ± 0.28
component B 1.02 ± 0.10 7.82 ± 0.27
component C 0.96 ± 0.27 7.58 ± 0.45

150403A
total integrated 0.96 ± 0.87 7.35 ± 0.78
component A 0.62 ± 0.09 6.95 ± 0.13
component B 0.80 ± 0.11 7.26 ± 0.24
component C 1.77 ± 1.71 < 8.35
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