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Prompt-to-afterglow transition of optical
emissioninalong gamma-ray burst
consistent with afireball

Received: 4 August 2022 Liping Xin®'", Xuhui Han', Huali Li', Bing Zhang ® 2%/, Jing Wang*,

Damien Turpin®, Xing Yang*, Yulei Qiu’, Enwei Liang*, Zigao Dai®’, Hongbo Cai',
Xiaomeng Lu', Xiang-Yu Wang’?, Lei Huang', Xianggao Wang*, Chao Wu',
Published online: 10 April 2023 He Gao®', JiaRen®”8, Lulu Zhang®, Yuangui Yang", Jingsong Deng"'? &
Jianyan Wei® """

Accepted: 27 February 2023

W Check for updates

Long gamma-ray bursts, which indicate the end-life collapse of very
massive stars, are produced by extremely relativistic jets colliding with
circumstellar medium. A huge amount of energy is released both in the first
few seconds, namely the internal dissipation phase, which powers prompt
emissions, and in the subsequent self-similar jet-deceleration phase, which
produces afterglows observed in the broadband electromagnetic spectrum.
However, prompt optical emissions of gamma-ray bursts have rarely been
detected, seriously limiting our understanding of the transition between
the two phases. Here we report detection of prompt optical emissions
fromagamma-ray burst (thatis, GRB 201223A) using a dedicated telescope
array with a high temporal resolution and a wide time coverage. The early
phase coincident with prompt gamma-ray emissions shows a luminosity
ingreat excess with respect to the extrapolation of gamma-rays, while

the later luminosity bump is consistent with onset of the afterglow. The
clearly detected transition allows us to differentiate physical processes
contributing to early optical emissions and to diagnose the composition

of thejet.

Along-duration gamma-ray burst (GRB) is produced by the collapse of ~ with a speed close to the speed of light'. Because of the relativistic
amassivestarintoablack hole or arapidly spinning, highly magnetized effects, the jet transitions from the internal dissipation phase that
neutronstar, with enormous energy emitted inthe entireelectromag-  produces promptemission to the self-similar deceleration phase that
netic spectrumin the first few seconds fromajet moving towards Earth  powers broadband afterglow within tens to hundreds of secondsin the
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Fig.1| GRB 201223A was observed by GWAC before, during and after the
GRB, providing the transition from prompt to afterglow emission and
insightinto the composition of GRB jets. The images show the GRB location
in16 consecutive frames obtained using the 0.18 m ground-based wide-angle
cameras owned by the National Astronomical Observatories, CAS, China, and
located at the Xinglong Observatory. Each GWAC telescope uses an unfiltered
4,000 x 4,000 pixel back-illuminated CCD (charge-coupled device) camera
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and typically achieves a 3¢ limiting magnitude of R15.4 mag for a10 s exposure.
The displayed images span the time interval from17:57:53 t0 18:01:23 uT on 23
December 2021. The arrows point to the location of the GRB optical counterpart
(right ascension 08 h 51 min 09.51 s, declination +71°10”47.4” (J2000.0)). The
right and upper directions denote East and North, respectively. The effective
exposure timerange is labelled in each frame, relative to the Swift BAT trigger
timein seconds.

observer frame. Even though this transition has been widely observedin
the X-ray band®?, itis not well studied in the optical band because of the
sparse coverage of optical emission throughout the entire gamma-ray
emission phase using telescopes withboth large field of view and high
sensitivity. Bright optical flashes associated with prompt emission have
been observed in several GRBs* ¢, but their immediate transition to
early afterglow was only studied in limited cases’. Other early optical

observations often show a significant emission component from a
bright reverse shock’’, which smears the clear transition signature
from prompt to afterglow emission. The Ground-Based Wide-Angle
Camera Array (GWAC)" is awide-angle (afield of view of 2,200°%built
currently), moderate-sensitivity (detection limitaround 16 mag) opti-
cal facility that can monitor a GRB prompt emission phase witha high
temporal cadence (integration times of 10 s), aiming to capture the
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Fig.2| A comparison of the prompt gamma-ray, X-ray and optical light curves
of GRB 201223A measured by Swift BAT, Swift XRT, Swift UVOT, GWAC and
F60A frombefore the event to ~10* s after the Swift trigger time. The BAT
emission from15-150 keV has been integrated over a 0.256 s time interval. The
horizontal lines for the individual data points denote the observing intervals
and the vertical lines represent the 1o error bars. The downwards arrows indicate
the upper limit for these measurements. The first optical emission was captured
coincidentally during the main gamma-ray pulse. The figure is separated into
two parts: the x axis in the left-hand panels before the trigger time is displayed
inlinear space, while the temporal axis in the right-hand panels after the trigger
timeis shown in logarithmic space. The measured optical light curves have four
segments. No optical emission was detected from the source before the trigger
time. After the peak time of the prompt gamma-ray emission, there is ashort-
lived plateau or a shallow increase of optical emissionin the first 17 s. After this,
arising feature was detected with atemporal power-law index of s = 0.66 + 0.30
tothe peak time of t, = 52+ 30 s, followed by a late temporal power-law decay
withanindex of ~1.07 + 0.15. The X-ray emission shows a similar behaviour to the
optical light curve. More information on the statistics is presented in Fig. 3.

emergence of optical flares accompanying the prompt high-energy
emission, as well as offering a glimpse of the clear transition from the
prompt to afterglow phase.

On 23 December 2020, GRB 201223A triggered the Bursts Alert
Telescope (BAT) on board the Neil Gehrels Swift Observatory" and the
Gamma-Ray Burst Monitor (GBM) of the Fermi Gamma-Ray Telescope
at 17:58:26 universal time (UT)""*. The duration of the gamma-ray
emission was -29 s with a 15-350 keV fluence of approximately
1.64 x107® erg cmon the basis of a cutoff-power-law spectral model”.

The afterglow was detected by the Swift X-Ray Telescope (XRT) and
Ultraviolet/Optical Telescope (UVOT)", withabright optical counterpart
0f16.76 + 0.06 magidentified ina UVOT-u filterimage about 292 s after
thetrigger. Nospectroscopic redshift was reported. If we conservatively
place the Ly« limit in the middle of the UVOT-u bandpass (346.5 nm;
ref.15), the redshift of GRB 201223A would be smaller than 1.85.

A large patch of the sky area covering GRB 201223A was moni-
tored continuously by GWAC with a cadence of 15 s, lasting for 95 min
from 16:48:31.9 to 18:23:41.9 UT covering 70 min before the GRB trig-
ger to 25 min after the trigger at the Xinglong Observatory in China.
These intense observations covered the entire process of the event.
The emergence of a fast transient within its field of view at the loca-
tion of GRB 201223A was serendipitously detected by one of the
GWAC instruments, which is temporally coincident with the prompt
gamma-ray pulses of the GRB (Methods). The optical counterpart was
detected in 16 consecutive images as shown in Fig. 1, which covered
the total duration of high-energy emission, providing a rare glimpse
of the temporal activity in the visual wavelengths around the onset
ofthe GRB.
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Fig.3|Optical and X-ray light curves of GRB 201223A and their modelling.
Optical data are derived from GWAC and GWAC-F60A, shown in red. The X-ray
fluxin blue is measured by the XRT instrument on board the Swift satellite. The
black dashed line shows the good fit during the temporal range [16 5:3,000 s]
with abroken power-law model. All the error bars denote the 1o statistical errors.
From the second GWAC measurement, the flux is brightening with a slope of
a,=0.66 + 0.30 before the peak time of t,, = 52 + 30 s. The optical emission enters
adecay phase as asingle power law with anindex of a, =-1.07 + 0.15. Reduced
x*=0.67 withadegree of freedom (DoF) of 28. The green dashed line reviews the
best fit for the X-ray light curve with a slope of 0.91 + 0.02 and ?/DoF = 77.0/20.

The event was also responded to automatically by the F60A tel-
escope after the alert message was received, resulting in optical obser-
vations starting 45 s after the gamma-ray trigger and stopping at-3 ks,
when the event faded to the limiting magnitude of -18.

The optical, X-ray and gamma-ray light curves are displayed in
Fig.2.We obtainthe BAT and XRT light curves from the XRT light curve
and spectral repository’. The observed 15-150 keV flux measured by
Swift BAT is integrated with a 0.256 s temporal resolution, showing
several spikes duringits activities. The main emission after the trigger
time lasts for about 10 s and some weak precursors are also observed.
The X-ray light curve shows a single-power-law decay with an index
of a,=0.91+0.02 (Fig. 3). During the decay phase, there is a weak sig-
nature of rebrightening, which indicates a reactivation of the central
engine. During and before the faint gamma-ray precursor, no optical
emission was detected in our images down to a limit of ~15.3 mag in
the R band. After its sudden appearance during the main gamma-ray
promptemission phase, the optical brightness remains briefly constant
duringthefirst two frames and thenrises rapidly to the peak of 14.5 mag
inthe Rband with apower-lawindexof 0.66 + 0.30. It reaches the peak
at52 + 34 sandthentransitions to adecay phase with a decay index of
~-1.07 + 0.15 (Fig. 3), which extends all the way down to the sensitivity
limitof the F60A at~3,000s.

So far only a small number of GRBs have been captured in the
optical band before the end of the high-energy emission. Among these
events, very few have been observed for the entire duration of the GRB.
For most GRBs, the prompt optical emission seems to be consistent
with or fainter than the extrapolation of high-energy emission to the
optical band, consistent with the same synchrotron radiation origin
as the gamma-rays''®. One exception was the naked-eye burst GRB
080319B, which showed a distinct optical emission component four
orders of magnitude above the extrapolation of gamma-ray emission®.
The prompt optical flash detected from GRB 201223A shows similar
behaviour. As shown in Fig. 4, its prompt optical emission is again
about four orders of magnitude above the extrapolation of gamma-ray
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Fig.4|Broadband spectra of the prompt phasein GRB201223A. Thered
solid data point was observed by GWAC. The grey data points were measured
by Swift BAT and other data were derived from Fermi GBM. The time duration
for all the datais from —2.31s to 7.69 s after the burst. The black dashed line
denotes the best-fitting model after the joint analysis of the GWAC data, Swift
BAT data and Fermi GBM data (Methods) have a spectral index of 0.24 + 0.17 and a
characteristic energy of 67.56 + 11.60 keV. The final x/DoF of 317.81/216 is derived
for thefitting. All the error bars represent the 1o statistical uncertainties. The
optical data are brighter than the extrapolation of the gamma-ray spectrum of
GRB 201223A by about four orders of magnitude, indicating a distinct radiation
mechanism for optical measurement and the high-energy band data. CPL,
cutoff-power-law.

emission, even though the flux s fainter by 9 mag. Considering that the
redshift of GRB 080319B° (z= 0.973) is lower than the redshift upper
limit of GRB 201223A, the peak prompt optical luminosity of GRB
201223A is probably smaller by more than two orders of magnitude
than that of GRB 080319B. Our observation suggests that whatever
physical mechanism operated in the naked-eye GRB (for example
synchrotron + synchrotron self-Compton®", emission from residual
internal shocks* or emission from decayed neutron shells*) is not lim-
ited to bright events and can apply to moderately bright GRBs as well.

The peak time of the bump indicates the time when the rela-
tivistic jet begins to decelerate after interacting with a sufficient
amount of mass in the external medium. Assuming that the burst
has aredshift close to the upper limit (that is, = 1.85) and taking the
measured gamma-ray spectral parameters, the burst has a typical
isotropic gamma-ray energy, £, ;, = 1.8 x 10* erg (Methods), with a
highinitial Lorentz factor (I, = 267"3n7"8) for its relativistic jet, where
nis the external medium density and (is the ratio of kinetic energy
to gamma-ray energy (Methods). The deceleration radius could be
constrained tobe R, = 2.2 x 107 cm. During the early afterglow phase,
the optical and X-ray emissions have a similar behaviour, as displayed
in Fig. 3, which agrees with the prediction of the standard afterglow
theory in the slow-cooling regime with v, <v, <v, <v,., wherev,, v,,
v, and v, are the characteristic synchrotron emission frequency with
minimum electron Lorentz factor, optical frequency, X-ray frequency
and synchrotron cooling frequency, respectively. The late X-ray emis-
sionis contaminated by a flaring or plateau-like rebrightening behav-
iour, which signifies a late-time central engine activity. The common
origin of the optical and X-ray early afterglow can also be seen from
the spectral energy distribution at 100-300 s (Fig. 5), which shows
that thejoint optical-X-ray spectral energy distribution has aspectral
index (Box =2.00 + 0.05) similar to that derived with the X-ray data only
(Bx=1.77 £ 0.49).
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Fig. 5| The spectral energy distribution between X-ray and optical
wavelengths during the time window from 100 to 300 s after the Swift BAT
trigger time. The X-ray spectruminblack is extracted from Swift XRT data. The
red dataare measured from GWAC data. The joint fitting with GWAC R-band
data and X-ray data gives a photon index of By = 2.00 + 0.05 with x*/DoF =3.47/6
after taking photoelectric absorption (wabs model) into account using the
X-Ray Spectral Fitting Package (Xspec12)**, which agrees with that derived by
fitting the X-ray data only (B, = 1.77 + 0.49 with x/DoF = 4.05/5). The fitting result
with the total model (wabs + powerlaw) is shown in cyan and the only power-

law component is displayed as a grey dashed line. The UVOT data, which were
notincluded during the fitting (Methods and Supplementary Fig. 1), are also
displayed. The error bars represent the lo errors.

Itis widely believed that long GRBs originate from the collapse of
massive stars”. The leading candidate for the long GRB progenitorisa
Wolf-Rayet star”. A major fraction of its mass is expected to be lost in
theformofthestellar wind before the collapse. The fact that the ambient
medium has a constant-density profile can place an upper limit on the
ejected wind mass from the progenitor. For awind profile with p = Ar
(p, wind medium density; r, distance from the burst), where
A = M/4TtV,, = 5 x 1014, gcm™ (A, parameter of stellar wind density;
V,, velocity of the stellar wind), the non-detection of awind mediumat
early times placesatight upper limit** of A, <3.4 x1072n"2 (Methods),
two orders of magnitude smaller than the typical value expected from
a Wolf-Rayet stellar wind with A,=1; the latter corresponds to
M =1x10"Mg yr~! and V,,=1,000 km s*. Taking the highest wind
velocity of 5,000 km s from known Wolf-Rayet stars in our Galaxy?®,
we can derive a conservative upper limit of the mass loss rate
M < 1.7 x 10~°M_, yr~!, which gives an upper limit of the mass of the
progenitor of -3.8 M, with the relation of mass-loss rate and the stellar
mass of Wolf-Rayet stars”’ (Methods). Thisisin contrast to the naked-eye
GRB 080319B, which clearly showed awind medium and amuch larger
mass-loss rate and Wolf-Rayet stellar mass. This suggests that the
mechanism producing excessively bright prompt optical emission can
operate in progenitor systems with a wide range of mass-loss rate.

The transition from prompt to afterglow emission in the optical
band was reported’in GRB 050820A with along duration of -750 s. The
optical observationstarted 5 s after the trigger of itsinitial precursor,
which allowed us to detect the superposition between a component
that tracks late prompt emission due to continued central engine
activity and another smooth component, probably associated with
the onset of early afterglow. For GRB 201223A, the transition from
promptemission to afterglow in the optical wavelengthis very smooth
without any signature of late central engine activities, and the forward
shock emission component before the deceleration of the relativistic
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outflow was clearly detected immediately after the initial trigger. This
offers a new insight into the diversity of the energy release of a GRB
jet directly after the initial explosion. The clear prompt-to-afterglow
transition signature in GRB 201223A benefits from the lack of abright
reverse shock emission componentas observed in some other GRBs’”’.
Physically, this could be because either the jet is Poynting flux domi-
nated® oritisapure fireball with the reverse shock typical synchrotron
frequency below the optical band at shock crossing®. For the three
possibleinterpretations of the prompt emission optical excess®**?, a
matter-dominated ejectais needed. As aresult, afireball composition
givesaunified interpretation to the early optical emission of this event.

Because GRBs are unpredictable in both time and spatial direc-
tion, simultaneous observations of the entire activity of GRBs in both
gamma-rays and optical wavelength without any delay are a great
challenge even afterimproving the high slewing speed of the follow-up
telescopes. This limits progress in studying the physical processes
during the prompt emission and early afterglow phases of GRBs. The
successful detection of prompt optical emission directly after the trig-
ger of this ~29-s-long GRB with GWAC further confirms the feasibility
of capturing any bright but short-duration signals from GRBs using
large-field-of-view instruments. It is foreseeable that prompt optical
observation of short duration originating from neutron stars will be
made using a similar technique in the near future.

Methods
Optical observations and data analysis
The GWAC system has been developed for a cosmic bright optical
transient survey as one of the main ground-based facilities of a China-
France satellite mission (SVOM)'° dedicated to the detection and study
of GRBs, aiming to detect various short-duration astronomical events
including the electromagnetic counterparts of GRBs by imaging the
skyatacadence of15sdowntoR ~16.0 mag, under automatic observa-
tionmanagement®°. Areal-time pipeline for ashort-duration transient
alert system was developed in the GWAC system, named the GWAC
transient alert system®. The method of catalogue cross-matching is
used to search any short-duration transients in the real-time pipeline
for GWAC data. All candidates passing through the filters would be fol-
lowed by two 60 cm optical telescopes (F60A and F60B) within 2 min
after thealerts, and consequently confirmed or rejected automatically
by another real-time pipeline developed for F60A/B data®. The first
four units of GWAC with 16 cameras (diameter D =18 cm) have been
built at Xinglong Observatory, China. The total field of view is currently
about 2,200°% The location of GRB 201223A was monitored during
our survey on 23 December 2012 lasting from 16:48:31.9 t0 18:23:41.9
universal time (UT), which covers the onset of the burst triggered by
the Swift satellite (17:58:26 uT). When our system received the alerts,
GWACdid not carry out point adjustment duetoits large field of view,
but compared the highly precise localization of the event provided by
the instruments of the Swift satellite. The images for this event were
not discontinued and 256 white-band images were obtained in total.
We performed the analysis of the GWAC images with standard
aperture photometry at the location of the burst and for several nearby
bright reference stars by using the IRAF*> APPHOT package, including
the corrections of bias, dark and flat field in a standard manner. Because
of the faintness of the transient, a small radius of the aperture for the
photometry was selected, 1 FWHM pixel for each image. The FWHM
is the full-width at half-maximum, which is typically used to describe
the energy centralization of an image. The FWHM for each frame was
individually measured using the same nearby bright source list, yield-
ing atypical value of 1.8 pixels with a variation of 0.1 pixels during our
observations. After differential photometry, the finally calibrated
brightness of the optical counterpart was transformed to the R band
in the Johnson-Cousins system®. For the images obtained before the
trigger time, no signal was detected. We stacked four successive single
images into one co-added image to deepen our detection capability.

No credible signal was detected in any of the combined images before
the Swift trigger time.

The narrow-field optical telescope F60A has a rapid follow-up
system for GRBs triggered by the Swift BAT instrument. This telescope
is located near the GWAC facilities and jointly operated by Guangxi
University and National Astronomical Observatories, CAS, China. The
diameter of the telescopeis 60 cm, its field of view is 19 arcmin and the
pixel scale is 0.56 arcsec when equipped with a 2k x 2k astronomical
CCD detector. When GRB 220213A was triggered, F60A pointed to
thelocation of the alert rapidly and started to image the sky 45 s after
the onset of the event. A series of R and l images was obtained with a
predefined strategy depending on the delay for the first measurement.
Alltheimages are processedinastandard manner with correctionof the
bias, dark and flat field. All theimages are aligned with areference of the
brightsourcelistintheimages. Aperture photometry was utilized with
the same method for GWAC images. Because of the decaying nature of
the optical afterglow, the images obtained at later time were combined
toincreasethesignal-to noiseratio. InFig.2, the magnitude was shifted
tothe Rband by adding 0.2 mag to normalize the optical light curves.

Asmoothed broken power-law model, that is

r=nl(e)” (&) 0

was utilized to model the optical light curve with the result shown in
Fig.2, wheretisthetime (in units of seconds) since the Swift BAT trigger,
foisthe normalization constant, a; and a, are the temporal decay indi-
ces, t,isthe broken time and wis the smoothing parameter.

Swift and Fermi GBM data analysis

We downloaded the Swift BAT data for GRB 201223A from the Swift
archive website. batbinevt was used to extract the total light curve. The
time-integrated spectrum near the Swift high-energy peak from-2.31
t07.69 s after the Swift trigger time was derived. We also downloaded
GRB201223A archival data from the Fermi GBM website. The standard
analysis was carried out with the Fermi data analysis tools and the
HEAsoft packages. GRB 201223A was detected by several detectors. We
chose the datafrom the Nal detectorsn7 and n8 and the BGO detector
blonthe basis of the signal-to-noise ratios of each detector. The light
curve (Supplementary Fig. 2) in each detector relative to the Swift BAT
trigger time was extracted with gtbin. The background was selected in
the time ranges of [-60 s:-20 s] and [100 s:140 s] relative to the Swift
trigger time. A joint analysis was performed via Xspec12** for the GWAC
data, the Swift BAT data and the Fermi GBM data with three models: the
single power-law model

A(E) = KE™*, (2)

where £ is the energy in keV, a is the power-law photon index and K is
the normalization constantin photons keV' cm™s™at1keV; the cutoff
power-law model

A(E) = KE—* e~E/B, 3)
where S is the e-folding energy of the exponential roll-off in keV, and
the Band function® model

AB)=
K(E/100)™ exp (—E/E,) ifE<E. (op—0a3)

K[(ay — ay) E./100]“ ™ (E/100)* exp [— (a; — )] ifE>E, (a—at) ’
)

where a,and 8, are the low-energy and high-energy spectral indices and
E.isthecharacteristicenergyinkeV. Thefitting results (Supplementary
Table1) suggest that the cutoff power-law modelis the best model, and
the result from this model is displayed in Fig. 4.
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The Swift XRT data are downloaded from the Swift data archives.
Thelight curve (Fig.3) and spectrum (Fig. 5) at the time epoch between
100and 300 s after the trigger were extracted via the HEAsoft packages
and the Swift data analysis tools. The Swift UVOT data for GRB201223A
were downloaded from the Swift archive website. The standard data
products were obtained. The photometriesin each filter were derived
to build the multiwavelength light curves (Fig. 2 and Supplementary
Fig.1). The UVOT data were modelled with the assumption of an ach-
romatic decay in optical wavelengths during the forward shock phase
(Supplementary Fig. 1), which resulted in the predicted brightness in
Swift UVOT-u, Swift UVOT-b and Swift UVOT-v filters 200 s after the
Swift trigger time (Fig. 5). During the procedure, UVOT-white-band
data were excluded because of their broad wavelength coverage, and
the datafrom UVOT-W1, UVOT-W2 and UVOT-M2 were not considered
because of their non-detection (Fig. 2 and Supplementary Fig. 1).

Isotropic energy

The parameters of the time-integrated spectrum were adopted
from the Fermi GBM data'. With the same method*®, the isotropic
energy could be estimated by integration of the GBM spectrum
from 1keV to 10,000 keV in the burst frame, under an upper
limit of z=1.85 on the basis of the detection of the Swift UVOT with
a blue filter”. The isotropic gamma-ray energy is estimated to be
Ey riso~1.8 107 erg.

Initial Lorentz factor and deceleration radius
We can calculate the initial Lorentz factor with the peak time of the

3, (1+z)3 Ve 1+z 3/8
£ ) 170638 (12y7C FIf8 v
2npnmycse dec2® 2

k,52 ’
dec
where E,is the totalisotropickineticenergyinthefireballand ¢, isthe
onset of the afterglow when therelativisticjet startsto decrease, which
should be near the peak time of the bump. Taking £, i, = 1.8 x 10* erg,

and £, = (0 = 1:Iﬂl_f‘,,iso,where 1y =Eyiso/ (Eyiso + Exis0) isthe GRB radia-

onsetoftheafterglow’, I, ~ 0.93/8(

3/8
tive efficiency, we obtain Iy ~ 233(1/8n—1/3(“72) ~ 26708018 when
z=1.85 is adopted. Consequently, Ry = 2¢l*t4.(1+2z) would be
~2.2 x10” cmfor typical parameters (7, =0.5,{=1,n=1and z=1.85).

Constraint on the parameter of stellar wind density
Assuming there is a stellar wind due to the massive stars, the
wind-to-interstellar medium transition time T, at transition radius R,
canbe estimated”*” with therelation 7, = 15h (=) £ 1,42 n! ~ 50s.
Thus, wehave A,,_’n"' = 6.5 x 107E, 5. A, is a parameter of stellar wind
density***” scaled with the typical values in terms of the wind from a
Wolf-Rayet star. The GRB radiative efficiency has a typical value n,
(refs.38-41) from 3% to ~90%. Assuming that i, =~ 50% for GRB201223A,
E, = 1.8 x10% ergwould be obtained. Consequently, an upper limit could
beinferred of 4,~3.4 x102n"2

With the definition of the stellar wind density 4 = M/4ntV,, =
5x10"A, gcm™, we note that for a given A, the higher the velocity
V,, the higher the mass loss rate M. On the basis of ref. 26, the velocities
ofthe stellar wind for the Wolf-Rayet stars in our Galaxy are distributed
in the range between 700 kms™ and 5,000 km s™. Taking the
highest velocity of 5,000 km s™, the upper limit of the mass of the
progenitor could be estimated to be 3.8 M, on the basis of the rela-
tion””*? between the mass loss rate and the mass of a Wolf-Rayet star
M~ 6 x 10-8("%) " Mg yrL

©

Data availability

Datagenerated or analysed during this study areincluded in this Article
(and its Supplementary Information). Source data are provided with
this paper.

Code availability
The analysis codes used to generate the data presented in this study are
available from the corresponding authors upon reasonable request.
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