
Multi-wavelength Afterglow Analysis of GRB 221009A:
Unveiling the Evolution of a Cooling Break in a Wind-like Medium

Gamma-ray bursts (GRBs) are the most energetic explosions in the universe, and their afterglow emission provides an opportunity to 
probe the physics of relativistic shock waves in an extreme environment. Several key pieces for completing the picture of the GRB 
afterglow physics are still missing, including jet properties, emission mechanism, and particle acceleration. Here we present a study of the 
afterglow emission of GRB 221009A, the most energetic GRB ever observed. Using optical, X-ray, and gamma-ray data up to approximately 
two days after the trigger, we trace the evolution of the multiwavelength spectrum and the physical parameters behind the emission 
process. 
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Note	that	𝑓! ∝ 𝑣"#𝑡"$

1. Normal decay phase: afterglow
Temporal indices from optical and X-ray energy 
bands are consistent.

𝛼 ∼ 1.5 − 1.7
2. Photon index remains constant

in the optical and X-ray energy band.
𝛽 = Γ − 1 ∼ 0.7	 − 0.8

3. The indices from GeV emission are very different 
from the others
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Temporal breaks are observed in the X-ray band, with the temporal break in Swift XRT occurring earlier than in NuSTAR. This chromatic 
feature suggests that these breaks are not due to a jet break or jet structure. Instead, they are related to the evolution of the cooling 
frequency 𝝂𝒄 over time. See also Mark 3.

The spectral indices from the two-time epochs are consistent, with Γ ≃ 1.6, indicating that the optical and soft X-ray energy bands remain 
within the same cooling regime during both time epochs. This also suggests that the electron spectral index is 𝑝 = 2Γ" − 1 = 2.29 ± 0.02

We identify the intriguing evolution of a break energy, which is well interpreted as the cooling frequency, 𝝂𝒄. Compared to the previous 
works, this evolution is relatively clear, agreeing with the theoretical expectation. From its evolution, the circumburst density profile is 
determined, 𝑘 = 2.5 ± 0.4 where 𝜌 ∝ 𝑟#$. See also Mark 4

Since the optical emission originates from the same cooling regime, the circumburst density profile can be independently estimated. 
With the estimated value of 𝑝 (Mark 2) and the flux decay at 1 eV, 𝑘 = 2.4 ± 0.1. This result is consistent with the findings in Mark 3. This 
density profile is softer than the wind-like profile (𝑘	=2), which suggests that further understanding of the circumburst medium is needed.

While the high-energy cutoff is commonly observed during the prompt emission phase, this work shows its presence in the afterglow 
approximately 1–2 days for the first time. The high-energy cutoff can be interpreted as the maximum synchrotron limit due to the 
inefficient electron acceleration at a high-energy regime. With this interpretation, we can estimate the bulk Lorentz factor, Γ%&'$ ∼ 4	 − 40	.
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Synchrotron model with its maximum cutoff

See J. Granot & R. Sari 2002, Kumar et al., 2012
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Analysis tool

See Klinger et al., 2023
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