
Nature Astronomy | Volume 7 | August 2023 | 986–995 986

nature astronomy

Article https://doi.org/10.1038/s41550-023-01997-9

Precise measurements of self-absorbed 
rising reverse shock emission from 
gamma-ray burst 221009A

Joe S. Bright    1,23  , Lauren Rhodes    1,23, Wael Farah2, Rob Fender1,3, 
Alexander J. van der Horst    4, James K. Leung    5,6,7, David R. A. Williams8, 
Gemma E. Anderson    9, Pikky Atri10, David R. DeBoer    11, 
Stefano Giarratana    12,13, David A. Green    14, Ian Heywood    1,15,16, Emil Lenc6, 
Tara Murphy5,7, Alexander W. Pollak    2, Pranav H. Premnath2,17, Paul F. Scott14, 
Sofia Z. Sheikh2,18,19, Andrew Siemion2,20,21,22 & David J. Titterington14

The deaths of massive stars are sometimes accompanied by the launch of 
highly relativistic and collimated jets. If the jet is pointed towards Earth, 
we observe a ‘prompt’ gamma-ray burst due to internal shocks or magnetic 
reconnection events within the jet, followed by a long-lived broadband 
synchrotron afterglow as the jet interacts with the circumburst material. 
While there is solid observational evidence that emission from multiple 
shocks contributes to the afterglow signature, detailed studies of the 
reverse shock, which travels back into the explosion ejecta, are hampered by 
a lack of early-time observations, particularly in the radio band. We present 
rapid follow-up radio observations of the exceptionally bright gamma-ray 
burst GRB 221009A that reveal in detail, both temporally and in frequency 
space, an optically thick rising component from the reverse shock. From 
this, we are able to constrain the size, Lorentz factor and internal energy 
of the out!ow while providing accurate predictions for the location of the 
peak frequency of the reverse shock in the "rst few hours after the burst. 
These observations challenge standard gamma-ray burst models describing 
reverse shock emission.

Long gamma-ray bursts (LGRBs), flashes of gamma rays lasting from a 
few to hundreds of seconds1, are robustly associated with jets launched 
during the violent deaths of massive stars (ref. 2, or see ref. 3 for a recent 
review of GRB progenitors). Prompt gamma-ray emission is thought to 
be the result of internal jet processes, possibly colliding shells or mag-
netic reconnection events within a highly relativistic and collimated jet 
with a small inclination angle with respect to the Earth4–6. The prompt 
emission is succeeded by a broadband afterglow of predominantly 
synchrotron radiation, associated with the jet ploughing into the cir-
cumburst medium (CBM), which is affected by the mass-loss history of 
the progenitor star. This interaction leads to the formation of at least 

two shocks, a forward shock, which travels into the CBM, and a reverse 
shock, which propagates back into the GRB ejecta.

The afterglow emission from LGRBs is usually observed from radio 
to gamma-ray frequencies7–9, and interpreted in the context of the 
‘fireball’ model10. The spectrum is described by a series of power-law 
segments separated by characteristic break frequencies normalized 
to some peak flux density11. The spectral breaks correspond to the 
frequency below which synchrotron self-absorption becomes domi-
nant (νsa), the emitting frequency of the lowest-energy electrons in 
the shock-accelerated population (νm; ignoring any contribution from 
unaccelerated electrons12) and the frequency above which electrons 

Received: 26 January 2023

Accepted: 4 May 2023

Published online: 29 June 2023

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: joe.bright@physics.ox.ac.uk

http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-023-01997-9
http://orcid.org/0000-0002-7735-5796
http://orcid.org/0000-0003-2705-4941
http://orcid.org/0000-0001-9149-6707
http://orcid.org/0000-0002-9415-3766
http://orcid.org/0000-0001-6544-8007
http://orcid.org/0000-0003-3197-2294
http://orcid.org/0000-0002-2815-7291
http://orcid.org/0000-0003-3189-9998
http://orcid.org/0000-0001-6864-5057
http://orcid.org/0000-0002-3430-7671
http://crossmark.crossref.org/dialog/?doi=10.1038/s41550-023-01997-9&domain=pdf
mailto:joe.bright@physics.ox.ac.uk


Nature Astronomy | Volume 7 | August 2023 | 986–995 987

Article https://doi.org/10.1038/s41550-023-01997-9

and bright event, prompting extensive follow-up at all wavelengths 
(see, for example, refs. 34–41).

We report rapid radio follow-up observations of GRB 221009A with 
the Arcminute Microkelvin Imager Large Array (AMI-LA)42,43 and Allen 
Telescope Array (ATA), beginning just 3.1 h after the burst as part of a 
larger radio monitoring campaign (including observations with the 
enhanced Multi-Element Remotely Linked Interferometer Network 
(e-MERLIN), the Submillimeter Array and the Australian Square Kilo-
metre Array Pathfinder (ASKAP); see Arcminute Microkelvin Imager 
Large Array for details of all of our radio observations), which will be 
presented in full in later work. Due to the brightness of GRB 221009A 
and our fast response time, we captured rising optically thick emission 
from the reverse shock, and resolve variability on 15 min timescales 
(Fig. 1). Our ongoing radio campaign represents the best-sampled, 
multi-frequency, early-time look at an LGRB afterglow to date, and 
provides insights into the nature of the early-time reverse shock never 
previously possible. These observations constitute an important data-
set for the study of LGRB afterglows and the planning of future observ-
ing campaigns with the goal of understanding reverse shock emission.

Results
We initiated rapid follow-up radio observations of GRB 221009A with 
the AMI-LA42,43 (Fig. 1) and the ATA (Fig. 1) beginning at T0 + 3.1 h and 
T0 + 8.7 h, respectively (Extended Data Table 1). Observations with the 
AMI-LA were taken at a central frequency of 15.5 GHz with a 5 GHz band-
width. Observations with the ATA were predominantly conducted at 3, 5, 
8 and 10 GHz. During the first observation with the AMI-LA we are able to 
separate the AMI-LA data into eight evenly spaced sub-bands, and into 
15 min time bins, when measuring the flux density of GRB 221009A. We 
detect an exceptionally bright and rapidly rising radio counterpart to 
GRB 221009A (peaking at ~60 mJy at 17.7 GHz at T0 + 6.1 h). No archival 
radio source is evident at the position of GRB 221009A in wide-field 
radio surveys down to a 3σ upper limit of 450 µJy (Archival radio obser-
vations and Extended Data Fig. 1). Given the smoothly rising flux density 
in all eight of the AMI-LA bands, and a power-law spectral index evolving 
smoothly with time (Fig. 2), we strongly disfavour scintillation as the 
cause of the early-time variability (Scintillation).

In addition to the peak seen within the first 10 h in all eight AMI-LA 
sub-bands, a clear peak is also seen in the 3 and 5 GHz light curves with 

rapidly cool through emitting radiation (νc). The evolutions of these 
characteristic frequencies and the peak flux density are dependent 
on the density profile of the CBM (ρ(r) ∝ r−k), where k = 0 character-
izes a homogeneous CBM and k = 2 characterizes a stellar-wind CBM  
(see refs. 8,11 for a comprehensive breakdown of these scaling rela-
tions). Due to the presence of (at least) two shock components, the 
broadband afterglow is formed of a superposition of (at least) two 
spectral components, evolving independently. Tracking the evolution 
of the two components is a powerful tool for understanding the jets 
powered by the death of massive stars, their interaction with the CBM, 
and the structure of the CBM itself.

The isotropic equivalent gamma-ray energy distribution of 
LGRBs spans almost seven orders of magnitude (between ~1048 erg 
and ~1055 erg) with the more intrinsically luminous events detectable 
out to at least redshift ≈ 9 (refs. 7,13). Long GRBs observed with the Neil 
Gehrels Swift Observatory (hereafter Swift) are most commonly found 
at redshift ≈ 2 (ref. 14), with over 80% having redshift ≳ 1, and a narrower 
range of isotropic equivalent energies between ~1052 erg and ~1053 erg 
(ref. 7). Such events are expected to be less common in the local (z ≲ 0.5) 
Universe due to a reduction in star formation rate and the sensitivity 
of LGRB rates to metallicity15–18. In the local Universe, LGRB detections 
are dominated by events with low isotropic equivalent energy, which 
could represent the tail end of the luminosity distribution of a single 
population not detectable at large distances, or a distinct population 
of low-luminosity LGRBs19–21. Occasionally, however, a cosmological 
LGRB explodes in the local Universe and allows for precision testing 
of afterglow models7–9,22–24.

At 13:16:59 UT on 9 October 2022 (modified Julian date, MJD, 
59861.5535, which we define as T0) the Fermi Gamma-ray Burst Moni-
tor25 detected an exceptionally bright burst (GRB 221009A26). The 
Swift Burst Alert, Ultra-Violet and Optical, and X-ray Telescopes 
started observing approximately 1 h later, providing arcsecond locali-
zation27. Initially identified as a Galactic transient and named Swift 
J1913.1 + 1946, GRB 221009A was then localized to a host galaxy at 
redshift z = 0.151 (refs. 28,29). The isotropic equivalent energy estimate 
from Konus-Wind was Eiso ≈ 3 × 1054 erg (ref. 30), which is very energetic 
but not atypical for an LGRB (see figure 1 from ref. 7, and ref. 31). The 
combination of close proximity and high isotropic equivalent energy 
make GRB 221009A an extremely rare (see, for example, refs. 31–33) 
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Fig. 1 | Radio light curves of GRB 22109A between 3 and 18 GHz. Left: AMI-LA 
observations of GRB 221009A for the first 5 d after the burst. Due to the high 
flux density in the first observation (between T0 + 3.1 h and T0 + 7.1 h) we are able 
to split the data into 15 min time bins for each of the eight quick-look spectral 
windows and derive flux density values directly from the complex visibilities. 
After the first day we derive fluxes from the image plane, using the top and 
bottom halves of the AMI-LA observing band to monitor any spectral index 

evolution. See Methods for details of the data reduction process. Right: ATA 
observations of GRB 221009A for the first 5 d after the burst showing an  
early-time peak most evident at 3 and 5 GHz (and tentatively seen at 8 GHz). 
All flux densities are derived from the image plane; see Methods for details of 
the data reduction process and imaging creation and processing. Error bars 
represent 1σ uncertainties.
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the ATA, delayed by 34.3 and 17.7 h, respectively, compared with the 
peak observed at 17.7 GHz (as well as a tentative peak at 8 GHz). The 
observed behaviour is fully consistent with a spectral break moving 
to lower frequencies, through the AMI-LA band and through the four 
lower-frequency ATA bands, with time. The lack of a (clear) peak in the 8 
and 10 GHz light curves indicates that the break frequency has already 
moved into/below the 8 and 10 GHz bands by T0 + 13.7 h (the time of our 
first 8 and 10 GHz ATA observations).

Due to our high-cadence monitoring and wide frequency cover-
age, we are able to precisely track the evolution of the spectral peak. 
We fit a phenomenological model to our data assuming that the light 
curve can be described as a smoothly broken power law and that the 
emission before T0 + 5 d is dominated by a single shock component (see 
Fitting and Extended Data Fig. 2 for the fitting procedure and results). 
We measure the rise and decay rates of the early-time radio emission 
to be Fν,rise ∝ t1.34±0.02 and Fν,decay ∝ t−0.82±0.04, respectively. Extended Data 
Table 2 contains the peak frequency and flux density at each of the 
frequencies where we measure the peak, and demonstrates the peak 
evolving from 17.7 to 3 GHz between 0.283 and 1.7 d after the burst. 
Figure 3 shows the evolving frequency location of, and flux density at, 
the self-absorption peak. In the highest frequency band observed by 
the AMI-LA, we measure a fitted peak flux density of 57.2 ± 0.6 mJy, the 
brightest radio counterpart of any GRB detected to date.

In Fig. 2 we show the spectral index evolution seen by the AMI-LA 
and the ATA, with the spectral index transitioning from self-absorbed 
(Fν ∝ ν~2.5) to roughly flat (Fν ∝ ν~0). The steep spectrum, sharp light-curve 

rise and peak timescale of less than 1 d imply that the peak of the light 
curves is a result of the synchrotron self-absorption break from the 
reverse shock passing through the radio band. The flat spectrum that 
is measured after the peak is most likely a result of contamination from 
the forward shock as it enters the radio band, where superposition of the 
two synchrotron emission components can cause a flat spectral index.

Discussion and conclusions
The presence of the synchrotron self-absorption peak moving through 
the radio observing bands allows us to perform an equipartition analy-
sis, and calculate constraints on the evolving size of the radio source, 
the bulk Lorentz factor and the minimum internal energy present within 
the reverse shock of the GRB jet. Due to our rapid follow-up time, these 
constraints are among the earliest derived for any GRB. At ~T0 + 6 h we 
measure the size to be ≳5 × 1016 cm, the bulk Lorentz factor to be ≳20 
and the minimum internal energy of the jet to be ≳3 × 1047 erg. The full 
results of our equipartition analysis are shown in Fig. 4, and the method 
is described in detail in Methods. It has been speculated that a jet break 
(the observational result of seeing the edge of a jet and the entirety of 
a jet becoming causally connected due to deceleration) is seen as an 
achromatic break in the X-ray and optical data at around 1 d after the 
burst33,44. Our Lorentz factor constraints at this time are consistent 
with the narrow opening angle (θj) required for this jet break (Γ ≳ 20 at 
~T0 + 1 d implies θj ≲ 3∘) and inferred in ref. 31. We do not see evidence of 
a change in the evolution of the afterglow peak around the suggested 
jet break time (Fig. 3 shows a smooth evolution of the spectral peak 
at all times); however, as the radio emission is probably dominated 
by the reverse shock at this stage a forward shock jet break cannot be 
ruled out from our data.

Our constraints on the source size (≳1016 cm) are comparable to 
those obtained through other methods including direct imaging, utiliz-
ing very long baseline interferometry, and scintillation studies45–48. To 
reconcile the time of the peaks with the source size limits, we require 
an apparent expansion velocity of around 60c. The requirement of 
unphysically high velocities is alleviated by the measurement of a 
significant Lorentz factor: our equipartition minimum for the Lorentz 
factor of the jet at 0.3–1 d after the burst sits above ~35. This implies that 
the effects of superluminal expansion must be accounted for when con-
sidering the very high expansion velocities we infer. The constraints on 
the early-time Lorentz factor for GRB 221009A are broadly consistent 
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Fig. 2 | Early-time radio light curves and spectral index evolution of GRB 
221009A. Top: our first observation of GRB 221009A with the AMI-LA, separated 
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Fig. 3 | Tracking the evolution of the peak frequency and time of the reverse 
shock in GRB 221009A. The evolving frequency of, and flux density at, the 
early-time peak in our radio light curves of GRB 221009A. It can be seen to move 
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with launch Lorentz factors derived for samples of LGRBs from broad-
band afterglow modelling or maximum-brightness-temperature 
arguments49–51.

The limits we place on the internal energy via our equipartition 
and synchrotron self-absorption analysis are model independent, 
whereas typically predictions are made in the context of broadband 
afterglow modelling. As we place constraints on both the Lorentz  
factor and minimum internal energy (Ei) we also place a lower limit on 
the total energy in the reverse shock component of Etot = ΓEi ≳ 6 × 1048 erg 
at T0 + 6 h. Afterglow modelling in the context of the fireball model pro-
vides isotropic equivalent kinetic energies (that is, not opening angle 
corrected) in the range of 1052–1054 erg, significantly higher than our 
equipartition estimate52–55. Correcting the isotropic equivalent kinetic 
energy values for the jet geometry can reduce the results significantly. 
Additionally, while our analysis places a firm lower limit on the total 
energy, even modest departures from equipartition have significant 
implications for the total energy contained in the jet. Multi-wavelength 
modelling performed on GRB afterglows has shown that the energy 
distribution between the electrons and magnetic field is potentially 
significantly out of equipartition55.

The first hours after the burst is a time frame that is rarely observed 
by radio facilities, especially with such dense temporal and frequency 
coverage51. Due to the rapid deceleration of the jet, the earlier we can 
obtain radio and sub-millimetre observations, ideally within the first 
few hours after the burst, the stricter the constraints that can be placed 
on the early-time properties of the LGRB jet. Our precise identification 
of the movement of the synchrotron self-absorption frequency and flux 
density means we can estimate the peak (sub-)millimetre flux density 
that would have been measured from GRB 221009A to be ~370 mJy at 
230 GHz and T0 + 0.4 h. While a GRB as bright as GRB 221009A is rare, to 
discover early sub-millimetre counterparts to help determine the rarity 

and properties of self-absorbed reverse shocks we require facilities 
such as the Africa Millimetre Telescope, which is planned to be able to 
slew to Swift-detected bursts within minutes.

We have been able to identify the location of (and flux density at) 
the synchrotron self-absorption frequency of the reverse shock with 
high precision. We can use this information to make inferences about 
the structure of the reverse shock and the density profile of the CBM. 
The evolution of the emission from the reverse shock depends strongly 
on the thickness of the ejecta material. The two extreme cases are for 
thin-shell ejecta, where the reverse shock quickly crosses the ejecta 
material and does not become relativistic (also known as a Newtonian 
reverse shock), and for thick-shell ejecta, where the crossing time is 
significant and the shock velocity becomes relativistic (also known as a 
relativistic reverse shock). For a Newtonian reverse shock the observed 
evolution depends on the Lorentz factor distribution of the ejecta 
material (Γ(r) ∝ r−g; ref. 56), whereas for a relativistic reverse shock the 
density profile of the CBM (ρ ∝ r−k; ref. 11) governs the evolution, and 
different evolution is predicted before and after the shock crossing.

The thickness of the reverse shock can be constrained on the basis 
of the rise and decay rate of the reverse shock synchrotron emission, as 
well as from the evolution of the peak frequency (and the correspond-
ing flux density) in a way that is outlined in In the context of the fireball 
model. We measure a power-law rise rate with an index of 1.34 ± 0.02, 
which corresponds to k = 1.5 ± 0.1 for a thick-shell reverse shock and 
g = 1.7 ± 0.1 for a thin-shell reverse shock. Both of these values are 
consistent with those expected from theoretical predictions of CBM 
density profiles (k = [0, 2]) and jet structure (g = [1/2, 7/2]), respectively. 
The decay rate of the radio flux density once the self-absorption break 
has moved below our observing band is not consistent with a wind-like 
environment; however, forward shock contamination could be alter-
ing the evolution.

In addition to the post-break rise and decay rates, we also 
measure the movement of the peak of the reverse shock compo-
nent in flux-density and frequency space to be Fν,max,sa ∝ t−0.70±0.02 and 
νsa ∝ t−1.08±0.04 (Fig. 3), which can be compared with theoretical predic-
tions for a reverse shock in the context of the thin- and thick-shell cases 
(In the context of the fireball model). In the thick-shell regime, for a rea-
sonable range of values p = [1, 4] and k = [0, 2], where p is the power-law 
index of the shock-accelerated electrons, Fν,max,sa is expected to decay 
at a rate between t−1 and t−1.9. In the thin-shell regime, for p = [1, 4] and 
g = [1/2, 7/2], the peak is expected to decay with a rate between t−0.9 
and t−2.2. Both scenarios are inconsistent with our observations, as 
we measure the peak to decay significantly more slowly than both of 
these cases. For thick- and thin-shell reverse shock models we expect 
the self-absorption break to decay at a rate between t−0.9 and t−1.3 and 
between t−0.8 and t−1.6, respectively. The evolution of νsa is consistent 
with the slowest model decay rates for both thick- and thin-shell reverse 
shocks. Overall, we find that the light-curve rise rate and the evolution 
of νsa are consistent with both thin- and thick-shell scenarios; however, 
the post-peak decay rate and evolution of the peak flux density are 
inconsistent with either scenario. It is possible that even at relatively 
early times (T0 ≲ 1 d) the forward shock is contributing significantly 
at radio frequencies.

Methods
Archival radio observations
The field of GRB 221009A has been observed as part of the National 
Radio Astronomy Observatory Very Large Array Sky Survey (NVSS) 
and Very Large Array Sky Survey (VLASS) at 1.4 GHz and 3 GHz, respec-
tively. Using the Canadian Institute for Radio Astronomy Data Analysis 
image cutout web server we accessed pre-burst images of the field of 
GRB 221009A. Extended Data Figure 1 shows both the VLASS and NVSS 
images of the field, where we do not find any significant archival emis-
sion at the location of GRB 221009A. From the VLASS image we place 
a 3σ upper limit of ~450 µJy per beam at the location of GRB 221009A. 
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Deep late-time observations might reveal faint host galaxy emission 
once the afterglow has faded. Two nearby field sources are evident 
in Extended Data Fig. 1 and are also identified in our AMI-LA and ATA 
observations (Supplementary Figs. 1 and 2 and Observations).

Observations
Arcminute Microkelvin Imager Large Array. We began observations 
of the field of GRB 221009A on 9 October 2022 at 16:25:25.5 UT (MJD 
59861.6843) with the AMI-LA42,43. All observations are conducted at 
a central frequency of 15.5 GHz across a 5 GHz bandwidth consisting 
of 4,096 frequency channels. To reduce the volume of recorded data 
and subsequent processing overheads we work with a quick-look data 
format, where data are averaged into eight broad and equivalent-width 
frequency channels. Data are phase reference calibrated using the 
custom reduction software REDUCE_DC with 3C 286 used to calibrate 
the bandpass and absolute flux scale of the array, while J1925 + 2106 is 
used to calibrate the time-dependent phases. We perform additional 
flagging and imaging in the Common Astronomy Software Applica-
tions (CASA v4.7.0) (refs. 57,58) package using the rflag, tfcrop and 
clean tasks. We measure the flux density in the image plane using the 
imfit task using two Taylor terms (nterms = 2), splitting the observing 
bandwidth into equal halves after our first observation. The typical 
angular resolution of the AMI-LA is between 30″ and 60″ depending on 
the source declination and exact timing of the observation.

At early times when GRB 221009A was both bright and rapidly 
varying we extracted the flux densities directly from the complex vis-
ibilities rather than from the image plane. To do this we averaged the 
real part of the complex visibilities within 15 min time intervals, and set 
the error as the s.d. of these amplitudes. While extracting flux densities 
in this way is strictly only correct for a point source at the phase centre, 
with no other emission in the field, the flux density from GRB 221009A 
constituted ≳95% of the total flux density in the image during this first 
observation, and flux densities measured in the image plane on longer 
(per hour) timescales show good agreement with those derived from 
the visibilities directly. We give the short-timescale radio flux densities 
in Supplementary Table 1.

Allen Telescope Array. Hosted at the Hat Creek Radio Observatory in 
Northern California, the ATA is a 42-element radio interferometer that 
has been undergoing refurbishment since late 2019 aimed at improv-
ing the design and sensitivity of the telescope feeds, and at upgrad-
ing the digital signal processing system (A.W.P. et al., manuscript in 
preparation). Each ATA dish is 6.1 m in diameter and is fully steerable 
with an offset-Gregorian design. The newly refurbished, cryogenically 
cooled dual-polarization log-periodic feeds are sensitive to a broad 
range of radio frequencies, 1–10 GHz (ref. 59). Up to four independent 
frequency tunings, each ~700 MHz wide, can be selected anywhere in 
the radio-frequency band, theoretically allowing observers to tap into 
~2.8 GHz of instantaneous bandwidth.

The currently deployed digital signal processing setup can digitize 
and process two tunings from 20 dual-polarization antenna feeds. The 
data are passed to a real-time xGPU-based60 software correlator (which 
implements the cross-multiplication step of the FX correlator algorithm 
on graphics processing units) to produce a visibility dataset that can be 
subsequently imaged. Details of the digital signal processing chain will be 
presented in a subsequent paper (W.F. et al., manuscript in preparation).

We reduced observations with the ATA using a custom pipeline 
implemented using AOFLAGGER61 and CASA. We flag the raw correlated 
data (which had a correlator dump time of 10 s for all frequencies) 
using AOFLAGGER and default parameters before averaging the data 
in frequency by a factor of 8 (moving from a channel width of 0.5 MHz 
to 4 MHz) to reduce the processing and imaging time. Such averaging 
causes minimal bandwidth smearing for the field of view of the ATA at 
all frequencies and will not cause issues when imaging. We observed 3C 
286, 3C147 or 3C48 for 10 min at the start of each observing session and 

used these observations to calibrate the bandpass response and abso-
lute flux density scale of the array. We interleaved a 10 m observation 
of J1925 + 2106 for every 30 m on the science target (at all frequencies) 
to calibrate the time-dependent phases. Total time on source varied 
throughout our observing campaign, as we adjusted our observing 
strategy on the basis of the brightness of GRB 221009A. We performed 
imaging using the CASA task tclean and a Briggs robust parameter62 
of either 0 or 0.5, which we found to be a good compromise between 
sensitivity and restoring beam shape allowing for complete deconvolu-
tion. The inner region of an example ATA image, at a central frequency 
of 5 GHz, is shown in Supplementary Fig. 2. To extract the flux density 
associated with GRB 221009A we use the CASA task imfit, where we fix 
the shape and orientation of the component to match the dimensions 
of the restoring beam for each observation. We constrained the fit to a 
small region around the source and fixed the location of the component 
to the brightest pixel consistent with the position of GRB 221009A 
when the contribution from nearby field sources became significant. 
The flux densities measured with the ATA are given in Extended Data 
Table 1. A full imaging pipeline is being developed for the ATA, and 
will be outlined in the work of W.F. et al. (manuscript in preparation).

enhanced Multi-Element Remotely Linked Interferometer Network. 
We obtained observations with e-MERLIN through an open time call pro-
posal (CY14001, principal investigator L.R.) and Rapid Response Time 
requesting (RR14001, principal investigator L.R.). The data included in 
this article were taken at 1.51 GHz, with a bandwidth of 520 MHz.

Observations began on 11 October 2022 at 17:55:32.5 UT and con-
sisted of 8 min scans on the science target, interleaved with 3 min 
scans of the complex gain calibrator J1905 + 1943. The observation was 
bookended with a scan of each of the bandpass and flux calibrators, 
J1407 + 2827 and 3C 286, respectively. The data were reduced using the 
e-MERLIN CASA-based pipeline (version 5.8) (ref. 63). The pipeline flags 
for radio-frequency interference, performs bandpass calibration and 
calculates amplitude and phase gain corrections, which it then applies 
to the target field. We perform interactive cleaning and deconvolution 
using the task tclean within CASA. The final flux density of the source 
associated with GRB 221009A is given in Extended Data Table 1.

Australian Square Kilometre Array Pathfinder. We obtained 
target-of-opportunity observations of the GRB 221009A field with 
ASKAP64, a wide-field radio telescope with a nominal field of view of 
~30°2. Our observations were centred on 888 MHz, with a bandwidth 
of 288 MHz, taken using the square_6x6 beam footprint (figure 20 of 
ref. 65). The observations were pointed at RA = 19 h 20 min 00.00 s, 
dec. = +20° 18′ 5.0″, placing the sky direction of GRB 221009A at the 
centre of beam 14. The observation (SB44780) included in this work 
began on 12 October 2022 at 07:02 UTC, with a total duration of 6 h.

Observations of PKS B1934-638 were used to calibrate the 
antenna gains, bandpass and absolute flux density scale. Flagging 
of radio-frequency interference, calibration of raw visibilities, 
full-polarization imaging and source finding on total intensity images 
were all performed through the standard ASKAPSOFT pipeline66. The 
resulting image has a root mean squared of 47 µJy per beam and a 16.4″ 
by 12.5″ resolution. The flux density scale of field sources evaluated 
against the Rapid ASKAP Continuum Survey catalogue67 is given by 
SASKAP/SRACS = 1.05 ± 0.12 and this systematic flux offset is accounted for 
in the measurement we report in Extended Data Table 1.

Fitting
The multi-frequency light curves are best described using a broken 
power law:
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which describes a smooth transition between two power laws (a1 and 
a2) at t ≈ tb. Given that we are describing light curves that rise and then 
decay we can take, without loss of generality, a2 < 0 < a1 such that in the 
limit t ≪ tb F(t) ∝ t

a

1 , and in the limit t ≫ tb F(t) ∝ t

a

2 . The parameter s 
describes how smooth the transition is between the two extremes. We 
fix s = 2 when fitting our light curves. A is the flux density at the break 
time tb. We fix the power-law indices to be constant across the different 
bands, whereas the peak flux densities and times are allowed to vary 
for each frequency. To better constrain the early-time peak, we fit the 
light curve rise simultaneously across all eight AMI-LA sub-bands with 
a power law (we do not expect any significant contribution from the 
forward shock component at the time of the AMI-LA rise68) and use this 
in the broadband modelling. The joint fit to the AMI-LA data has a 
temporal index of t1.34±0.02. From the broadband light curve fits, we find 
a decay rate of t−0.83±0.02. The peak times and flux densities are shown in 
Extended Data Table 2. The complete results of the model fitting will 
be presented in the work of L.R. et al. (manuscript in preparation).

Scintillation
Scintillation is a process by which apparently random fluctuations in 
radio light curves and spectra occur as a result of the diffraction or 
refraction of radio waves as they pass through the interstellar medium 
of the Milky Way. Scintillation can be broadly split into weak and strong 
regimes, divided by some transition frequency. The transition fre-
quency is dependent on the levels of turbulence along the line of sight, 
characterized by the scattering measure, where closer to the galactic 
plane/centre the scattering measure is higher and therefore the tran-
sition frequency is also higher69. This means that the effects of strong 
scintillation can be observed up to higher frequency compared with 
sources far from the galactic plane (often the case for GRBs, but not for 
GRB 221009A, which is observed through the plane of the Milky Way).

According to the NE2001 model for the Galactic distribution of 
free electrons70 the AMI-LA observing band (15.5 GHz) is firmly in the 
strong-scintillation regime, in which flux density modulations of the 
order of 100% could be observed. The model predicts a scintillation 
timescale of ~3 min. Given that our shortest integration time is 15 min, 
we would expect to average out the effects of scintillation on the time-
scale of our observations. The variability we observe in the early-time 
AMI-LA data consists of a monotonic increase in flux density (Fig. 1). 
There is no random element to the variability that is characteristic 
of scintillation, and the spectrum evolves smoothly through values 
consistent with synchrotron radiation. Combined with the smoothly 
evolving spectral index measurements, we are confident in ruling out 
scintillation as the cause of the flux density changes.

Inferences from X-ray data
X-ray observations of GRBs are uncontaminated by the reverse shock 
from very early times, and so we can attempt to use the spectral and 
temporal decay rates to constrain the physical properties of the for-
ward shock, which can then be compared with those derived from 
the reverse shock. Swift-XRT (X-ray telescope), MAXI and NICER 
0.3–10 keV data compiled in ref. 31 demonstrate that the X-ray light 
curve is best described by a broken power law with the break occurring 
at T0 + 0.086 d. Before and after the break the light curve decays as 
FX(t) ∝ t−1.498±0.004 and FX(t) ∝ t−1.672±0.008, respectively. The spectral index 
is ~−0.7 (FX(ν) ∝ ν−0.7). A corresponding (in time) break is not statisti-
cally preferred over a single broken power law when describing the 
Swift-UVOT (Ultraviolet Optical Telescope) data, which indicates that 
the X-ray break is unlikely to be the result of a jet break.

We expect both the self-absorption and minimum-energy breaks 
to be well below the XRT observing band, regardless of their ordering, 
and so the only consideration is the location of the cooling break. For 
approximately the first day after the burst, spectral fitting shows that 
νc is consistent with lying in the Swift-XRT band31. During this period 
the spectral break is seen to move to lower energies (from ~6.8 keV 

to ~4.5 keV; table 2 of ref. 31), indicating that from the first day after 
the burst the X-ray band is above the cooling break, resulting in an 
expected spectral index of −p/2, where p is the power law index describ-
ing the energy distribution of the synchrotron emitting electrons. In 
the aforementioned scenario (where νc lies below the XRT band) we 
would therefore obtain p ≈ 1.4, which is low but not unusually so for long 
GRBs71. This value of p, however, would dictate that the X-rays decline 
with an index significantly shallower than observed (although the 
presence of a jet break would predict a decline rate of −p, which is more 
consistent with the observed rate). A similar conclusion was drawn in 
refs. 32,44 on the basis of a comparison with optical data. Conversely, 
if the X-ray band is below the cooling break, we obtain p ≈ 2.4 (from the 
spectral index), which is in good agreement with population studies 
of X-ray emission from GRBs71. This would again require a shallower 
decay index than observed in the interstellar medium case but would 
be consistent with the measured decay in a wind scenario. It is worth 
noting that reconciling any of these scenarios with lower-frequency 
(optical, near-infrared and radio) data has proven to be challenging, 
leading authors to suggest extensions to the standard model, includ-
ing structured jets33,44. In summary, it appears that a standard forward 
shock model is not sufficiently constraining to confidently infer values 
for either p or k from X-ray observations alone.

In the context of the fireball model
Our temporal and spectral coverage in the radio band over the first 
three days after the burst allows us to test GRB reverse shock models in 
a way that has not been possible before. The spectral index measured 
across the eight AMI-LA quick-look channels (Fig. 2) shows a clear evo-
lution from optically thick (Fν ∝ ν2.5) to shallower values with time. The 
final spectral index measurement (from the last 15 min interval) on the 
first night of AMI observations is 1.66 ± 0.01 (that is Fν ∝ ν1.66). The opti-
cally thick spectral index (shown in the lower panel of Fig. 2) indicates 
that for the first 8 h after the burst the AMI-LA observing band is in the 
regime where νm < νobs < νsa. The spectral index after the peak is much 
flatter than expected from optically thin synchrotron emission (that is, 
in the regime νm < νsa < νobs). We expect Fν ∝ ν~−0.7 but measure Fν ∝ ν~−0.2 
1 d after the burst across the AMI-LA band, lasting until at least 5 d after 
the burst as measured between 3 and 5 GHz with the ATA.

In the context of the fireball model10, the presence of (at least) 
two shock components, each with three time-dependent character-
istic frequencies and a peak flux density, leads to a complex evolv-
ing broadband spatial energy distribution (SED) that can be hard to 
interpret without intense temporal and spectral coverage that spans 
weeks after the burst and covers many orders of magnitude in fre-
quency. This is further complicated by a range of possible values of p 
(N(E) ∝ E−p), which produce distinct evolution in the cases of 1 < p < 2 
and p > 2. Finally, the density profile of the CBM alters the evolution of 
the forward and reverse shock (which itself can either be thick or thin 
shelled and evolves differently before and after the crossing timescale). 
As such, care must be taken to consider all possibly feasible scenarios 
when interpreting observational data. A comprehensive list of the 
evolution of the characteristic frequencies, the flux density at these 
frequencies, and the temporal and spectral evolution of the regions 
between them is given in refs. 8,72 with full consideration of the pre-
viously mentioned complications. From the spectral index measure-
ments, we expect that the early-time peak is caused by the transition 
from νm < νobs < νsa to νm < νsa < νobs and so we can check if any of the 
scenarios presented in refs. 8,72 are consistent with the observed rise 
rate, decay rate and evolution of the break frequency and flux density 
(these presentations differ slightly in the regions of parameter space 
they cover for p, k and g). We give a summary of the relevant scaling 
relations in Supplementary Table 2.

The rise component of the radio light curve follows t1.34±0.02. This 
behaviour can be explained in the thick-shell regime for k = 1.5 ± 0.1 
(where ρ(r) ∝ r−k) and in the thin-shell model for g = 1.7 ± 0.1  
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(where Γ(r) ∝ r−g), which is valid for all p > 1 in both cases (refs. 8,72 and  
Supplementary Table 2). We note that the thin-shell regime is relatively 
insensitive to the profile of the surrounding environment and is instead 
predominantly sensitive to the deceleration of the jet. With the rise 
alone we cannot distinguish between the thick- and thin-shell regimes. 
After the peak we measure a light curve decay of t−0.83±0.02, which now 
also depends on p in addition to k and g. As a result, we can predict a 
range of decay values for p > 1. In the thick-shell regime, using k = 1.5 as 
derived from the rise under the assumption of a thick shell gives a too 
steep decay for all p > 1. In the thin-shell model, using g = 1.7 as derived 
from the rise under the assumption of a thin shell we similarly find that 
no valid value of p can explain the decay rate.

To further distinguish between different shell-thickness regimes, 
we use the broken power-law fits from Fitting to track the peak of the 
reverse shock spectrum from 18 to 3 GHz. The peak flux density evolves 
as Fν,sa ∝ t−0.70±0.02 and the synchrotron self-absorption frequency  
evolves as νsa ∝ t−1.08±0.04 (Fig. 3). When deriving the evolution rate  
of the peak flux density under the assumption that it is caused by  
synchrotron self-absorption we make the assumption that 
F

max,ν

sa

(t) = F
max,ν

m

(t)(ν

sa

(t)/ν

m

(t))

(1−p)/2 (as done in, for example, ref. 11). 
In the thick-shell regime, the peak flux density of the reverse shock 
spectrum, if the peak is produced by νsa, is expected to evolve as  
t(−2k(12p+13)+126p+109)/(12(k−4)(p+4)) (refs. 8,72). For reasonable values of p and k 
(between 1 and 4 and between 0 and 2, respectively), Fν,max is expected 
to decay at a rate between t−1 and t−1.9. In the thin-shell regime Fν,max 
evolves as t(−5g(5p+6)+20(2p+1))/(7(2g+1)(p+4)), which for reasonable values of p and 
g (between 1 and 4 and between 1/2 and 7/2, respectively) corresponds 
to a decay rate between t−0.9 and t−2.2, inconsistent with our data.

Finally, we compare the evolution of νsa with theoretical predic-
tions for reverse shock evolution. We find that there is a significant 
overlap between certain areas of parameter space when comparing the 
possible values of νsa(t) and our measured evolution. In the thick-shell 
regime νsa ∝ t−(p(73−14k)+2(67−14k))/(12(4−k)(p+4)), which corresponds to values 
between t−0.9 and t−1.3. For a thin-shell jet νsa ∝ t−(3p(5g+8)+8(4g+5))/(7(2g+1)(p+4)), 
which spans a larger range of values between t−0.8 and t−1.6. Given our 
measured value of νsa ∝ t−1.08±0.04, the spectral evolution we obtained is 
possible within both thick- and thin-shell jet scenarios.

In summary, when considering the evolution of specific parts 
of the radio emission from the reverse shock (the rise rate, and evo-
lution of the frequency of the self-absorption break) good agree-
ments can be found with theoretical predictions. However, the decay 
rate and the evolution of the peak flux density are not recreated in 
either the thin- or thick-shell reverse shock models. We note that 
the post-break temporal decay rate, and evolution of the peak flux 
density, might be explained by considering early-time forward shock 
contamination.

Equipartition analysis
Following ref. 73, we can place constraints on the physical parameters 
associated with the emitting region responsible for the early-time 
self-absorbed radio peak seen with the AMI-LA and ATA. This is pos-
sible under the assumption of equipartition and knowledge of the 
location of the synchrotron self-absorption frequency. The method 
results in robust lower limits on the radius, bulk Lorentz factor and 
internal energy of
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The quantities within square brackets are observables, and we 
work under the assumption that the peak of the reverse shock SED 
is due to the self-absorption break (we assume η = 1, correspond-
ing to the synchrotron self-absorption frequency being greater 
than the synchrotron minimum electron energy frequency, from 
ref. 73; see main text for justification). These equations are valid 
in the case where p > 2. Additionally, Fp,mJy is the flux density of the 
peak of the radio SED in units of mJy, dL,28 is the luminosity distance 
in units of 1028 cm, νp,10 is the frequency at which the SED peaks in 
units of 10 GHz and td is the time at which the peak occurs measured 
in days. The geometry of the emitting region is encoded in fA and 
fV, which are the fraction of the observed area and volume filled by 
the source, respectively. The equipartition radius, Lorentz factor 
and energy are all only weakly dependent on fA and fV and as such 
we take fA = fV = 1 in our analysis. At early times, the opening angle is 
greater than 1/Γ and so we underestimate the total minimum energy 
by 4Γ2(1 − cos θj). Until a jet break is observed it is not possible to 
calculate the opening angle and so we leave the minimum-energy 
lower limits as they are.

The equipartition method presented in ref. 73 calculates the equi-
partition radius Req, which is actually the distance between the radio 
source and the launch site (figure 1 from ref. 73). To calculate the size 
of the GRB jet on the sky we have to transform Req into the source radius 
using R = Req/Γ, as we are only able to observe radiation from within 
an opening angle of 1/Γ. The radius estimates in Fig. 4 include this 
correction.

Finally, we consider the possibility that the GRB jet is not directly 
pointed along our line of sight, as is assumed in ref. 73. In Supplemen-
tary Fig. 4, we re-parameterize the bulk Lorentz factor Γ in terms of the 
Doppler factor δ and the angle to the line of sight to demonstrate the 
range of parameter space that can be explored if we drop the assump-
tion that the angle to the line of sight is zero degrees.

Implications for future observing campaigns
Due to our ability to constrain the peak of the reverse shock emission 
as a function of frequency and time we can make accurate predic-
tions for the flux density at millimetre and sub-millimetre frequen-
cies. This is particularly relevant when motivating rapid follow-up 
(sub-)millimetre observations and for the general study of (sub-)
millimetre transients, which typically peak at early times and are short 
lived compared with those at centimetre wavelengths (for example,  
refs. 74–78). Supplementary Figure 3 shows the predicted peak time 
and flux density of the 230 GHz emission from the reverse shock of GRB 
221009A, which is exceptionally bright at ~370 mJy. Detecting emission 
on this level is achievable with trivial on-source time using current 
(sub-)millimetre facilities but would require a rapid follow-up time of 
the order of ~0.4 h after the burst to capture this peak. The exceptional 
predicted (sub-)millimetre brightness of GRB 221009A is largely due 
to its close proximity; however, such emission could be detectable 
out to z ≈ 10 (assuming a flat cosmology with H0 = 70 km s−1 Mpc−1) 
with the Atacama Large Millimeter/submillimeter Array, although 
significant cosmological redshift and time dilation become important 
at such large redshifts, where emission observed at 230 GHz would 
correspond to emission emitted at a factor of 10 higher frequency in 
the rest frame of the emitting region and the peak would be smeared 
out in time.

Data availability
Light curve data from AMI-LA, ATA, ASKAP, e-MERLIN and the Submil-
limeter Array are given in Extended Data Table 1 and Supplementary 
Table 1. Full machine-readable tables can be found as Supplementary 
Information files as part of the online material. Continuum images from 
individual observations are available from the corresponding author 
upon reasonable request. The results of our fits to the radio light curves 
are given in Extended Data Table 2.
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Code availability
Any of the custom data analysis scripts used in this work can be made 
available upon reasonable request to the corresponding author.  
xGPU is described at https://github.com/GPU-correlators/xGPU.
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Extended Data Fig. 1 | Very Large Array Sky Survey archival observations 
of the field of GRB 221009A. The Very Large Array Sky Survey (VLASS; 
version 2.2;[86]) observation of the field of GRB 221009A, with National Radio 
Astronomy Observatory Very Large Array Sky Survey (NVSS;[87]) contours over-
plotted in red. The restoring beam for the NVSS image is shown as a blue circle in 
the bottom left of the image, the restoring beam for VLASS is significantly smaller 
and is not shown, but has a major and minor axis of 3.31″ and 2.29″, respectively, 
at a position angle of 51.04∘. The yellow circle is centred on the position of GRB 

221009A[88] and has a radius of 18″. No significant emission from either survey is 
seen at the position of GRB 221009A. The most constraining limit is from VLASS 
for which we measure a root mean square three sigma upper limit of ~ 450µJy/
beam. A number of deconvolution/calibration artefacts are present in the  
quick-look VLASS image and likely are the result of incomplete deconvolution 
of bright sources. These manifest as ‘streaks’ most notable between North and 
South on the East side of the image.
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Extended Data Fig. 2 | Power-law fits to our multi-frequency radio observations of GRB 221009A. A broken power-law fit to each radio band where we observe a 
clear peak. The results of the fits are giving in Extended Data Table 2. The rise and decay power law indices follow Frise ∝ t1.34±0.02 and Fdecay ∝ t−0.82±0.04, respectively.  
Error bars represent 1σ uncertainties.
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Extended Data Table 1 | Summary of our radio observations of GRB 221009A with the Arcminute Microkelvin Imager 
Large Array (AMI-LA), the Allen Telescope Array (ATA), enhanced-Multi-Element Radio Linked Interferometer Network 
(e-MERLIN), and Australian Square Kilometre Array Pathfinder (ASKAP)

The uncertainties reported here consider only the statistical error on the fit. A 10%, 10%, 5%, and 5% error should be added in quadrature to the statistical uncertainty for the AMI-LA, ATA, 
e-MERLIN, and ASKAP data, respectively, which we account for when plotting or using these data for calculations. We also include public data from the MeerKAT radio telescope and the 
Japanese VLBI network[84,85]. A full machine-readable version of this table can be found as Supplementary Data 1 in the online material.
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Extended Data Table 2 | Best-fit parameters for our smoothly broken power-law fits to the radio light curves of GRB 221009A 
between 3 GHz and 17.69 GHz

A smoothing parameter s = 2 is used. For further information on the fitting process see the Methods. The time of the light-curve peak and the flux density at the peak are given by tb and A, 
respectively. Fits are not made to the 10 and 1.5 GHz data due to lack of a clear peak and insufficient data, respectively.
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