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Observationally, kilonovae are astrophysical transients powered by the radioactive
decay of nuclei heavier thaniron, thought to be synthesized in the merger of two
compact objects' ™. Over the first few days, the kilonova evolution is dominated by a
large number of radioactive isotopes contributing to the heating rate*. On timescales
of weeks to months, its behaviour is predicted to differ depending on the ejecta
composition and the merger remnant® 3, Previous work has shown that the kilonova
associated with gamma-ray burst 230307A is similar to kilonova AT2017gfo (ref. 9),
and mid-infrared spectrarevealed an emission line at 2.15 micrometres that was
attributed to tellurium. Here we report a multi-wavelength analysis, including
publicly available James Webb Space Telescope data® and our own Hubble Space
Telescope data, for the same gamma-ray burst. We model its evolution up to two
months after the burst and show that, at these late times, the recession of the

photospheric radius and the rapidly decaying bolometric luminosity (L, >

~2.7+0.4
’

where tis time) support the recombination of lanthanide-rich ejecta as they cool.

An extremely bright burst, dubbed gamma-ray burst (GRB) 230307A,
triggered the Gamma-ray Burst Monitor aboard NASA’s Fermi mission
at15:44:06.67 UTC on 7 March 2023 (hereafter T,). Observationally,
GRB 230307A stands out from the general population of long GRBs
for three properties: a record-setting gamma-ray fluence’ (about
3x107%ergcm™;10-1,000 keV), aweak X-ray counterpart (Fig.1f) and
astrong blue-to-red colour evolution.

Early observations at optical and near-infrared (NIR) wavelengths
identify a weak counterpart, whose brightness (H=20.2 AB mag at
To+1.2 d) matchesthe extrapolation of the X-ray spectrum. The spec-
tral energy distribution (SED) of the GRB counterpart thus does not
show evidence for absorption by gas and dust along the sightline (Meth-
ods). After T, + 4 d, the X-ray and optical emission decay quickly, with
temporal power-law indices a, =1.71+ 0.10 and o = 2.64731¢, respec-
tively. Instead, the NIR emission persists for several days after the explo-
sion (K-band magnitude K =22 AB mag at T, + 7 d) and then rapidly

declines (Extended DataFig.1). Late-time (about T, + 29 d) observations
with the Hubble Space Telescope (HST) and the James Webb Space
Telescope (JWST)® show that the peak of the NIR emission shifts from
about22,000 Aat T, +7 dto 244,000 A at T, + 29 d. At this time (about
To+29d), the continuumis adequately described by the superposition
ofapower-law spectrumwith spectralindex B = 0.6 and ablackbody
spectrum with temperature 7= 638 K (observer frame; Methods).
The key ingredient to interpret these observations is the GRB dis-
tancescale. Unfortunately, in the case of GRB 230307A, no direct red-
shift measurement is available. Our analysis of the photometric dataset
provides evidence for a redshift z < 3.3 (at the 95% confidence level
(CL); Methods). This leaves arange of possible distance scales that is
still too broad. An alternative route to estimate the GRB’s distance is
toidentify its host galaxy using probabilistic arguments™. In the case
of GRB 230307A, this methodology leads to several possible host
galaxies: (1) a distant (z = 3.9) star-forming galaxy (G*in Fig. 1e); (2) a
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Fig.1| Theenvironment of GRB230307A. a, False-colourimage combining
three filters from JWST (F150W, F277W and F444W). The bright galaxy labelled
by Glis the most likely host galaxy atan offset of 40 kpc.b-e, Zoom-inon the
transientlocation, corresponding to the whiteboxina. Thefieldis shownin
filters HST/F105W (b), JWST/F277W (c) and JWST/F444W (d) at T,+29d. The
same field is shownin filter JWST/F277W at T+ 61d (e). Thetransient hasavery
red colourinthe near-simultaneous HST and JWST observations. The
high-redshift galaxy G*is marked in the magenta circleine.f, Ratio of 0.3-10 keV

local origin in the Magellanic Clouds; (3) a nearby (z= 0.0647, corre-
spondingto 291 Mpc; ref.12) face-on spiral galaxy (Glin Fig.1a). Each of
these three possibilities leads to extreme properties for GRB 230307A
(Methods).

Furtherinsights canbe gleaned from the SED of the GRB counterpart,
modelled with a power law plus ablackbody component (Methods). The
results show that a thermal component exists in all spectra acquired
>T,+1d(Fig.2a-f).Untilabout T, + 10 d, this component shows atrend
of decreasing temperature and increasing radius, which is consistent
with an expanding fireball. By assuming homologous expansion and
imposing that the velocity v = (1+2)R,,,/t, where R, is the photosphere
radiusandtis time, cannot exceed the speed of light, we obtainz < 0.43
and rule out a high-redshift origin for GRB 230307A. In addition, at
the putative distance of 291 Mpc, the temperature and radius of the
thermal component match the evolution of the kilonova counterparts
of GRB 170817A" and GRB 211211A" (Fig. 2h,i). This evidence provides
additional support to the association between GRB 230307A and G1,
and points to anew case of akilonova following along-duration GRB®°.

On the basis of this classification, we adopt an afterglow plus kilo-
nova model to describe the multi-wavelength counterpart. The after-
glow component describes the non-thermal emission arising fromthe
relativistic ejecta and their interaction with the ambient medium?.
The kilonova component instead accounts for the thermal emission
arising from the sub-relativistic radioactive ejecta’. Multiple afterglow
solutions are possible (Methods). However, regardless of the details
of the explosion, the inclusion of a kilonova component represents a
significantimprovement based on the Bayesianinformation criterion
(ABIC >140). For our fiducial afterglow model (Fig. 3), we find strong
evidence in favour of two kilonova components over the single kilo-
nova component (ABIC =19). The former component is produced by
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X-ray fluxat11lh (Fy ;) to the15-150 keV gamma-ray fluence (¢,) versus the
projected physical offset from the GRB host galaxy. The purple and grey data
pointsrepresent shortand long GRBs, respectively. The purple solid line and
dashed linesindicate the best-fit model and the 95% CL for short GRBs,
respectively. Thebrightlong GRBs221009A and 130427A are shownin black
circles. Hybrid long GRBs 060614 and 211211A are shown in blue circles.
GRB 230307Ais marked by ared star, lying at the bottom of the distribution.
Errorbarsarelo.

fast moving ejecta (v = 0.2c, where cis the speed of light) with mass
M=0.03M_and opacity k < 3 cm?g™ (30 CL). This component mostly
contributes to the optical and NIR emission over the first few days, then
quickly fades away. The latter component is produced by slightly more
massive (M = 0.05M,), slower (v = 0.03c) ejecta with a significantly
higher opacity (k213 cm? g™, 30 CL). This component becomes visible
afterabout 7, + 10 dand dominates the late-time emission. Its inclusion
ismostly driven by the mid-infrared detections and their steep spectral
profile (8 = 3.2), and relies on the assumption that the contribution
of emission lines remains subdominant.

After estimating the contribution of the underlying non-thermal
continuum, we derive the kilonova properties (Fig.2). At approximately
T, +7d, the effective temperature of the thermal component drops
below2,000 K (Fig.2h), and the photosphericlayer exhibits atendency
torecedeintotheinner regions (Fig. 2i). The velocity distributionas a
function of mass can affect the evolution of the photosphere, but would
produce amore gradual transition. A similar trend is instead observedin
some type Il supernovae during their hydrogen recombination phase®.
Inthe case of akilonova, the drop in effective temperature changes the
ionization states of lanthanides and actinides, transitioning from singly
ionized to neutral states, at a critical temperature of around 2,500 K
(ref.23). Withalower number of free electrons, the number of infrared
bound-bound lines decreases considerably** ¢, This causes adropin
the optical depth (Extended Data Fig. 6), accelerating the recession
of the photosphere. The outer layers instead enter into an optically
thin phase. This complex evolution is not accounted for by simple
constant-opacity kilonova models and may explain why two kilonova
components provide a better description of the dataset.

The kilonova bolometric luminosity is seen to rapidly decrease as
Ly o £ 274 (Fig. 2g), ranging from about 6 x 10¥ erg s'at 29 d to about
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Fig.2|SED of the GRB counterpart.a-f, The observed spectraatdifferent
epochs(1.2d(a),1.8d (b),2.4d (c), 7.4 d (d),29 d (e) and 61d (f) after the GRB)
are fitwith an empirical power law plus blackbody model (black solid thick
lines). The grey shaded areas show the unabsorbed blackbody components
and the grey thinsolid lines show the power-law components. Different symbols
represent different telescopes (JWST, HST) or detectors (Swift-UVOT, Swift-XRT,
XMM-MOS1, XMM-MOS2, XMM-pn), and the filters of optical data points
correspond fromleft toright according to the label (for example, HJYZRu).

7 x10®¥ ergs™at 61d. A rapid decay of the luminosity was identified
in the late-time observations of the kilonova AT2017gfo (refs. 13,14),
and interpreted as a possible signature of short-lived heavy isotopes
dominating the heating rate and thus the observed emission. However,
in the case of AT2017gfo, the weak signal and limited coverage of the
Spitzer datawere not sufficient to characterize the spectral shape, and
only placed lower limits on the true bolometric luminosity. Inthe case
of GRB 230307A, the sensitivity and multi-colour coverage of the JWST
and HST observations allow for better sampling. The datashow that the
ejectais only partially optically thin and its late-time NIR luminosity
is still dominated by photospheric emission of the inner layers. The
evolution of the photosphere is consistent with adiabatic expansion
and does not require a drop in the heating rate to explain the change
in luminosity. Although this implies that no specific element can be
identified based on temporal evolution, the fast decay of the luminosity
canstill inform us on the properties of this kilonova.
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g-i, Thebolometric luminosity, effective temperature and photospheric
radius of the thermal emission. GRB 211211A (black circles)”* and GRB 170817A
(grey circles)'**are shown for comparison. The early bolometric luminosity
and temperature (about1-7 d) conform to simple power-law decay with slopes
of -0.95and -0.54, respectively?”. The bolometric luminosity at late times
decayswithasteeperslope of-2.7+ 0.4. The dotted linesiniindicate R= vt/(1+ 2).
Errorbarsand upperlimitsaretheloCLand the30CL, respectively.

Predictions of the late-time evolution of akilonova span awiderange
of behaviours, depending on nuclear inputs and ejecta properties
(for example, total mass, total energy, velocity distribution and ejecta
composition). Acommon expectation s that, if translead nuclei such
as ®*Cf are produced in the explosion, their decay products would
deposit energy into the ejecta and cause the kilonova luminosity to
flatten over time??%, A hot central engine (for example, magnetar,
pulsar or fall-back accretion) powering the lightcurve can also alter
the late-time emission®,

By comparing the bolometric lightcurve with different models
(Fig. 4), we find that the efficient energy deposition of a long-lasting
magnetar® or actinide fission fragments*? is not consistent with
the red colour and rapid decay of the bolometric lightcurve. A
radioactive-powered kilonova containing r-process elements beyond
the first peak (atomic mass number A 2 85) shows a better agreement
with the data. This is because lighter elements have shorter lifetimes
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Fig.3| The multi-wavelength counterpart of GRB 230307A. The best-fit
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bands, the nthlightcurve, when viewed from the bottom upwards, is vertically
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effective wavelengths of some filters, we merged these observationsinto a
single lightcurve. These lightcurves were fit by the emission contributed by a
GRB afterglow (solid lines) and two-component kilonova (hatched and shaded
areas).Errorbarsand upper limitsarelo CLand 30 CL, respectively.

and cannot provide sufficient radioactive power at these late epochs,
resultinginadimmer and cooler kilonova. The bolometriclightcurve,
coupled with the observed evolution of the photospheric radius and
the inferred high opacity, points to lanthanide production in the
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Fig.4|Comparison ofthe bolometriclightcurve with different models.
Theblacklinesare calculated using the model fromref. 6 with the solar r-process
abundance pattern of different atomic mass ranges of 85 <4 <209 (black solid
line),72<A <209 (blackdashedline) and 72 <A < 85 (black dotted line). The
ejectaparametersare My;=0.07 M, U= 0.1C, Ugj max = 0.4cand §,=1.5. The
opacityisk;=0.6 cm>g 'and k, =20 cm?g 'with the velocity threshold 0.15c.
Thepurplesolidlineillustrates the effects of efficient energy deposition by the
spontaneous fission of **Cf, calculated for M,;= 0.05M, and with effective
heatingrates fromref.27. The blue line with dashed extrapolationillustrates the
generic evolution of amagnetar-fed kilonova. We show the same model used to
describe AT2017gfo (ref. 8) with M;=0.001 M, Vg ma/2 = 0.45¢, characteristic
spindown luminosity L, =2 x10** erg s, gravitational-wave-dominated
spindown timescale t,,, =495 s and magnetar lifetime ¢, = 23 d.

merger ejecta, and confirms kilonovae are a cosmic site of heavy
r-process elements.
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Methods

Spectral energy distribution

We used XSPEC® to jointly fit the near-infrared, optical and X-ray
SEDsat1.2d,1.8d,2.4d,7.4d,28.9 dand 61.4 d (Fig. 2 and Extended
Data Table 1). The observed optical data were converted to spectral
files using the ftflx2xsp and uvot2pha tools within HEASOFT v6.31.
Necessary data were extrapolated based on observations at nearby
times and fit results of empirical lightcurve modelling (Extended Data
Fig.1and Supplementary Information). The Galactic contribution was
modelled using the model phabs for X-ray photoelectric absorption
withafixed hydrogen columndensity N, =1.26 x 10 cm™(ref. 31),and
the model redden for optical dust reddening® with fixed parameters
E(B-V)=0.0758 mag. Each SED was fit using a power-law model and
ablackbody plus power-law model.

To constrain the presence of absorption systems at the GRB site,
we include two additional components (zphabs and zdust), and
varied the GRB distance scale up to a redshift z< 0.5. The fit with a
power-law function yields tight constraints (N, < 2.5 x 10* cm™2and
E(B-V),<0.03magat1.2d,30CL), which disfavour models of GRB
afterglows interacting with a dusty ambient medium®. However, the
results show positive evidence for the inclusion of ablackbody compo-
nent, startingas early as T, + 1.2 d. The best-fit parameters arelisted in
Extended Data Table 1. The addition of a thermal component loosens
the constraints on the rest-frame reddening (E(B - V), < 0.3 mag), but
its rapid onset remains inconsistent with the typical timescales of a
thermal dust echo.

Constraints on the GRB distance scale
The GRB distance scale canleave adetectableimprint onits afterglow
SED*; therefore, we include in our spectral fits three components that
are sensitive to the GRB redshift: zphabs and zdust to model the absorp-
tionwithin the GRB host galaxy, and zigm to describe the effects of the
intervening intergalactic medium. By selecting 100 redshift values
uniformly distributed between 0 and 10, we mapped the variation
of the test statistics (x%) as a function of redshift. Analysing this sam-
ple statistic allowed us to derive an upper limit of z< 3.3 at the 95% CL
(z<4.1atthe 99.9% CL). This result is mostly driven by the afterglow
detectionin the Swift UltraViolet and Optical Telescope (UVOT) filters
u and white, which disfavour a high-redshift origin for GRB 230307A.
An even more stringent constraint can be placed using the proper-
ties of the blackbody component. From the fit, we derive its effective
temperature T and total observed flux, which can then be used to
derive the bolometric luminosity L, and, assuming isotropy®, the
radius R, of the emitting surface for a certain redshift. By imposing
that the expansion velocity v = (1 + 2)R,,/t cannot exceed the speed of
light, we obtain z< 0.23 and 2< 0.43 from the SED at 1.2 d and 28.9 d,
respectively.

Host-galaxy association

Here we explore the GRB environment using deep multi-colour imag-
ing with HST (observed on 6 April 2023) and JWST (observed on 8 May
2023). A faint galaxy, referred to as G* (Fig. 1e), is located 0.24 + 0.01”
from the explosion site and lies at 2= 3.9 based on the identification
of aHa emission linein its spectrum®. For this galaxy, we derive mag-
nitudes FO70W >28.3 mag, F115W > 28.6 mag, F1IS50W > 28.8 mag,
F277W =27.80 + 0.15 mag and F444W = 28.15 + 0.20 mag. Using the
galaxy number counts from the JWST Prime Extragalactic Areas for
Reionization and Lensing Science (PEARLS) project®, we estimate a
probability of chance coincidence P, = 0.04 using the F1ISOW limit
and P..= 0.03 using the F277W brightness.

A high-redshift origin would fit well within the classification of
GRB 230307A as along burst fromayoung stellar population. However,
aredshift of 22 3.9 is in tension with the limits from optical measure-
ments (z < 3.3). Moreover, it would imply an unprecedented gamma-ray

energy release (about 10%* erg) followed by the onset of an extremely
luminous and blue (rest-frame g-band absolute magnitude M, = -25.7
at 7 d) transient, which has never been observed before. These consid-
erationslead us to disfavour the association between the GRB and the
distant galaxy G*.

The next most likely associations, in terms of posterior probability,
are the Magellanic Clouds, which lie about 8° away from the GRB. By
cross-correlating the catalogue of Swift bursts with the 10 brightest gal-
axies of the Local Group, we derive P, = 0.05 from the number of GRBs
located within an 8° radius of any of those galaxies. However, adistance
scale of only 50 kpc would drive GRB 230307A to the low-luminosity
extreme of high-energy transients, consistent with the population of
giant flares from soft gamma-ray repeaters, rather than GRBs. These
giant flares are characterized by a quasi-thermal spectrum®, which is
notobservedin GRB 230307A%. Unlike GRB 200425A, a candidate extra-
galactic giant flare*°, the low-energy photon index of GRB 230307A is
about -1(refs.39,41), consistent with the non-thermal shape of GRBs.
Onthebasis of the properties of its high-energy emission, alocal origin
for GRB 230307A is likewise disfavoured.

We perform a further exploration of the field surrounding
GRB 230307A using our deep HST imaging to determine whether there
is any other probable host. We computed the offset and HST/F140W
photometry for all extended sources in the field. In Extended Data
Fig.2a, we show the probability of chance coincidence for a sample
of nearby galaxies versus their distance from the GRB’s localization.
Although there exist a handful of additional galaxies within 10” of the
GRB position, there are no galaxies with similarly low probabilities.
Owing to their faintness, each of these nearby galaxies has P.. > 0.25
making them unlikely hosts. However, we identify a bright galaxy,
hereafter G1 (Fig. 1a) at an offset of 30” from the GRB localization.
This galaxy has aninfrared brightness of F140W = 17.6 AB mag, which
yieldsaP,=0.13.

Fromthe spectrum of G1 (Extended Data Fig. 2b), we derive aredshift
of z=0.0647 £ 0.0003 for this galaxy based on Ha, Hp3, [O 111], [N 11]
and [S 11] emission lines. Therefore, we derive a nearby distance of
291 Mpcfor G1,assuming aLambda cold dark matter (ACDM) cosmol-
ogy with a Hubble constant of H, = 69.8 km Mpc™s™, matter density
parameter Q,, = 0.315 and dark-energy density parameter Q, = 0.685
(refs.12,42). The projected physical distance between the GRB and
G1would be about 40 kpc, among the largest values measured for
GRBs*, yet not unprecedented among short GRBs**. This seems
consistent with the low X-ray flux to gamma-ray fluence ratio, also
observed for GRB 211211A%, and interpreted as an indication of a burst
in a low-density environment*. However, even this interpretation is
not free fromuncertainties. Inthe case of GRB 230307A, the complex
morphology of the gamma-ray lightcurve hardly resembles any of
the previous examples of short GRBs with extended emission®*¢*, In
addition, the probability of chance alignment between the GRB and
the nearby galaxy Glis P,. = 13%, a value generally considered too high
for areliable physical association.

Inwhat follows, we consider G1the most likely host for GRB 2303074,
as, despite the high P, the study of the afterglow SED points towards
a low-redshift origin. The emission line properties of G1, namely,
Lyo=4x10* ergs™and log(IN 11])/Ha = —0.6, provide estimates of
the star formation rate (SFR) and metallicity of the galaxy, leading to
SFR=0.2M_ yr*(refs. 48,49) and 12 + log(O/H) = 8.6 (ref. 50).

We modelled the SED of G1 (Extended Data Table 2) using Prospec-
tor with the same set-up as previously outlined in refs. 15,43,52. The
datawerefirst corrected for Galactic extinction along the line of sight*,
Our best-fit model is shown in Extended Data Fig. 2c. We derive a stel-
lar mass of M./M, = (2.4 + 0.9) x10°, an SFR 0f 0.20 + 0.03 M, yr, an
intrinsic dust component with extinction A, = 0.20 + 0.02 mag, ametal-
licity Z/Z, = 0.0413:32, and a mass-weighted stellar age of 2.8'72 Gyr.
The specific SFR = 0.3 Gyr'is low for along GRB host galaxy*. In fact,
the host-galaxy properties asawhole (alow-mass galaxy, alow SFR and



an old stellar population) point towards a host galaxy thatis entering
quiescence®. This is quite similar to the host galaxy of GRB 211211A".
These similarities in the inferred host properties highlight a growing
population of long-duration GRBs produced by the merger of two
compact objects that may occur in similar galaxy types.

Prompt emission

Additional constraints on the GRB nature and its distance scale can
be placed by a study of its prompt gamma-ray emission, shown in
Extended Data Fig. 3. By converting the total fluence 3 x 10 erg cm2s™
(10-1,000 keV)™ to an isotropic energy (£,,) and peak energy
1,255 keVintorest-frame E,(1 + 2), thered dashed/solid line in Extended
Data Fig. 3d illustrates GRB 230307A at different redshifts on the
Amati-relation diagram®. For a wide range of typical GRB redshifts
(0.25<2<1.7) GRB 230307A fits within the 16 CL region of the stand-
ard distribution for long GRBs. For redshifts 0.01 < z< 0.06, it falls
within the distribution of short GRBs (95% CL), whereas for even lower
distances its isotropic energy approaches the soft gamma repeater
(SGR) region, orders of magnitude lower than the weakest GRB*°.
Extended Data Fig. 3d shows that, if associated with the most likely
host galaxy G* at z= 3.9, GRB 230307A would not only be the most
energetic explosion ever observed, with an energy release an order
of magnitude higher than that of GRB 221009A%¢, but also deviate
significantly from the general population of long GRBs. This provides
us with additional evidence against a high-redshift origin. More plau-
sible values (E, ;, = 3 x 10% erg) are found assuming the distance of G1
atz=0.0647. However, the GRB lies at the intersection between the
two populations of bursts and the Amati diagram does not reduce the
uncertainty in its classification.

Possible progenitors for GRB 230307A

The traditional classification of GRBs divides theminto either long or
short GRBs, based onathreshold of 2 s (ref. 57), which are generally asso-
ciated with the collapse of massive stars and compactbinary mergers,
respectively. The merger of awhite dwarfwith a neutron star was also
proposed to explain long GRBs without an associated supernova?®,

Massive star collapse. GRB 230307A is aburst of long duration, com-
monly associated with the collapse of amassive star. For abroad range
of redshifts (0.25 < z<1.7), the prompt emission of GRB 230307A fits
withinthe Amatirelation for long GRBs (Extended Data Fig. 3d), typi-
cally followed by a supernova. Using the prototypical SN1998bw* and
the faint SN2022xiw®® as templates and comparing them with the
deep HST and JWST observations (Extended Data Fig. 4), we rule out
the possibility of a supernova out to z > 6.8 and z > 3.3, respectively.
Similarly, we eliminate fast-evolving supernovae, such as SN2005E*!
and SN2010X%, at z < 1. Given the constraint z < 0.43 based on the
evolution of the blackbody component, we find no plausible range
of redshift and extinction values that could accommodate a massive
star progenitor.

White dwarf-neutron star merger. The merger of a white dwarf-
neutron star binary system can give rise to a GRB, provided the white
dwarfis sufficiently massive (for example, GRB 211211A%°%). In such
scenarios, the timescale of the GRB may extend beyond 2 s (refs. 64,65).
The presence of neutron-rich matter?® or materials undergoing radioac-
tive decay®*in the ejecta can contribute to additional optical excess®®,
alongside the standard GRB afterglow. A neutron star-white dwarf
merger is a plausible origin for GRB 2303074, and can explain many
of its unusual properties, from the long duration to its environment.
However, existing models for the associated optical transient®>*® do not
predicttherapidreddening observedin GRB 211211A and GRB 2303074,
and match more closely the evolution of faint type lax supernovae
rather than kilonovae. On the basis of this fact, we tend to favour a
compact binary merger as progenitor for GRB 230307A.

Compact binary merger. The merger of two compact objects, includ-
ing neutron star-black hole and binary neutron star, comprising at
least one neutronstar, is knownto produce a GRBand ashort-lived red
thermal transient, a kilonova**. Although it is challenging to conceive
that the duration of GRBs originating from these mergers can extend to
tens of seconds?, this progenitor system best explains the properties
ofthe GRB counterpart, such asits very red colour and rapid evolution,
andits environment.

Multi-wavelength afterglow modelling

The non-thermal afterglow radiation that follows GRBsis best described
assynchrotron emission from a population of shock-accelerated elec-
trons. Multiple mechanisms contribute to shaping its evolution, the
dominant being an external forward shock driven by the interaction
of the GRB jet with the ambient medium. A reverse shock travelling
backwards into the ejecta or long-lasting activity of the central engine
may also contribute to the afterglow emission at early times®,

Owing to the delayed localization of GRB 230307A, the available
dataset does not allow us to unambiguously identify the origin of
its early non-thermal emission. Therefore, we consider two possible
optionsinour modelling: (1) forward-shock radiation is the only domi-
nant component at all times, and (2) areverse shock and/or central
engine activity contributes at early times, with the forward shock
dominating later on (>1d). In the former case, we include all obser-
vational data (Dataset 1) in our fit, in the latter case we consider the
Transiting Exoplanet Survey Satellite (TESS) and Australia Telescope
Compact Array (ATCA) detections as upper limits (Dataset 2) to the
forward-shock radiation.

Motivated by the results of the SED analysis, we fit these datasets
with three models: (1) a simple forward-shock model, (2) a forward
shock plus akilonova component, and (3) aforward shock plus a two-
componentkilonova. To model the forward-shock emission, we utilized
the Python package afterglowpy?. The free parameters are the iso-
tropic-equivalent kinetic energy E,, the circumburst density n,, the
fraction of burst kinetic energy in magnetic fields ¢ and in electrons
£.,thepower-lawslope p of the electron energy distribution, the open-
ingangle of the jet’s core 6., and the electron participation fraction .
We applied a Gaussian structure for the GRBjet £(0) = E, exp(—92/26§)
for6<0,, where, =40 isthe truncation angle. Owing to the extreme
brightness of the prompt emission of GRB 230307A, we consider only
an on-axis viewing angle 6, = O rad.

Regarding the kilonova component, we employed the isotropic
model fromref. 69 in the Python package gwemlightcurves. The model
assumes agrey opacity and describes the spectrum with asimple black-
body function. The free parameters in this model are the ejecta mass
My, its minimum velocity v,;, velocity index §,, opacity x and electron
fractionY,.

We fit the multi-wavelength observations based on the nested sam-
pling algorithm implemented in the Python package pymultinest™.
Considering that our datacome fromavariety of different telescopes,
we included an additional 5% systematic uncertainty for all observa-
tions. The best-fit parameters, resulting y*and BIC for each model and
datasetare shownin Extended Data Tables 3 and 4 and Extended Data
Fig.5.The forward-shock model resulted inall casesina poor descrip-
tion of the data (y*/dof > 4), and the addition of akilonova component
substantially improves the fit (y*/dof = 2).

The fit to Dataset 1 is tightly constrained by the early optical
lightcurve, which determines the peak flux and frequency of the
forward-shock component. It requires a very early jet break (about
0.3 d) to accommodate the rapid decay of the broadband emission,
thus stretching the physical parameters to unusual values. For these
reasons, our fiducial model is based on the fit to Dataset 2 (Fig. 3).
Atwo-componentkilonova provides abetter description (y?/dof = 1.5)
ofthe opticalandinfrared excess, capturing the full blue-to-red evolu-
tionof the transient, and the bright mid-infrared emission at late times.
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Opacity evolution

Intransient explosions, the photosphere moves inwards in mass coordi-
nates. But because the ejectais moving rapidly outwards, the radius of
the photosphere likewise increases. Intype Il supernovae, the opacity
inthe ejected hydrogen envelope is dominated by electron scattering.
When these electrons recombine, the drop in opacity accelerates the
recession of the photosphere in mass coordinates. The subsequent
deceleration of the radial expansion is akey feature in understanding
the plateau phase of type IIP supernovae®. In kilonovae, the opacity
isdominated by bound-bound line transitions in lanthanides. Assum-
ing local thermodynamic equilibrium, Extended Data Fig. 6 shows
the different opacities for neodymium (Nd) as it evolves from singly
ionized Nd, to neutral Nd. The number of lines in the 1-5 pm range
drops considerably as it recombines, and the overall opacity will also
decrease by roughly an order of magnitude. This sudden decrease in
opacity willaccelerate the inwards motion of the photosphere in mass
coordinates, causing the radius of the photosphere to stop increas-
ing, oreventorecede. Non-thermal effects canalter these opacitiesin
Extended DataFig. 6, but the basic trends with decreasing temperature
are likely to hold.

Data availability

Swift/XRT products are available from the online GRB repository
(https://www.swift.ac.uk/xrt_products). Swift/UVOT data are available
from Swift Data Access (https://www.swift.ac.uk/archive). X-shooter
data are available from ESO Science Archive Facility (https://archive.
eso.org). HST and JWST data are available from Mikulski Archive for
Space Telescopes (https://mast.stsci.edu). Chandra data are available
from ChandraData Archive (https://cda.harvard.edu/chaser). The TESS
lightcurve is available from TessTransients archive (https://tess.mit.
edu/public/tesstransients). Gemini data are available from Gemini
Observatory Archive (https://archive.gemini.edu). XMM-Newton data
are available from XMM-Newton Science Archive (https://www.cosmos.
esa.int/web/xmm-newton/xsa). Fermi/GBM data are available from
Fermi Science Support Center (FSSC) FTP archive https://heasarc.gsfc.
nasa.gov/FTP/fermi/data/gbm. All the processed data are available
uponrequest to the corresponding authors. Source data are provided
with this paper.

Code availability

Results canbereproduced using standard free analysis packages. Meth-
ods are fully described. Codes used to produce figures can be made
available upon request.
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Extended DataFig.3|Promptemission properties of GRB230307A.

a,b, Gamma-ray lightcurves of GRB230307A (red) and GRB 211211A (dark) from
Fermi/GBMinthe energyrange of10-25 keV and 0.8-10 MeV with 0.2 s binsize.
The purpleshaded arearoughly represents the time range of the initial pulse of
thelightcurve, as depicted inthe zoomed-in panel (c) with 5ms binsize in the
energyrange10-350 keV.d, The Amati-relation diagram. The plum/gray/green
circlesrepresent Typel (short) GRBs/Typell (long) GRBs/magnetar giant flares,
and the corresponding colorsolid line and the areabetween dashed lines are
the best-fit modeland 95% c.l., respectively. GRB230307A (whole burst) shifts

following the red line whenlocated at different redshifts. The red stars
representitatthe three most probable host galaxies (G1, LMC and G*), while the
GFisonlyreasonable whenwetreat theinitial pulse as the main burst (zoom-in
panel c). Hybrid GRB 211211A is shown in the blue circle. The purple shaded
(z>0.23)/hatched (z> 0.43) areais ruled out by the expansion velocity of the
photosphereradiusat T, +1.2d/28.9 d being limited to less than the speed of
light. The orange hatched areais ruled out by the SED (z < 3.3). Thered dashed
lineindicates the redshift whereit departs fromthe 95% c.l. for the distribution
of Type | GRBs. Error barsrepresent 1o uncertainties.
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Extended Data Table 1| Infrared/optical/X-ray joint spectral fit results for power-law or afterglow plus blackbody model

t Box Tesr Lpol Ron AStat
(day) (K) (ergs™) (cm)
PL+BB
1.2 6,966 5" 6.037143 x 10" 6.0072:% x 101
50827192 4567578 x 1040 9.79%%-% x 10
1.8 0.80t8;8§ —885 0.80 3.52 38.2
2.4 4,1257 7827 211708 10" 1.0170:2 x 1015
74 1,705 587 8.4072°78 x 10%  3.7373:38 x 1015
21 +0 45 39 +0.54 15
28.9 638" 556103 x 103  6.857023 x 10
0.63°0:%7 2 053 609.3
61.4 56553 6.6073 95 x 1038 3.03"1:32 x 101°
AF+BB
12 5,018" 272 5787980 10 1137027 x 1015
1.8 6,200°3 %7  4.68°163 x 10"  6.67°% x 101
24 3,882°5 %6 1777100 x10%  1.057} 32 x 108
28.9 612728 5.6070°% «10%°  7.467079 x 1015
61.4 579715 6.87 413 103 2.021:3% x 1015

Errors represent the 1o uncertainties. The bolometric luminosity and photosphere radius are calculated based on the assumed luminosity distance D, =291 Mpc. The fit statistics between the
power-law (PL) model and PL plus blackbody (BB) model, AStat=Stat,, - Stat,,.gs represents the improvement in spectral fit by an additional BB component. The afterglow components are
generated based on our fiducial model.



Extended Data Table 2 | Photometry of the bright galaxy G1

Date Telescope Filter Magnitude

Archival GALEX FUV 20.84 +£0.19
Archival GALEX NUV 20.43 +0.12
1.0 uvoT u 20.06 +0.24
7.4 Gemini r 17.98 + 0.05
8.3 Gemini z 17.76 4+ 0.03
17.3 Gemini J 17.54 4+ 0.04
2.1 SAAO r 18.08 £ 0.05
2.1 SAAO i 17.85+0.05
Archival VISTA Y 17.66 4+ 0.07
Archival VISTA J 17.51 4+ 0.09
Archival VISTA Kg 17.53+0.10
29.4 HST F105W 17.56 +0.01
29.4 HST F140W 17.55+0.01
Archival WISE w1 18.38 +0.04
Archival WISE w2 18.80 +0.08
Archival WISE w3 17.294+0.15
Archival WISE w4 16.27 +0.50

Magnitudes are reported in the AB system and are not corrected for Galactic extinction. Errors represent the 1o uncertainties.
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Extended Data Table 3 | Summary of model fitting results

Dataset 1 Dataset 2
Model
x? /dof BIC x?/dof BIC
FS 487.7/63 517.4 286.2/63 315.9
FS-+KN 198.4/58 249 4 118.7/58 169.7
FS-+2KN 163.5/53 235.7 78.8/53 151.0

The fit statistics for the three different models analyzed in this work: a forward shock (FS) model, a forward shock and a kilonova (FS+KN), and a forward shock with a two-component kilonova
(FS+2KN). All available observational data are included in Dataset 1. Compared to Dataset 1, the TESS and ATCA detections are treated as upper limits in Dataset 2. The best-fit x* divided by the
degree of freedom (dof) and BIC obtained from all model fittings are compared.



Extended Data Table 4 | Model parameters, prior bounds and posterior medians from modeling of Dataset 1and Dataset 2
with a forward shock (FS) plus a kilonova model (KN)

Posterior

Parameter Prior

Dataset 1 Dataset 2
FS
logEq (erg) (50,60) 50-70t8€9 54'2633%
logny (cm™3) (-6.2) 1.875:% —4.35 13
logf. (rad) (-2,-0.5) —0.753:G2 ~1.4975-32
loge, (=6,-0.3) —0.4215:%7 ~3.017%;
logeg (-6,-0.3) —3.5970:19 —4.031'33
p (2.01,2.9) 2.1179-%3 2.6473-93
logéy (-5.0) ~141753 —2.9913%
KN
logM,; (M) (-3-1) ~1.20°3:G3 ~1.2073:03
logv,; (c) (-2,-0.3) —1.23°5:0 ~1.28"557
logr (cm™2 g71) (-12) —0.660 54 0.6670 1a
5 15) 11038 36907
Yeu (0.1,0.5) 0.3073-13 0.3079-12

A truncated-Gaussian prior distribution with mean 2.46 and standard deviation 0.20 is used for electron index p, while uniform priors are employed for other parameters. Errors represent the 1o
uncertainties.
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