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ABSTRACT

Context. Gamma-ray bursts (GRBs) are extremely bright phenomena powered by relativistic jets arising from explosive events at cosmological
distances. The nature of the jet and the configuration of the local magnetic fields are still unclear, with the distinction between different models
possibly provided by the detection of early-time polarisation.
Aims. Past observations do not agree on a universal scenario describing early-time polarisation in GRB afterglows, and new studies are necessary
to investigate this open question. We present here the discovery of GRB 240419A, its redshift determination of z = 5.178, its early-time optical
polarimetry observations, and the multi-wavelength monitoring of its afterglow.
Methods. We analysed three epochs of polarimetric data to derive the early-time evolution of the polarisation. The multi-wavelength light curve
from the X-rays to the near-infrared band was also investigated to give a broader perspective on the whole event.
Results. We find a high level of polarisation, P = 6.97+1.84

−1.52%, at 1740 s after the GRB trigger, followed by a slight decrease up to P = 4.81+1.87
−1.53%

at 3059 s. On the same timescale, the polarisation position angle is nearly constant. The multi-band afterglow at the time of the polarisation
measurements is consistent with a forward shock (FS), while the earlier evolution at t − t0 . 700 s can be associated with the interplay between
the forward and the reverse shocks or with energy injection.
Conclusions. The detected polarised radiation when the afterglow is FS-dominated and the stable position angle are consistent with an ordered
magnetic field plus a turbulent component driven by large-scale magnetohydrodynamic instabilities. The lack of a jet break in the light curve
prevents a comparison of the polarisation temporal evolution with theoretical expectations from magnetic fields amplified by microscopic-scale
turbulence, limiting our ability to constrain the observer’s viewing angle. Notably, GRB 240419A is the most distant GRB with a detected polarised
optical afterglow, extending the redshift range for such measurements.
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1. Introduction

Gamma-ray bursts (GRBs) are luminous γ-ray flashes pro-
duced by either the collapse of massive stars or the merger
of compact binaries. Following this destructive event, a rel-
ativistic jet is launched. The observed gamma-ray radiation
is produced as electrons are accelerated within the colli-
mated outflow by internal shocks (e.g. Rees & Meszaros 1992;
Meszaros & Rees 1993; Kobayashi et al. 1997; Sari & Piran
1997; Daigne & Mochkovitch 1998; Kumar & Piran 2000) or
magnetic reconnection in magnetised outflows (Spruit et al.
2001; Drenkhahn 2002; Drenkhahn & Spruit 2002; Zhang &
Yan 2011). This prompt phase typically lasts from fractions up
to hundreds of seconds, and the measure of its duration led to
the first classification into long and short GRBs, with the sep-
aration at around 2 seconds (Kouveliotou et al. 1993). The for-
mer have been confirmed to be typically associated with type-Ic
broad line (BL) supernovae by several joint observations (see
e.g. Galama et al. 1998; Hjorth et al. 2003; Fruchter et al. 2006;
Woosley & Bloom 2006; Hjorth & Bloom 2012; Modjaz et al.
2016; Cano et al. 2017), whereas the latter arise from a com-
pact binary merger, as has been confirmed by the joint detec-
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tion of the outstanding gravitational wave event GW170817, the
related short GRB 170817A, and the kilonova (KN) AT2017gfo
(Abbott et al. 2017; Pian et al. 2017; Tanvir et al. 2017). How-
ever, this classification is currently challenged by the observa-
tions of peculiar events, such as short-duration GRBs with a
supernova association (GRB 200826A, Rossi et al. 2022), and
long-duration bursts with a clear detection of a related KN
(GRB 211211A, Rastinejad et al. 2022; Troja et al. 2022, and
GRB 230307A, Levan et al. 2024). After the prompt phase,
the expanding jet interacts with the surrounding medium and
two shocks are produced: a forward shock (FS) powering the
afterglow emission, which covers the electromagnetic spec-
trum from the X-rays up to the radio with different timescales
and energetics, and a reverse shock (RS), propagating back-
wards into the decelerating jet (Piran 1999; Zhang et al. 2003;
Zhang & Kobayashi 2005). The FS allows us to investigate
the energetics, the geometry, and the surrounding environment,
while the short-lived RS, whose presence is typically revealed by
an optical flash and/or a radio flare, can probe the jet composi-
tion and magnetisation (see e.g. Sari & Piran 1999; Zhang et al.
2003; McMahon et al. 2006).

More than 20 years of GRB observations with high-energy
satellites and ground-based telescopes has revealed a great

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A49, page 1 of 16

https://doi.org/10.1051/0004-6361/202555757
https://www.aanda.org
http://orcid.org/0009-0000-0564-7733
http://orcid.org/0000-0001-9078-5507
http://orcid.org/0000-0002-6950-4587
http://orcid.org/0000-0001-5108-0627
http://orcid.org/0000-0002-6169-2720
http://orcid.org/0000-0002-7114-6010
http://orcid.org/0000-0001-7164-1508
http://orcid.org/0000-0002-7400-4608
http://orcid.org/0000-0001-9695-8472
http://orcid.org/0000-0001-7946-4200
http://orcid.org/0000-0003-1792-2338
http://orcid.org/0000-0003-4663-4300
http://orcid.org/0000-0001-9398-4907
http://orcid.org/0000-0002-9133-7957
http://orcid.org/0000-0001-6278-1576
http://orcid.org/0000-0003-2449-1329
http://orcid.org/0000-0002-4036-7419
http://orcid.org/0000-0002-4488-726X
http://orcid.org/0000-0002-9404-5650
http://orcid.org/0000-0002-7077-7195
http://orcid.org/0000-0003-3457-9375
http://orcid.org/0000-0002-8860-6538
http://orcid.org/0000-0002-9393-8078
http://orcid.org/0000-0003-3935-7018
mailto: riccardo.brivio@inaf.it
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Brivio, R., et al.: A&A, 703, A49 (2025)

diversity of events, sometimes challenging the above ‘fireball’
model (Piran 1999) and highlighting the need for complemen-
tary techniques to investigate these events. Polarisation anal-
ysis is especially powerful because it provides insights into
the jet geometry, the magnetic field configurations in the emit-
ting region, and the outflow composition (for a review, see
Covino & Gotz 2016). Some degree of polarisation (a few per-
cent) is expected to emerge in the optical flux from the FS as
a signature of synchrotron radiation (Mészáros & Rees 1997),
depending on the morphology and intensity of the shock-
generated magnetic field (see e.g. Gruzinov & Waxman 1999;
Medvedev & Loeb 1999). The magnetic field structure, together
with the observer’s viewing angle and the jet composition,
strongly impacts the polarisation degree, P, which is expected
to evolve with time. In particular, the magnetic fields can
originate and be amplified through either kinetic or magneto-
hydrodynamic (MHD) instabilities. Kinetic processes such as
the Weibel instability generate small-scale, tangled fields on
plasma skin depth scales, whereas large-scale, turbulent fields
on blast wave thickness scales can result from MHD instabili-
ties. These two regimes produce distinct polarisation signatures,
particularly during the early afterglow (see Rossi et al. 2004;
Teboul & Shaviv 2021; Kuwata et al. 2023, 2024). In addition,
geometrical models linking the variation in the FS polarisation
degree and position angle to the afterglow light curve evolution
(Ghisellini & Lazzati 1999; Sari 1999) have been successfully
deployed to explain afterglow polarimetric observations in some
bursts, including GRB 021004 (Lazzati et al. 2003; Rol et al.
2003), GRB 091018 (Wiersema et al. 2012), and GRB 121024A
(Wiersema et al. 2014). A very bright source and a large signal-
to-noise ratio (S/N) in the observations are also needed for suc-
cessful polarisation detection. In the ideal case of polarisation
detection at multiple epochs, although uncommon, it is possi-
ble to infer the intrinsic parameters of the source. If such detec-
tions are secured before and after the jet break in the afterglow
light curve, i.e. the time when the broad-band emission under-
goes an achromatic steepening (Rhoads 1999), its diagnostic
power is even more powerful. Such cases can reveal specific fea-
tures in the polarisation curve (e.g. a 90◦ position angle rotation,
Ghisellini & Lazzati 1999), and, more generally, the polarisation
time evolution also depends on the jet break time (Rossi et al.
2004).

The RS can be highly polarised if an ordered magnetic field
advected from the central source is present (Granot & Königl
2003; Lyutikov 2003). In particular, we expect P ranging from
∼10% to ∼60% in the optical band in case of tangled or large-
scale ordered fields, respectively. This has a relevant diagnostic
power, since it can provide a measure of the jet magnetisation
parameter, σB (as for GRB 120308A, see Mundell et al. 2013;
Zhang et al. 2015), which impacts the relative luminosity of the
RS compared to that of the FS. In the case of a polarised RS, we
also expect a stable or a randomly varying polarisation position
angle depending on the specific magnetic field configuration and
instabilities present in the emitting region (Gruzinov & Waxman
1999). Hereafter, we only discuss linear polarisation, which we
refer to just as polarisation.

Extensive polarimetric observations of late-time optical
afterglows have been obtained in the past years, showing a
polarisation degree at a typical level of a few percent (e.g.
Covino et al. 1999, 2003; Rol et al. 2000; Greiner et al. 2003;
Gorosabel et al. 2004; Wiersema et al. 2012, 2014; Urata et al.
2023; Brivio et al. 2022; Agüí Fernández et al. 2024). This was
usually associated with the FS emission from the shocked ambi-
ent medium, which dominates at these times, with low polarised

radiation expected. On the other hand, at earlier times (before
10 000 seconds from the GRB trigger), some optical afterglows
show a level of polarisation up to tens of percent (see Table 1).
This larger polarised emission has been associated with the pres-
ence of ordered magnetic fields within the jet. In particular,
a high level of polarisation at an early time may be the sig-
nature of a RS, even if studies on previous observations do
not always agree on this point (Steele et al. 2009; Uehara et al.
2012; Mundell et al. 2013). Thus, additional early polarimetric
observations are crucial to distinguish among different origins;
for example, a pure FS (Uehara et al. 2012; Urata et al. 2023;
Mandarakas et al. 2023), a dominant RS (Steele et al. 2009;
Mundell et al. 2013; Steele et al. 2017), or cases showing polar-
isation in both FS and RS regimes (Arimoto et al. 2024), with
additional mechanisms (e.g. energy injection, Shrestha et al.
2022; or refreshed shocks, Agüí Fernández et al. 2024) possi-
bly contributing. Additional observations of early-time opti-
cal polarisation have been obtained for other events during the
prompt phase. For example, GRB 160625B exhibited a rela-
tively high polarisation degree (up to ∼8.3%) within 330 seconds
from the burst trigger, although its origin is likely contami-
nated by the prompt emission (Troja et al. 2017). A similar inter-
pretation was provided for the early time polarisation (P =
7.7±1.1%) accompanying GRB 190114C (Jordana-Mitjans et al.
2020). This makes a direct comparison with polarisation arising
from the afterglow phase difficult, and we exclude such cases
from further considerations.

In this work, we present the discovery of GRB 240419A,
detected by the Neil Gehrels Swift Observatory (hereafter Swift,
Gehrels et al. 2004), and the analysis of its afterglow. Polarisa-
tion measurements from around 30 minutes from the burst trig-
ger were secured, yielding a high level of optical polarisation.
Additional optical and near-infrared (NIR) imaging observations
were obtained at comparable timescales. The spectral analysis
revealed a remarkable redshift of z = 5.178 (Schneider et al.
2024a), making it the most distant GRB with polarised opti-
cal afterglow ever detected. This work is organised as fol-
lows: in Sect. 2, we present the observations carried out for
GRB 240419A, while in Sect. 3 we describe the data analysis
and present the results for the polarisation data and the broad-
band afterglow. In Sect. 4, we provide a detailed discussion of
these results, while our conclusions are summarised in Sect. 5.

We adopt the ΛCDM model with cosmological parame-
ters ΩM = 0.308, ΩΛ = 0.692, and H0 = 67.8 km s−1 Mpc−1

(Planck Collaboration XIII 2016). All magnitudes presented in
this work are given in the AB system. Unless otherwise stated,
errors are at the 1σ confidence level (c.l.) and upper limits at a
3σ. For the flux density of the afterglow, we adopt the conven-
tion Fν(t) ∝ tανβ.

2. Observations

2.1. Gamma and X-rays

GRB 240419A was detected by the Swift Burst Alert Tele-
scope (BAT; Barthelmy et al. 2005) on April 19, 2024 at
t0 = 01:48:01 UT (Siegel et al. 2024), at a refined position,
(J2000) RA = 06:18:01.3, Dec =−44:57:50.2, with an uncer-
tainty of 3.0′ (radius, 90% c.l., Parsotan et al. 2024). The peak
count rate is ∼1500 counts s−1 (in the 15−350 keV band) at ∼1 s
after the trigger (Parsotan et al. 2024). The measured duration
of the burst is T90 = 114.26 ± 33.13 s. The fluence in the
15−150 keV band is 6.3 ± 1.3 × 10−7 erg cm−2 and the 1-s peak
photon flux measured from t0 + 0.35 s in the same band is
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Table 1. GRBs with detected early-time (t − t0 . 10 000 s) polarised optical light from the afterglow phase.

GRB z P [%] t − t0 [s] Rest frame t − t0 [s] Reference

090102 1.55 10.2 ± 1.3 190 74.5 Steele et al. (2009)
091208B 1.063 10.4 ± 2.5 149–706 72–342 Uehara et al. (2012)
101112A .3.5 6+3

−2 176–355 – Steele et al. (2017)
6+4
−3 715–893 –

110205A 2.22 13+13
−9 240–840 74.5–291 Steele et al. (2017)

120308A 2.2 28+4
−4 240 75 Mundell et al. (2013)

16+5
−4 800 250

121024A 2.298 4.09 ± 0.20 9698 2854 Wiersema et al. (2014)
180720B 0.654 ∼0.5−8 80–2000 48.4–1209 Arimoto et al. (2024)
190114C 0.4245 7.7 ± 1.1 52 36.5 Jordana-Mitjans et al. (2020)

∼2−4 108–2000 76–1375
191016A 3.3 4.7 ± 4.1 3987–4587 927–1067 Shrestha et al. (2022)

11.2 ± 6.6 4587–5187 1067–1206
14.6 ± 7.2 5787–6387 1346–1485

191221B 1.148 1.4 ± 0.1 10454 4867 Urata et al. (2023)
210610B 1.1341 4.27 ± 1.45 10411 4878.5 Agüí Fernández et al. (2024)
210619B 1.937 2.2 ± 0.7 6537 2225.7 Mandarakas et al. (2023)

2.6 ± 0.8 6751 2298.6

0.7±0.1 ph cm−2 s−1. The best fit for the time-averaged spectrum
is provided by a simple power-law model, with photon index
Γ = 1.64 ± 0.32 (errors at 90% c.l.).

The Swift X-ray Telescope (XRT; Burrows et al. 2005)
began observing the field at 01:49:51.1 UT; that is, 110.1 s
after the BAT trigger, and found a bright, uncatalogued, fad-
ing X-ray source, located at the enhanced position, (J2000)
RA = 06:18:08.17, Dec =−44:59:58.3, with an uncertainty of
2.2′′ (radius, 90% c.l., Goad et al. 2024). Follow-up observations
were carried out up to ∼1.9 d after t0, when the source became
too faint to be detected. The analysis of the Swift/XRT observa-
tions is presented in Sect. 3.1.

2.2. Optical/NIR afterglow

The field of GRB 240419A was observed from the ground with
optical and NIR telescopes starting just a few minutes after the
trigger. We present here all the observations we carried out and
all the results of the observations described in the following are
reported in Table A.1.

The optical/NIR afterglow was discovered by the 0.6m
robotic Rapid Eye Mount telescope (REM; Zerbi et al. 2001;
Covino et al. 2004), located at the European Southern Obser-
vatory (ESO) in La Silla (Chile). The observations started on
April 19, 2024 at 01:49.38 UT, 97 s after the burst, and lasted
for about 3 hours. All the images were automatically reduced
through the jitter tool of the eclipse package (Devillard
1997), which performs image registration, sky estimation, and
subtraction through the median combination of five individual
images to obtain one average frame for each sequence. A vari-
able source was found within the XRT error circle in all H-band
images (Ferro et al. 2024) and from the early-time observations
in the i band. Upper limits were derived for the g and r optical
bands, while the presence of strong fringes in the z-band frames
did not allow us to perform a reliable analysis on such images.
The J and K filters were not available at the time of the observa-
tions.

The optical afterglow was also observed with the
FOcal Reducer/low dispersion Spectrograph 2 (FORS2;

Appenzeller et al. 1998) mounted on the ESO Very Large Tele-
scope (VLT) Unit Telescope 1 (UT1-Antu), at Cerro Paranal,
Chile. The observations began automatically in rapid response
mode (RRM)1 on April 19, 2024, at t − t0 ∼ 20.9 min. Observa-
tions consist of three images in the Rspecial filter (λ0 = 6482 Å,
FWHM = 1645.55 Å) at the relatively high airmass of 2.1, with
an exposure time of 20 s each. Data reduction was carried out
following the standard procedures: after bias subtraction, non-
uniformities were corrected using a normalised flat-field frame
processed with tools from the Swift Reduction Package (SRP)2.
The afterglow was detected within the XRT error circle at
the coordinates (J2000): RA = 06:18:08.17, Dec =−44:59:57.3
(Schneider et al. 2024b) with an uncertainty of 0.5′′. The
astrometry of the field was determined using the SkyMapper
DR4 (Onken et al. 2024) catalogue. An acquisition image dis-
playing the position of the optical afterglow is shown in Fig. 1.
FORS2 then observed the field in imaging polarimetry (IPOL)
mode for ∼30 min, from ∼26.6 to 58.0 min after the trigger.
The target was detected in all frames and the details about
the polarisation analysis are reported in Sect. 3.3. The Swift
UltraViolet-Optical Telescope (UVOT; Roming et al. 2005) also
observed the field but found no source consistent with the XRT
position, and upper limits were derived (Shilling et al. 2024).

Further observations of GRB 240419A were also obtained
with the ESO-VLT UT2 (Kueyen) equipped with the Ultraviolet
and Visual Echelle Spectrograph (UVES; Dekker et al. 2000),
still in the RRM mode (Schneider et al. 2024a). Observations
started at 02:15:42 UT (27.7 min after the GRB) at an average
airmass of 2.4 and the spectra covered a wavelength range from
3700 to ∼9400 Å, with a total exposure time of 30 min. The anal-
ysis of the spectrum is presented in Sect. 3.2.

We obtained imaging of the field of GRB 240419A with the
0.6 m wide-field MeerLICHT optical telescope (Bloemen et al.

1 ESO designed the RRM protocol to automatically trigger observa-
tions of GRBs by interrupting ongoing observations and quickly redi-
recting telescopes towards the target in about 8−10 minutes.
2 http://www.me.oa-brera.inaf.it/utenti/covino/
usermanual.html

A49, page 3 of 16

http://www.me.oa-brera.inaf.it/utenti/covino/usermanual.html
http://www.me.oa-brera.inaf.it/utenti/covino/usermanual.html


Brivio, R., et al.: A&A, 703, A49 (2025)

Fig. 1. Acquisition image of the field of GRB 240419A observed by
VLT/FORS2 on April 19, 2024 at t − t0 ∼ 20.9 min. The blue circle
marks the position of the optical afterglow.

2016) located at the South African Astronomical Observatory
(SAAO) site in Sutherland, South Africa. Observations began at
t−t0 ∼ 0.65 d and consisted of a series of 300 s exposures in the i,
z, and q (440−720 nm) filters. No optical source was detected at
the position of GRB 240419A in any of the individual exposures.
We also performed observations with the BlackGEM telescope
array (Groot et al. 2024) located at the ESO La Silla Observa-
tory in Chile. Observations were obtained with unit telescope 2
(BG2) and consisted of 2× 300 s exposures in each of the i and z
bands, with the first exposure starting at ∼0.89 d post-trigger. We
detected the optical afterglow in a single z-band frame but not in
the other images.

2.3. Other observations

The event was followed up with the Australia Telescope Com-
pact Array (ATCA) at 5.5, 9, and 18 GHz as part of the Long-
term ATCA ‘PanRadio GRB’ follow-up programme C3542 (PI
Anderson). ATCA began observing at 04:00 UT on April 19,
2024 (132 min post-burst) up until 12:30 UT. A source coin-
cident with the XRT position was marginally detected with
63± 18 µJy/beam at 18 GHz (Chastain et al. 2024). Upper limits
at 39 and 42 µJy/beam were obtained at 5.5 and 9 GHz, respec-
tively.

3. Data analysis and results

3.1. X-rays

We retrieved the count-rate Swift/XRT light curve of
GRB 240419A from the GRB XRT light curve repository3

(Evans et al. 2007, 2009). The light curve comprises 19.9 ks
of data obtained between t0 + 117 s and t0 + 162.2 ks, all in
photon counting (PC) mode. The light curve can be fitted with
a double broken power law. It initially decays with an index
αX,1 = −5.4 ± 0.3, then it follows a slope αX,2 = 0.1 ± 0.2
from 246 ± 15 s to 1629 ± 303 s after t0, and at later times it
decays with αX,3 = −1.2 ± 0.1. The resulting fit statistics is
χ2/d.o.f. = 4.34/10. We display the X-ray light curve, along
with its best fit (dashed blue line), in Fig. 4.

3 https://www.swift.ac.uk/xrt_curves/01222955

Fig. 2. Swift/XRT PC mode spectrum of GRB 240419A. The best fit is
shown in orange (top panel). The ratio between the data and the folded
model is displayed in the bottom panel.

We also retrieved spectral data from the Swift/XRT GRB
spectrum repository4 and analysed the spectrum. The source
spectrum was first grouped to have at least 20 counts per bin
and fitted with an absorbed power-law model within the XSpec
package (Version 12.14.1, Arnaud 1996), keeping the Galac-
tic contribution NH and the redshift fixed at 6.63 × 1020 cm−2

(Willingale et al. 2013) and 5.178 (see Sect. 3.2), respectively.
We obtained a photon spectral index of Γ = 2.17+0.18

−0.17 and a best-
fitting intrinsic column density of NH,z = 1.0+0.6

−0.3 × 1023 cm−2,
in excess of the Galactic value. The resulting fit statistics is
χ2/d.o.f. = 15.01/16. The spectrum and its best fit are shown
in Fig. 2.

3.2. Spectral analysis

The optical spectrum of GRB 240419A was obtained in RRM
mode with UVES. The UVES spectrograph uses a dichroic
system to split incoming light into two separate arms (BLUE
and RED, with a wavelength coverage of 3000−5000 Å and
4200−11 000 Å, respectively), allowing for simultaneous obser-
vation across a wide wavelength range with high resolving
power (∼40 000). There are instrumental gaps between the var-
ious arms and the different dichroics used. The full dataset was
reduced using the ESO pipeline (Freudling et al. 2013) once the
final calibration has been released. The observation had to be cut
short as the telescope reached the elevation limit of 20◦. Hence,
the full RRM observation was not completed (only 20 minutes
with respect to the planned RRM observation block).

The final spectrum was produced by weighting by the expo-
sure time and stacking the single pieces. Two standard stars,
LTT 3218 and LTT 386, were observed for flux calibration
∼3 hours after the spectral observations, at an average airmass of
1.1. The flux calibration was carried out following the procedure
described in the ESO instrument’s user manual5. Wavelengths
were corrected to the vacuum-heliocentric system. Inspecting the
entire spectrum, the trace signal is clearly visible in the wave-
length range from 7700 Å to ∼9400 Å, while the bluer side has
zero flux. We detected several absorption lines from both low-
and high-ionisation transitions as being due to S ii, Si ii, O i, C ii,
and Si iv. Fine-structure lines such as Si ii? and C ii? were also

4 https://www.swift.ac.uk/xrt_spectra/01222955
5 https://ftp.eso.org/pub/dfs/pipelines/instruments/
uves/uves-pipeline-manual-6.5.3.pdf
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identified. From all the identified absorption lines6 we infer a
redshift of zGRB = 5.1777 ± 0.0002. The host galaxy system
spans ∼350 km s−1.

From low-ionisation transitions, there are clearly two com-
ponents (with ∆v ∼ 210 km s−1) at z = 5.1777 ± 0.0002
(the strongest and main component7) and z = 5.1734 ±
0.0002, as shown in Fig. B.1. The high-ionisation transitions
(Si ivλ1393 Å, λ1402 Å) show as well two components but
blueshifted (∼−30 km s−1) compared to the low-ionisation lines.
The Lyman-α transition falls in a region of the spectrum where
an instrumental gap is present. As a result, it was not possible
to fit the absorption due to the neutral hydrogen and thus infer
log(N(H i)/cm−2). Moreover, the limited S/N (average ∼1.2) pre-
vented us from performing a Voigt profile fit and determining the
column densities.

3.3. Polarisation analysis

3.3.1. Observations and data analysis

The polarimetric observations of GRB 240419A were obtained
in the IPOL mode with the Rspecial filter. The dataset includes
three observing cycles, each of them with four exposures at four
different angles (0◦, 22.5◦, 45◦, 67.5◦) of the half-wave plate in
the instrumental setting of FORS2 (see Table A.2). The IPOL
mode ensures the acquisition of such frames through the use of
a Wollaston prism splitting the image of each object in the field
into the two orthogonal polarisation components appearing in
adjacent areas of the image. A strip mask is used in the focal
area of the instrument to avoid the overlap of the two beams
of polarised light on the CCD. In this way, for each position
angle φ/2 of the half-wave plate rotator, we obtain two simul-
taneous images of cross-polarisation at angles φ and φ + 90◦. In
addition to the optical afterglow, observations of two polarised
standard stars, Hiltner 652 and BD-12 5133, were considered to
fix the offset between the measured polarisation angle and the
instrumental reference frame. Data reduction was carried out
in a standard manner: after bias subtraction, non-uniformities
were corrected using flat fields obtained without the Wollaston
prism (see e.g. Patat & Romaniello 2006). We performed aper-
ture and point-spread function (PSF) photometry to measure the
flux of the point sources in the field with the DAOPHOT (Stetson
1987) and ALLSTAR packages. Apertures were chosen to be
∼1.5 times the full width at half maximum (FWHM), measured
individually for each point source in every image. Sky subtrac-
tion was performed using annuli of inner and outer radii of four
and five times the FWHM. Each pair of simultaneous measure-
ments at orthogonal angles was used to compute the Q/I, U/I
reduced Stokes parameters. This technique removes any dif-
ference between the two optical paths (ordinary and extraordi-
nary rays) and minimises the impact of polarimetric flat-fielding
errors. Moreover, being based on relative photometry in simul-
taneous images, our measurements are insensitive to intrinsic
variations in the optical transient flux. In addition, some bright,
nearby field stars were investigated to look for possible spurious
contributions, because stars are typically unpolarised sources,
except for some polarisation induced by the dust along the sight-
line towards the star itself. The reduced Stokes parameters Q/I

6 S ii λ1250, S ii λ1253, S ii λ1259, Si ii λ1260, Si ii λ1304, O i λ1302,
C ii λ1334, Si iv λ1393, Si iv λ1402, Si ii? λ1264, C ii? λ1335.
7 The uncertainties on the redshift measurements represent the stan-
dard deviation of the redshift values obtained from the individual lines
identified. Please note the presence of multiple components: we assume
the redshift of the strongest component as zGRB with its uncertainty.

Table 2. Results of GRB 240419A optical afterglow polarimetric obser-
vations.

t − t0 [s] Q/I U/I P [%] θ [◦]

1740 −0.071± 0.016 0.008± 0.015 6.971+1.835
−1.519 86.98± 5.92

2259 −0.041± 0.011 0.023± 0.014 4.577+1.306
−1.083 75.61± 8.04

3059 −0.039± 0.015 0.032± 0.018 4.813+1.868
−1.529 70.20± 9.50

Notes. Summary of the results for imaging polarimetry frames anal-
ysis. Errors on the reduced Stokes parameters and the position angle
were computed via propagation theory; those on P were obtained after
bias correction when appropriate (see Sect. 3.3). Uncertainties are at 1σ
level.

and U/I describing the linear polarisation of the radiation were
derived using the following formulae:

Q
I

=
1
2

( fo − fe
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67.5◦

)
,

(1)

which include all data obtained at the four angles of the half-
wave plate. The subscripts o and e represent the ordinary and
extraordinary rays, respectively, into which the incoming radi-
ation was split. Errors on the reduced Stokes parameters were
computed via standard propagation theory.

3.3.2. Results

To obtain the polarisation degree associated with the optical
afterglow, we first derived the polarisation of three field stars
to subtract their contribution to the afterglow polarisation: all of
them are isolated, unsaturated in every epoch, and at least com-
parable in brightness to the afterglow. They were also selected
to lie within 1′ of the optical afterglow position to minimise
the instrumental polarisation induced by the distance from the
optical axis. The correction, applied using the corresponding Q,
U background values and the polarisation maps presented by
González-Gaitán et al. (2020), results in a residual instrumental
polarisation of the order of ∼0.01%. The average contribution
given by the field stars is: 〈Q/I〉 = 0.0001 ± 0.0038, 〈U/I〉 =
−0.0014± 0.0026 in epoch 1, 〈Q/I〉 = 0.0016± 0.0018, 〈U/I〉 =
0.0016 ± 0.0005 in epoch 2, and 〈Q/I〉 = 0.0009 ± 0.0018,
〈U/I〉 = 0.0001 ± 0.0025 in epoch 3. Therefore, the polarisation
induced by the local interstellar matter is low, and its contribu-
tion to the observed polarisation can be considered negligible.
We also estimated the expected contribution of the interstellar
polarisation from the Galactic extinction and found a negligi-
ble effect 〈PISP〉 = 3.5% × E(B − V)0.8 = 0.32% (Fosalba et al.
2002), as expected from the average polarisation of the field
stars. Then, we analysed the polarised standard star Hiltner 652
in order to check for possible polarisation angle correction: we
derived θH = 179.74 ± 0.82 deg, while the expected one is
θexp,H = 179.39 ± 0.03 deg (Cikota et al. 2017). Being consis-
tent at the 1σ level, no correction is needed. The other polarised
standard star observed, BD-12 5133, was saturated in our obser-
vations, making its analysis unreliable.

We thus derived the reduced Q/I, U/I Stokes parameters
associated with the optical afterglow of GRB 240419A. We show
the results in the Q, U plots in Fig. 3: the optical afterglow
displays significant polarisation despite the large errors. The
degree, P, and angle, θ, of polarisation were obtained from the
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Fig. 3. Q, U plots for the three imaging polarimetric observations. Error bars represent 1σ uncertainties. The afterglow is marked with the red bars
and shows significant polarisation with respect to the (unpolarised) field stars (black dots).

measurements of Q/I and U/I: P =
√

Q2 + U2/I, θ =
1
2 arctan(U/Q). Moreover, for any low level of polarisation,
(P/σP ≤ 4), the distribution function of P and of θ is no longer
normal and that of P becomes skewed (following a Rice distri-
bution, Rice 1944; see also Patat & Romaniello 2006). A cor-
rection taking into account this bias is required, and we adopted
the modified asymptotic estimator defined by Plaszczynski et al.
(2014) to derive the correct value of the polarisation degree, P.
A similar correction for the polarisation position angle is usually
negligible (Montier et al. 2015) and therefore it was not applied
in this case. We report the final results in Table 2.

Our polarimetric observations could, in principle, be biased
by the use of the Rspecial filter, which lies within the Lyman-
α forest at the GRB redshift. However, while dust within neu-
tral hydrogen clouds in the intergalactic medium may produce
scattering-induced polarisation (e.g. Humphrey et al. 2013), the
Lyman-α forest consists of numerous, randomly distributed
absorption systems along the line of sight. As a result, any dust
grains within these systems are unlikely to share a coherent
alignment, making a significant net induced polarisation improb-
able. Nevertheless, if a single intervening abosrber were to dom-
inate within the observed band, it could, in principle, produce a
detectable additional polarisation component. The variability we
detect suggests that the measured polarisation is predominantly
intrinsic to the afterglow, although the presence of a constant
component from line-of-sight material cannot be fully excluded.
Ultimately, polarimetric observations within the Lyman forest
and redwards of the Lyman-α break in future GRB afterglows
will be required to test this scenario.

3.4. Light curve analysis

3.4.1. Temporal and spectral fitting

In addition to the polarisation analysis, we analysed the FORS2
acquisition frames and REM images to derive the optical after-
glow light curve. We performed aperture photometry with the
SExtractor package (Version 2.28.2 Bertin & Arnouts 1996)
and calibrated our results against the SkyMapper DR4 catalogue
(Onken et al. 2024). To derive the R-band curve we analysed
both the FORS2 acquisition images and the IPOL observations.
For every IPOL frame, we summed the fluxes of the optical tran-
sient and the reference stars in the ordinary and the extraordinary
rays to derive their total intensity. We also performed photome-
try on the NIR images with the same packages and calibrated
them against the 2MASS catalogue (Skrutskie et al. 2006). We

report all the results in Table A.1 and show them, together with
the Swift/XRT curve, in Fig. 4.

We modelled the available optical-NIR photometry with a
broken power law (BPL) and a simple power law (PL) model
for the temporal and spectral behaviour (of the two bands redder
than Lyα), respectively. The modelling was carried out with the
JSPEC package8 in a Bayesian framework, with the optical-NIR
extinction modelled assuming a Small Magellanic Cloud extinc-
tion curve (Gordon et al. 2016) as implemented in the Dust
Extinction package9. Other extinction recipes (i.e. those mod-
elling Large Magellanic Cloud and Milky Way average environ-
ments) did not provide an acceptable fit for the data. We did not
consider the R-band data in the spectral modelling because they
are bluer than the Lyman-α limit considering the GRB redshift
and we added some photometric points obtained from the UVES
spectrum with a free normalisation, given the priors, to take care
of possible uncertainties in the absolute calibration of UVES
spectra (best fit value 0.99 ± 0.31). We obtained four points
just by integrating the flux spectrum in ∼100 Å wide bands free
from strong absorptions and expressing the results as flux densi-
ties. The model was developed within the Turing probabilistic
framework10. Priors were defined as large Gaussian centred on
typical results from past GRB modellings for the spectral and
temporal slopes, while for extinction, treated as a logarithmic
quantity, a uniform prior was chosen. Similarly, uniform priors
in log space were used for the temporal break. All adopted priors
are listed in Table C.1. We verified that the results are indepen-
dent of the specific choice of (broad) prior parameters by com-
paring results with different (physically acceptable) prior choices
(e.g, changing the Gaussian centres and widths). We also com-
puted a ‘Bayesian pB-value’, following Lucy (2016), to evaluate
the fit quality, and found pB ∼ 0.8.

The optical-NIR light curve decays with index α1 =
−0.52+0.13

−0.11 up to Tbreak = 691+235
−147 s, then it follows a slope

α2 = −1.07+0.05
−0.05. The spectral index is β = −1.4 ± 0.3, and

we obtain an upper limit on the intrinsic optical-NIR extinc-
tion, E(B − V) < 0.066 mag (99% c.l.). The light curves with
their modelling are shown in Fig. C.1, with the corresponding
contour plots presented in Fig. C.3. The spectral energy dis-
tribution (SED) with the associated model fit is displayed in
Fig. C.2. The post-break decay slope and the spectral index are

8 https://github.com/stefanocovino/JSPEC.jl.git
9 https://github.com/JuliaAstro/DustExtinction.jl
10 https://turing.ml/
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Fig. 4. Multi-wavelength light curve of
GRB 240419A. XRT flux densities were com-
puted at 1.73 keV, the log-mean of the XRT
band. The dashed line represents the best fit of
the X-ray curve. The shaded light green area
marks the time of polarisation observations and
the polarisation curve is shown in the top right
inset. Upper limits are not shown for display
purposes.

consistent with the expectations of synchrotron emission from
a GRB FS, according to the GRB closure relations (see e.g.
Sari et al. 1998; Zhang & Mészáros 2004), if the optical band
lies above the frequency corresponding to the minimum Lorentz
factor of the accelerated electrons (νm) and the cooling fre-
quency (νc). Moreover, the X-ray spectral index derived in
Sect. 3.1 is consistent with β, and αX,3 closely matches optical–
NIR decay α2, both agreeing with typical values for GRB after-
glows (Zhang et al. 2006; Piran 1999). These results support a
scenario in which the observed emission after Tbreak originated
from a pure FS in the regime νX > νopt > max(νm, νc). From
the late-time slope we also estimated the index of the electron
distribution (n(e) ∝ γ−p), p ' 2.1 ± 0.1, which is consis-
tent with typical GRB afterglow values in the range 2 < p <
3 (Panaitescu & Kumar 2000, 2001; Zhang & Mészáros 2004).
We also investigated if the break observed in the optical-NIR
curve can be interpreted as a jet break. In this scenario, the post-
break decay should steepen to α ∼ p ∼ 2−3, which is not consis-
tent with the value derived for α2. In addition, based on the GRB
closure relations in the same regime identified above, a jet break
would produce a change in the decay slope of 1.0 . ∆α . 1.25
for 2 < p < 3, significantly larger than the observed ∆α = 0.55.
These considerations strongly disfavour the presence of a jet
break in the light curve. From the limit derived on the intrinsic
extinction, we also estimated the maximum contribution to the
observed polarisation from the dust in the host galaxy, assum-
ing a Serkowski (Serkowski et al. 1975) law due to the limited
information on local dust properties. This yielded an upper limit
of PHG ≤ 9% × E(B − V) = 0.59%, indicating a negligible con-
tribution.

3.4.2. Physical modelling

We also simultaneously fitted all available multi-wavelength data
(X-ray, NIR, and radio observations) using the afterglowpy
package (Ryan et al. 2020). The R-band data were excluded
from this analysis because they fall within the Lyman-α drop
due to the high redshift of the burst. The lack of well-sampled
multi-band optical/NIR makes the physical modelling quite chal-
lenging. Thus, we considered three main assumptions in order to
reduce the number of free parameters in the model. First, we
did not consider the component before the optical/NIR tempo-
ral break, whose origin is uncertain (see Sect. 4). We also did

not include the X-ray plateau seen in Fig. 4 simultaneous to the
shallower optical/NIR early decay. Second, due to the absence
of a clear jet break in the light curves, the half jet opening angle
was kept frozen at the smallest possible value for which a break
in the multi-band light curve was not needed (θjet = 0.3 rad). And
third, we assumed that it was observed on-axis (θv = 0). Thus,
the model parameters include the isotropic equivalent kinetic
energy of the blast wave, EK , the circumburst medium density, n
(assuming an uniform-density environment), the slope p of the
distribution of the FS-accelerated electrons, the fraction of their
post-shock internal energy, εe, and the fraction of post-shock
internal energy in the magnetic field, εB. From the best-fit model,
we obtained the following results: log10(Ek/erg) = 53.8 ± 0.5,
p = 2.4± 0.2, log10(n/cm−3) = 0.02± 1.9, log10 εe = −1.3± 0.4,
and log10 εB = −3.6 ± 1.4. These results are consistent with
typical values for GRBs afterglows (see e.g. Ghisellini et al.
2009; Kumar & Zhang 2015). In particular, the value of p agrees
within the uncertainties with that we estimated from the closure
relations discussed above (Sect. 3.4). Given the limited dataset,
modelling with a wind-like density profile proved difficult, and
the radio observations appear inconsistent with this interpreta-
tion.

4. Discussion

4.1. Early-time polarimetry of GRB optical afterglows

Large optical polarisation associated with GRB 240419A was
observed less than one hour from the burst trigger. As men-
tioned in Sect. 1, early-time optical polarisation detected in pre-
vious GRBs has been interpreted in different ways, attribut-
ing the emission to either a pure FS or a dominant RS. These
interpretations also impact the inferred magnetic field structure
in the emitting region, which is still a debated point in GRB
physics. High values for the optical polarisation in the FS at
early time were derived for GRB 091208B. It showed a level
of P = 10.4 ± 2.5%, obtained by averaging data secured over
the long observing timescale from 149 to 706 s after the burst
trigger (Uehara et al. 2012). At the same time, the optical light
curve was decaying with an index of −0.75, which is consistent
with expectations for the optical band lying between νm and νc
in the slow cooling regime for p ' 2, according to the GRB
closure relations (Zhang & Mészáros 2004). This, coupled with
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the polarisation results, led to the interpretation of a pure FS
synchrotron emission at this epoch. Consequently, the emitting
region’s magnetic fields were interpreted as likely ordered and
amplified by large-scale MHD instabilities rather than being ran-
dom on the plasma skin-depth scales. Multiple observations at a
comparable timescale were secured for GRB 120308A, reveal-
ing variable polarisation from P = 28+4

−4% four minutes after
the burst trigger to P = 16+5

−4% at ∼800 s (Mundell et al. 2013).
This is the largest polarisation degree ever detected in early-time
observations of a GRB optical afterglow. A gradual rotation of
the position angle up to a total of 15◦ was also observed. The
large polarisation degree and its variability, coupled with a peak
observed in the optical light curve simultaneously to the polar-
isation measurements, call for the presence of a RS, which is
expected to produce highly polarised emission if the magnetic
fields in the jet are globally ordered and advected from the cen-
tral engine (e.g. Granot & Königl 2003). In this case, the position
angle is predicted to be constant in magnetised baryonic jet mod-
els (Lazzati et al. 2004) or vary randomly with time if the field is
produced locally by plasma or MHD instabilities (Uehara et al.
2012; Gruzinov & Waxman 1999). GRB 180720B represents a
combination of these two cases. Polarisation measurements were
obtained during a very early (before 300 s from the GRB trig-
ger) RS-dominated phase and were interpreted as arising from a
combination of a large-scale transverse magnetic field and a ran-
dom component (Arimoto et al. 2024). A later detection (after
5000 s) during a FS-powered phase was also obtained, and addi-
tional observations at intermediate timescales showed rapid vari-
ability both in P and θ. They were associated with an additional
stochastic component arising from turbulent magnetic fields that
are coherent on MHD scales. The polarisation degree showed
variable values from 0.5 to 8% while the position angle under-
went a ∼90◦ rotation between these two epochs, from ∼70◦ to
∼160◦. This allowed us to relate, for the first time, the magnetic
field structures in the ejecta and in the shocked external medium
and to investigate different shock-generated field configurations
(shock-normal or shock-plane dominated).

4.2. Interpreting the polarisation origin of GRB 240419A

In the case of GRB 240419A, the polarisation degree is relatively
high, but not exceptional, and the position angle is nearly stable,
with at most a possible slow rotation (see Table 2). Additionally,
there is no clear evidence for the presence of a dominant RS,
as neither an optical peak nor a flash is identified. All polarisa-
tion measurements were obtained in a FS-dominated regime, as
confirmed by light curve modelling and comparison with the clo-
sure relations in Sect. 3.4. This aligns with previous studies (e.g.
GRB 091208B, Uehara et al. 2012, and others listed in Sect. 1),
in contrast to other events with high early-time polarisation asso-
ciated with a simultaneous RS (e.g. Mundell et al. 2013).

The nature of the polarised emission in GRB afterglows
can be investigated by comparing the results obtained from
polarimetric observations with the predictions of theoretical
models. In particular, the still elusive magnetic field struc-
ture plays a crucial role. Two field amplification mecha-
nisms have been discussed and examined: plasma kinetic
processes and MHD instabilities, which can be potentially
distinguished via multi-band polarimetric observations. Both
mechanisms have been investigated with theoretical works,
with the former focusing on microscopic-scale turbulence
induced by the Weibel instability (Medvedev & Loeb 1999;
Kato 2005; Sironi & Spitkovsky 2011; Ruyer & Fiuza 2018;
Takamoto et al. 2018; Lemoine et al. 2019) and the latter

addressing larger-scale MHD processes (Sironi & Goodman
2007; Inoue et al. 2011; Mizuno et al. 2014; Morikawa et al.
2025). Based on these assumptions, it is possible, in principle,
to study the expected polarisation time evolution, which also
depends on geometrical factors such as the observer’s viewing
angle with respect to the jet axis and the observing time from
the jet break (for expected polarisation curves, see Rossi et al.
2004; Teboul & Shaviv 2021; Shimoda & Toma 2021). As for
GRB 240419A, the missing jet break identification prevents
us from comparing expected curves and inferring the viewing
angle, the jet structure, and the precise configuration of the local
magnetic fields in the specific hypothesis of microscopic-scale
turbulent field amplifying the magnetic fields.

A time-varying polarisation degree and a nearly stable posi-
tion angle are expected in the case of large-scale ordered fields
in the interstellar medium (ISM), where the shock propagates
(Granot & Königl 2003), as has already been observed in previ-
ous bursts (e.g. GRB 020813 Gorosabel et al. 2004). To assess
the viability of this scenario, we computed the expected polari-
sation degree and position angle evolution according to the mod-
els presented by Kuwata et al. (2023, 2024). We found that our
results are consistent with the predictions for a globally ordered
field plus a large-scale turbulent component (see Fig. 5), with
the former being the shock-compressed magnetic field of the
circumburst medium and the latter amplified by MHD insta-
bilities. In particular, an ordered-to-random ratio B2

ord/B2
rnd ∼

20 is needed to match the polarisation degrees and angles
derived for GRB 240419A. Adopting the results of our mod-
elling (Sect. 3.4.2), we estimated the required strength of the
ordered field, which is 0.03 . Bord . 60 mG (from Kuwata et al.
2024, their Eq. (14)) considering the uncertainties in the n0 and
εB parameters. This result exceeds the typical ISM field while
remaining consistent with expectations for the ordered field of
a Wolf-Rayet progenitor’s stellar wind field at the afterglow
radius. Such a configuration does not contradict the ISM-like
profile inferred in Sect. 3.4.2, since a wind-origin magnetic field
can persist inside a uniform-density cavity shaped by wind-ISM
interaction, non-steady mass loss, or the presence of a binary
companion.

Therefore, the high level of polarisation detected arises from
the FS after the interaction of the relativistic expanding fire-
ball with the surrounding medium. The presence of intrinsically
polarised radiation in the GRB optical afterglow and the rela-
tive stability of the position angle indicate the presence of glob-
ally ordered magnetic fields in the circumburst medium in which
the FS propagates and an additional turbulent field component
amplified via large-scale MHD instabilities. This supports pre-
vious GRB studies with optical polarisation detected in the FS,
which have shown that amplification of the magnetic field via
large-scale MHD instabilities can contribute to the observed
polarisation (e.g. Uehara et al. 2012).

4.3. The early-time light curve evolution

Before the break observed in the optical-NIR light curve, the
H-band data show a peculiar shallow evolution, while the X-
rays follow a different behaviour: after an early, steep decay
that we can safely associate with the prompt emission tail, a
plateau is observed from ∼300 to ∼1000 s from the GRB trig-
ger (see Fig. 4). A possible scenario to account for a shallow or
flat decay observed across multiple wavelengths involves a pro-
longed activity of the central engine, which leads to continued
energy injection into the ejecta and produces the observed decay.
We explored this possibility and computed the expected energy
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Fig. 5. Expected polarisation degree (top panel) and position angle (bottom panel) time evolution for a globally ordered plus large-scale turbulent
magnetic field configuration in the R band (purple line), compared with GRB 240419A observations. The values were calculated with one (left) or
averaging over 100 (right) realisation sets of random numbers for the turbulence generation.

injection parameter, q, from the closure relations in the spectral
regime max(νm, νc) < ν (de Pasquale et al. 2009; Racusin et al.
2009). The derived value q = 0.10±0.28 is physically plausible,
though it lies at the lower end of the typical range for energy
injection in GRB afterglows (Zhang et al. 2006; Racusin et al.
2009), suggesting a picture of possible mild and short-lived
injection. An alternative scenario may be that the early-time
NIR emission results from the interplay between the RS and
the emerging FS components. The RS does not extend to the
X-ray band, and the observed plateau at such wavelengths can
be attributed to the rising FS-dominated component of the after-
glow. The discrepancy between Tbreak and the end of the X-ray
plateau may challenge this interpretation, but the estimate of the
break time may be influenced by the fact that we considered a
sharp break rather than a more realistic smooth transition in the
modelling to reduce the number of parameters with such a lim-
ited dataset. In addition, the simultaneous contributions of both
the FS and the RS determine a variety of possible outcomes,
resulting in multiple potential multi-band light curve configura-
tions (Jin & Fan 2007), including the one observed here. Thus,
according to this interpretation, the break in the NIR and the
X-ray plateau marks the transition from the RS+FS to the FS-
dominated regime. Unfortunately, Swift-XRT observations were
unavailable between the last data point belonging to the plateau
and the late-time decay associated with the FS emission, and the
precise peak of the FS component cannot be identified. How-
ever, we can consider the end of the observed plateau as a limit
on the FS afterglow peak (tpeak . 1000 s) to estimate the initial
Lorentz factor, Γ0. This is expected to be twice the Lorentz fac-
tor, Γdec, at the deceleration timescale, tdec (Panaitescu & Kumar
2000; Mészáros 2006), which corresponds to tpeak/(1 + z). Fol-
lowing Sari & Piran (1999) we can estimate the Lorentz factor
at the peak time assuming a homogenous circumburst medium:

Γdec(tpeak) ' 160

Eγ,53(1 + z)3

η0.2n0t3
peak,2

1/8

, (2)

where Eγ = 1053Eγ,53 erg is the isotropic-equivalent energy
released by the GRB, η = 0.2 η0.2 is the radiative efficiency,
n = n0 cm−3 is the circumburst medium density, and tpeak,2 =
tpeak/(100 s). We computed the isotropic-equivalent energy from
the measured fluence, Eiso = 3.0 × 1052 erg, while for the ISM
density and the radiative efficiency we adopted typical values of
n = 1 cm−3 and η = 0.2, respectively (Bloom et al. 2003). The
limit on the Lorentz factor is then Γ0 & 230, consistent with
expected values for GRBs of Γ0 > 100 (Mészáros 2006).

4.4. The X-ray plateau phase

The flat evolution observed in the X-rays is also an interesting
feature to analyse since plateaus in GRB light curves are still
an open question in GRB physics. An X-ray plateau was iden-
tified in about half of both long (Evans et al. 2009) and short
(Rowlinson et al. 2013; D’Avanzo et al. 2014) GRBs, and many
theories to explain it have been developed through the years. In
general, a source of energy that is active on a longer timescale
than the prompt emission needs to be provided to the ejecta,
ensuring that the emitted flux is maintained nearly constant or
slowly decaying. However, the origin of this additional contribu-
tion is still debated. A natural source is a newly born spinning-
down magnetar (Dai & Lu 1998; Zhang & Mészáros 2001;
Corsi & Mészáros 2009; Metzger et al. 2011; Bernardini et al.
2013; Bernardini 2015), which is expected to lose its rotational
energy very rapidly through magnetic-dipole spin down for the
first few hours from its formation. This timescale coincides with
the typical duration of X-ray plateaus (see e.g. Nousek et al.
2006), making magnetars good candidates. After this phase, the
X-ray emission is observed to decay gradually following a typ-
ical FS slope or it suddenly drops (see, e.g. Rowlinson et al.
2013). Both behaviours can be interpreted as signatures of a
spinning-down magnetar, as confirmed by direct comparisons
(Dall’Osso et al. 2011; Bernardini et al. 2012, 2013; Lyons et al.
2010; Rowlinson et al. 2013). The energy budget also plays
an important role in determining the presence of a magnetar,
which requires a reservoir of the order of 1052 erg to power a
GRB (see e.g. Bernardini 2015), and, in case of long bursts,
the accompanying supernova (Mazzali et al. 2014). Other inter-
pretations of the plateau phase include late-time accretion onto
the compact object in the context of the collapsar scenario
(Kumar et al. 2008) or the presence of a RS powered by energy
injection (Leventis et al. 2014; van Eerten 2014). Polarimetry
offers a powerful way to discriminate between the different pro-
posed scenarios, since it allows us to infer the properties of the
local magnetic field and put some constraints on the mecha-
nism at the origin of the plateau. For example, the presence of
energy injection coinciding with polarised emission and a flat-
tening in the optical light curve was identified in GRB 191016A
(Shrestha et al. 2022). In this scenario, slower and faster ejecta
from the central engine interact with each other as the lat-
ter are decelerated by the circumburst medium, and additional
energy is injected into the FS emission (Kumar & Piran 2000).
The detection of a high level of polarisation could be associ-
ated with a RS that may be generated at the same time and
with the presence of ordered magnetic fields. A similar flat
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optical curve was observed in GRB 210610B afterglow, whose
polarised optical emission was interpreted as originating from
refreshed shocks (Agüí Fernández et al. 2024). In the case of
GRB 240419A, a consistent flattening between the X-ray and
the optical/NIR curves is not observed, and the potential energy
injection contribution, if any, would cease with the observed
break in the optical/NIR light curve (see Sect. 3.4). All the
polarisation measurements were obtained afterwards, during the
gap in the Swift/XRT observations, roughly coinciding with the
end of the plateau phase. At this timescale, the slope in the
X-ray, optical, and NIR curves is consistent with expectations
for a typical FS-powered afterglow. The derived value of Eγ

is, in principle, consistent with a magnetar-powered GRB. Still,
there is no strong evidence of an additional injection compo-
nent given the low value computed for q. Therefore, our inter-
pretation of GRB 240419A, along with the gap in XRT observa-
tions, does not provide clear evidence of a magnetar-generated
X-ray plateau, preventing robust constraints from being placed
on this aspect. Future simultaneous observations of a plateau and
polarised emission will be essential for using polarisation mea-
surements to place stricter constraints on models explaining the
origin of plateaus.

5. Conclusions

We have presented in this work the discovery, observations, and
analysis of GRB 240419A, one of the few bursts with an associ-
ated polarised optical afterglow, and the only such case known at
z > 5. We performed a full analysis of its polarisation properties
and its multi-wavelength afterglow, with the aim of providing a
physical interpretation of the event. Three epochs of polarisa-
tion measurements were secured and revealed a relatively large
polarisation degree from P = 6.97+1.84

−1.52% at t − t0 ∼ 1740 s to
P = 4.81+1.87

−1.53% at 3059 s after the GRB trigger. During that inter-
val, the position angle remained nearly stable. A spectrum was
also obtained at a comparable time and the identification of mul-
tiple absorption features resulted in the high redshift z = 5.178.
This makes GRB 240419A the most distant GRB with an optical
polarised afterglow ever observed.

From the optical-NIR light curve analysis, we could deter-
mine the presence of a dominant FS emission at the time of
the polarisation detection, while the interpretation of the earlier
emission is more uncertain. An emerging FS and the contribu-
tion of the RS could explain its shallower evolution, with the
rising FS component that can also be identified in the plateau
observed in the X-rays on a similar timescale. An alternative
interpretation may include an energy injection contribution, and
the transition to the steeper decay at late time marks the cessation
of the emission from this additional component. Unfortunately,
polarisation measurements were obtained afterwards during the
FS-dominated regime. Thus, they could not be employed to com-
pare with the current models explaining the observed plateau in
the X-rays and to investigate the nature of the emission observed
before the break in the optical-NIR light curves.

The results of our polarimetric analysis are compatible with
the presence of an ordered magnetic field and a turbulent compo-
nent likely amplified by large-scale MHD instabilities. In partic-
ular, we estimated an ordered-to-random ratio of B2

ord/B2
rnd ∼ 20

and a strength for the ordered component between 0.03 mG
and 60 mG. While large-scale ordered fields in the interstel-
lar medium are often attributed to dynamo processes (e.g.
Beck et al. 1996; Gressel et al. 2008; Schleicher et al. 2010;
Beck 2012), our analysis points towards a stellar-wind config-
uration, with the ordered component plausibly inherited from

the Wolf-Rayet progenitor and surviving to the afterglow radius.
These observations indicate that wind-generated fields, along-
side efficient amplification processes (for example, shocks and
instabilities induced by GRB jets), can already play a significant
role at z ∼ 5 and provide a direct constraint on the magnetic field
structure in the high-redshift Universe.

Previous studies on GRBs did not agree on a unique sce-
nario which can explain the origin of early-time polarisation.
The presence of a RS was often the favoured interpretation,
although some studies (e.g. Uehara et al. 2012), including this
one, present differing perspectives. Future detection of compara-
ble events will be crucial for addressing this open question. The
recently launched space satellites SVOM (Atteia et al. 2022) and
Einstein Probe (EP, Yuan et al. 2022), both dedicated to GRB
observations, employ pointing strategies specifically optimised
to enable rapid ground-based follow-up, particularly by robotic
telescopes capable of capturing the early afterglow phases. This
approach is expected to significantly increase the number of suit-
able targets for early-time optical/NIR polarisation studies in the
near future.
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Appendix A: Optical/near-infrared data set

In this appendix, we report the results of the optical/NIR photometric analysis of GRB 240419A observations (Table A.1) and the
log of VLT/FORS2 observations (Table A.2).

Table A.1. GRB 240419A optical-NIR light curve.

t − t0 [h] Mag (AB) σMag Telescope Instrument Filter

1.38 > 19.44 − REM ROS2 g
0.35 19.87 0.05 VLT FORS2 r
0.38 20.02 0.05 VLT FORS2 r
0.41 20.10 0.06 VLT FORS2 r
0.45 20.22 0.09 VLT FORS2 r
0.47 20.29 0.09 VLT FORS2 r
0.49 20.31 0.08 VLT FORS2 r
0.52 20.32 0.08 VLT FORS2 r
0.56 20.54 0.08 VLT FORS2 r
0.61 20.52 0.07 VLT FORS2 r
0.65 20.61 0.08 VLT FORS2 r
0.70 20.70 0.08 VLT FORS2 r
0.76 20.82 0.08 VLT FORS2 r
0.82 20.97 0.08 VLT FORS2 r
0.88 21.06 0.09 VLT FORS2 r
0.94 21.06 0.08 VLT FORS2 r
1.02 21.28 0.09 VLT FORS2 r
1.48 > 19.61 − REM ROS2 r
0.14 17.73 0.15 REM ROS2 i
0.34 18.53 0.19 REM ROS2 i
0.70 19.27 0.21 REM ROS2 i
2.02 > 18.99 − REM ROS2 i

15.79 > 19.6 – MeerLICHT i
21.50 > 21.3 – BlackGEM i
16.06 > 18.7 – MeerLICHT z
21.59 20.32 0.29 BlackGEM z
21.67 > 20.59 – BlackGEM z
15.62 > 21.2 – MeerLICHT q
0.04 15.51 0.13 REM REMIR H
0.07 15.62 0.13 REM REMIR H
0.09 15.94 0.17 REM REMIR H
0.12 16.11 0.17 REM REMIR H
0.16 16.18 0.11 REM REMIR H
0.21 16.48 0.16 REM REMIR H
0.26 16.95 0.22 REM REMIR H
0.32 16.91 0.18 REM REMIR H
0.37 17.15 0.16 REM REMIR H
0.42 17.50 0.22 REM REMIR H
0.48 17.27 0.19 REM REMIR H
0.53 17.42 0.21 REM REMIR H
0.61 17.50 0.22 REM REMIR H
0.72 17.78 0.20 REM REMIR H
0.96 18.32 0.21 REM REMIR H
2.25 18.41 0.22 REM REMIR H
2.78 18.86 0.32 REM REMIR H

Notes. Results of the photometric analysis of GRB 240419A optical and NIR afterglow, calibrated against the SkyMapper DR4 and 2MASS
catalogue, respectively. Magnitudes without the error are upper limits at 3σ c.l. Values are not corrected for the Milky Way extinction along the
line of sight, E(B − V) = 0.05 (Schlafly & Finkbeiner 2011).
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Table A.2. GRB 240419A FORS2 observations log.

Time (UT) texp [s] Angle [◦]

02:08:55 20 −

02:10:38 20 −

02:12:16 20 −

02:14:39 40 0
02:16:03 40 45
02:17:20 40 22.5
02:18:44 40 67.5
02:20:37 120 0
02:23:22 120 45
02:26:00 120 22.5
02:28:44 120 67.5
02:31:58 180 0
02:35:42 180 45
02:39:19 180 22.5
02:43:02 180 67.5

Notes. Observations log for the acquisition images (top three rows) and IPOL data obtained with FORS2, all in the Rspecial filter. Times refer to
April 19 2024.
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Appendix B: UVES spectrum

In this appendix, we show the VLT/UVES spectrum of GRB 240419A with the identified absorption lines.
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−1000 −500 0 500 1000

0

5

F
λ

[e
rg

/s
/c

m
2
/Å
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Fig. B.1. VLT/UVES optical afterglow spectrum of GRB 240419A at z = 5.178, with a rebinning of 8 times the original wavelength step (0.04 Å).
All the plots are in velocity space and show the identified low-ionisation, high-ionisation, and fine-structure absorption lines. The 0 in velocity was
fixed to z = 5.1777, which is the strongest low-ionisation component and is aligned with fine-structure lines. In all the panels, data are in black,
the error spectrum is in red, and the horizontal dotted line in grey corresponds to Fλ = 0. The green vertical lines correspond to the two main
components (z = 5.1777 and z = 5.1734), while the two Si iv components, which show a small shift towards the blue with respect to the other
transitions, are highlighted in orange.
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Appendix C: Optical-NIR data modelling details and
results

In this appendix, we provide additional information on the mod-
elling of the optical-NIR data presented in Sect. 3.4. The priors
adopted are listed in Table C.1, the results for the temporal decay
and the spectral fit of the SED are shown in Fig. C.1 and Fig. C.2,
respectively. Fig. C.3 represents the corner plot resulting from
the modelling.

Table C.1. Priors adopted for the modelling of the temporal and spectral
evolution of the optical-NIR data.

Parameter Prior

log N Uniform [-10, 10]
log N(R band) Uniform [-10, 10]

α1 Normal [-1, 2]
α2 Normal [-1, 2]

log(Tbreak/s) Uniform [log(10), log(10000)]
β Gaussian [-1, 2]

E(B-V) Uniform [0, 2]
Normalisation factor Normal [1, 0.3]

(for UVES photometry)

Fig. C.1. Optical-NIR light curve of GRB 240419A along with the tem-
poral decay obtained as described in Sect. 3.4. The four pseudo-bands
obtained from the UVES spectrum are also shown.

Fig. C.2. Spectral energy distribution modelling of GRB 240419A. The
four photometric points derived from the UVES spectrum (see Sect. 3.4)
and one nearly simultaneous H-band observation were used for the
modelling and shown. An R-band photometric data point obtained at
a similar epoch is also displayed. Additionally, we show the extrap-
olated flux from the best-fit light curve in the i-band at the same time
(magenta diamond), which is consistent with the SED modelling results.
The best-fit model is represented as a red line.

Fig. C.3. Posterior distribution of the model parameters for the fit of the
optical-NIR observations. The Tbreak parameter is expressed in seconds
and the EB−V in magnitudes.
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