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Abstract

Context. The radiation mechanisms powering gamma-ray bursts (GRBs) and their physical processes remain one of the unresolved questions in high-energy astrophysics. Spectro-polarimetric observations of exceptionally bright GRBs provide a powerful diagnostic tool to investigate these challenges.

Aims. GRB 230307A, the second-brightest long-duration GRB ever detected, exhibits a rare association with a kilonova, offering a unique and rare probe into the emission processes of GRBs originating from compact object mergers.

Methods. We present a comprehensive time-averaged and time-resolved spectro-polarimetric analysis of GRB 230307A using joint observations from the AstroSat Cadmium Zinc Telluride Imager (CZTI), the Fermi Gamma-ray Burst Monitor (GBM), and Konus-Wind.

Results. Spectral analysis reveals a temporal evolution in the low-energy photon index, α, transitioning from a hard to a softer state over the burst duration. Time-averaged polarimetric measurements yield a low polarization fraction (< 12.75%), whereas time-resolved polarization analysis unveils a marked increase in polarization fractions (> 49.0%) in the later stages of the emission episode.

Conclusions. This spectro-polarimetric evolution suggests a transition in the dominant radiative mechanism: The initial phase, possibly characterized by thermal-dominated photospheric emission (unpolarized or weakly polarized), gives way to a regime dominated by non-thermal synchrotron emission (highly polarized). This transition provides possible evidence of the evolving influence of magnetic fields in shaping the GRB emission process and jet dynamics.
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1. Introduction
The understanding of the composition of the relativistic jets, as well as the mechanism responsible for the prompt gamma-ray emission from the gamma-ray bursts (GRBs), is still some of the most profound and unresolved questions (Pe’er 2008; Pe’er 2015; Beloborodov 2012; Zhang et al. 2014; Bošnjak et al. 2022). Several competing theoretical models have been proposed to elucidate the processes responsible for prompt emission. One of the prevailing models explaining GRB prompt emission involves the internal shocks within the jet, where relativistic shells of plasma collide, releasing energy in the form of gamma rays (Rees & Meszaros 1994; Tavani 1996; Bošnjak et al. 2009; Rahaman et al. 2024). This internal shock model can account for the observed temporal variability and the spectral properties of the prompt emission (Kobayashi et al. 1997; Sari & Piran 1997). Alternatively, the photospheric emission model suggests that the photospheric emission boosted to gamma-rays originates as thermal radiation at the photosphere, providing insights into the jet’s baryonic composition and opacity (Rees & Mészáros 2005; Giannios 2006; Toma et al. 2011; Gupta & Sahayanathan 2024).
Traditionally, the spectral characteristics of prompt emissions are utilized to examine the unknown radiation mechanisms (Ravasio et al. 2019; Gupta et al. 2021; Caballero-García et al. 2023; Castro-Tirado et al. 2024). However, the existence of degeneracy among various spectral models, all yielding equally viable statistics, underscores the need for an additional observational constraint, for example, polarization (Iyyani 2018; Cheng et al. 2024). The measurement of polarization is particularly crucial because distinct radiation models predict different levels of polarization fractions (PFs) based on the orientation of the emitting jet (Gill et al. 2021). Additionally, polarimetry observations also offer unique insights into the relativistic outflow’s composition (baryonic jets, dominated by the kinetic energy of particles, or Poynting-flux-dominated jets, where magnetic fields primarily carry the energy), and angular geometry of the relativistic jets (Li & Shakeri 2025; Mao & Wang 2013; Cheng et al. 2024). As a result, combining spectral and polarization analyses has proven to be highly valuable for comprehending the radiation mechanisms underlying prompt emissions (Sharma et al. 2020; Gupta et al. 2022). The measurement of time-integrated polarization of prompt emission is conducted, primarily owing to the substantial photon requirements of X-ray polarimetry (Chattopadhyay 2021; Kole et al. 2020). However, time-integrated polarization measurement of GRBs may result in low polarization due to the cancellation of polarization vectors (Chattopadhyay et al. 2022). Therefore, detailed time-resolved polarization measurements are needed to constrain the intrinsic radiation physics of GRBs (Burgess et al. 2019; Gupta et al. 2024; Yonetoku et al. 2011; Götz et al. 2009; Sharma et al. 2019).
In this paper, we present a comprehensive spectral and polarimetric analysis of GRB 230307A using data from the Cadmium Zinc Telluride Imager (CZTI) aboard AstroSat (Singh et al. 2014), the Gamma-ray Burst Monitor (GBM) aboard Fermi (Meegan et al. 2009), and the Konus-Wind (KW) (Aptekar et al. 1995) instrument. Notably, this event represents the brightest burst for which spectro-polarimetric analysis of the prompt emission of a GRB is performed. In Section 2, we describe the high-energy observations of GRB 230307A and the data reduction methodologies employed. Sections 3 and 4 present the principal results of our analysis and a discussion of the implications. Finally, Section 5 provides a succinct summary and conclusions of the present work.
2. Prompt emission observations and data analysis
2.1. Data collection
2.1.1. Fermi/GBM
GRB 230307A was first reported by the GBM on board Fermi satellite at 15:44:06 UT on March 23, 2023 (hereafter T0; Fermi GBM Team 2023). The burst exhibited a fluence of 2.951 ± 0.004 10−3 erg/cm2 in the 10−1000 keV energy range (Dalessi et al. 2023), making it the second brightest burst ever detected. Temporal analysis of the GBM data revealed a single-peaked structure (see Fig. 1) with the T90 duration of 35 s in the 10−1000 keV energy range. For this study, we utilized the time-tagged event (TTE) data from the brightest sodium iodide (NaI 10: 52°, 8−900 keV) and bismuth germanate detector (BGO 1: 60°, 0.3−40 MeV) of the GBM instrument. Due to the extreme brightness of GRB 230307A, the GBM detectors experienced significant pulse pileup during specific intervals. Consequently, data from 2.5−7.5 s in the NaI detector and 2.5−11.0 s in the BGO detector were excluded from the analysis to ensure the reliability of the spectral and temporal measurements.
2.1.2. AstroSat-CZTI
GRB 230307A was identified as the brightest burst detected by the CZTI on board AstroSat. The light curve of the event exhibited a single-peaked structure, with the peak occurring at 15:44:10.0 UT and with a duration (T90) of 33 seconds in the 20−200 keV energy range. Preliminary analysis revealed 5484 polarization events associated with the burst (Navaneeth et al. 2023). The incident direction of GRB 230307A, as observed by CZTI, was determined to be at polar and azimuthal angles of (θ = 150.46°) and (ϕ = 185°), respectively.
AstroSat-CZTI has been established as a sensitive on-axis GRB polarimeter, with its performance having been validated during ground calibration in the 100−350 keV energy range (Chattopadhyay et al. 2014; Vadawale et al. 2015). Recent advancements have extended its polarimetric measurement capabilities for off-axis and in the 100−600 keV energy range (Chattopadhyay et al. 2022; Gupta et al. 2024). We used the enhanced capabilities of CZTI to probe the prompt emission polarization properties of GRB 230307A (details in Sect. 2.3).
2.1.3. Konus-Wind
Konus-Wind also reported the detection of the GRB 230307A at 15:44:05.615 UTC on March 7, 2023 (hereafter referred to as Tkw, 0). The KW trigger time corresponds to the Earth-crossing time of 15:44:06.667 UTC (Svinkin et al. 2023). The peak count rate measured by KW for this burst was ∼1 × 105 counts per second, which is an order of magnitude lower than the count rate observed for the exceptionally bright GRB 221009A, also known as the Brightest Of All Time (BOAT) event (Frederiks et al. 2023). At this count rate, the KW light curve remains unaffected by saturation or pulse-pileup effects, allowing for the application of standard KW dead-time correction techniques (Mazets et al. 1999; Frederiks et al. 2023) to the data. Thus, both Fermi/GBM and KW data were utilized to carry out the time-resolved spectral analysis (detailed analysis described in Sect. 2.2) in order to draw a comprehensive inference regarding the emission mechanism of GRB 230307A.
In addition to these instruments, the GRB was detected by several other space-based instruments operating in the γ-ray and hard X-ray regimes. These include the Gravitational Wave High-Energy Electromagnetic Counterpart All-sky Monitor (GECAM) (Xiong et al. 2023), GRBAlpha (Dafcikova et al. 2023), and the Gamma-Ray Imaging Detector (GRID) and Mini-CALorimeter (MCAL) aboard the AGILE satellite (Casentini et al. 2023).
2.2. Temporal and spectral analysis
The Fermi GBM light curve was extracted using the RMFIT software (version 4.3.2). Figure 1 presents the background-subtracted light curves from NaI 10 in 8−900 keV (panel 2, black curve). The time intervals affected by pulse pileup (NaI: 2.5−7.5 s; BGO: 2.5−11.0 s) are excluded from subsequent spectral analysis. The top panel displays the AstroSat CZTI light curve in the energy range of 100−600 keV (blue).
Spectral analysis of GRB 230307A was carried out using data from the KW and Fermi/GBM instruments. Three time-resolved KW spectra were extracted and analyzed, with temporal bins determined using the Bayesian blocks technique applied to the CZTI light curve (details provided in Sect. 2.3). The spectra in the first two regimes include the time intervals where the GBM spectra cannot be studied due to the pulse pileup. The KW spectral analysis was performed using XSPEC (version 12.11.1) with the χ2 statistic. To ensure the validity of the χ2 statistic, energy channels were grouped to achieve a minimum of 20 counts per channel. The KW instrument provided 64-channel energy spectra via two pulse height analyzers: PHA1 (63 channels, 29−1660 keV) and PHA2 (60 channels, 0.5−20.3 MeV).
The extreme brightness of GRB 230307A enabled high time-resolution spectral analysis using Fermi/GBM data. The Bayesian block technique was applied to the GBM light curve over the total emission interval (T0 to T0 + 96.1 s), yielding 150 time bins with high statistical significance (see Table A.1). Spectra for these 150 intervals were generated using the Make spectra tool within the gtburst software from the Fermi Science Tools. Background estimation was performed by selecting two-time intervals, one preceding and one following the main GRB emission. Time-averaged spectra were modeled using the Multi-Mission Maximum Likelihood framework (3ML) to investigate potential emission mechanisms. The 33−40 keV energy range was excluded from the analysis due to the presence of the iodine K-edge at 33.17 keV. The model selection was guided by the Bayesian information criterion (BIC; Schwarz 1978), with preference given to models yielding the lowest BIC values.
2.3. Polarimetric analysis
The spectral analysis alone often results in ambiguity when selecting the best-fit model, highlighting the need for additional constraining of observables such as polarization to resolve such degeneracies. Polarization measurement depends on the cross-section of X-ray interaction with matter, which modulates the intensity of photons or electrons as a function of polarization direction (McConnell 2017). The pixelated CZTI detectors on board AstroSat are uniquely capable of detecting ionizing events in neighboring pixels simultaneously, enabling the reconstruction of the azimuthal distribution of Compton-scattered events. This capability allows CZTI to function as a Compton polarimeter, providing polarization measurements of incoming hard X-ray radiation (above 100 keV).
In CZTI, Compton scattering events are identified by detecting adjacent two-pixel events within a 20 μs time window, with energy ratios between 1 and 6 to reduce noise. Data from both GRB and background intervals were analyzed, and the azimuthal scattering angle was calculated. Corrections for the asymmetric inherent pixel geometry of CZTI were applied using Geant4 simulations of the AstroSat mass model, validated by Mate et al. (2021), Chattopadhyay et al. (2021). The corrected azimuthal distributions were fit with a sinusoidal function to derive the modulation amplitude and polarization angle (PA). The PF is then calculated by normalizing the modulation amplitude to the simulated response for 100% polarized radiation. A Bayes factor (BF) is employed to confirm polarization detection (BF > 3.2), where the PF and PA are quoted for the detections. However, in the time bins where fewer Compton counts were registered, the PF could not be constrained due to the poor statistics, and thus, a lower limit on the PF is quoted (in Table 1). The lower limits were calculated at two parameters of interest, from the contour plot of the PF and detector PA (fourth panel of the right-bottom image in Figure A.1). Whereas for the intervals with non-detections (BF < 3.2), the upper limit is reported at one parameter of interest. The upper limits were computed from the probability (n sigma) of a known 100% unpolarized radiation exceeding a certain false polarization level that satisfies the detection criteria BF > 3.2 (Chattopadhyay et al. 2022).
Table 1. 
Polarimetry and spectral results of GRB 230307A using AstroSat-CZTI (100−600 keV) and Konus-Wind (20 keV–20 MeV) respectively.

For the polarimetric analysis of GRB 230307A, we also considered recent advancements such as extending the energy range to 600 keV by utilizing low-gain pixels, implementing a Compton noise algorithm for improved noise rejection, correcting for charge-sharing effects, and validating the AstroSat mass model (Chattopadhyay et al. 2022). These refinements have significantly enhanced the polarimetric sensitivity of AstroSat and mitigated systematic effects, ensuring robust polarization measurements. However, AstroSat-CZTI data for GRB 230307A were affected by saturation above the detector threshold due to the extreme brightness of the event, which introduced distortions in standardized polarization analysis. Approximately 10% of Compton events were misidentified as triple-pixel events, while ∼10−20% of single-pixel events were erroneously classified as Compton events. This was corrected by identifying and removing the pileup regions in CZTI. For that, we analyze the individual quadrant light curves (binned at 10 ms), where time intervals with event rates exceeding 30 counts per 10 ms were flagged as contaminated and excluded. Livetime corrections were performed for these events for each quadrant, reducing the total burst duration by a factor of 0.637. Polarization analysis was conducted for individual quadrants, yielding consistent results that were combined to determine the time-integrated and time-resolved PF and PA, as discussed in subsequent sections. The minimum detectable polarization (MDP) was calculated from the Geant4 simulation of the AstroSat mass model, to obtain the modulation amplitude for the 100% polarised radiation for the GRB. Based on the number of Compton scattered photons, the MDP threshold computed for the total burst duration was 10%, while we obtained 22% for Region 1, 18% for Region 2, and 30% for Region 3. In this study, the uncertainties in the PA are reported at the 68% confidence level for two parameters of interest, while the uncertainties in the PF are quoted at the 68% confidence level for one parameter of interest unless otherwise specified.
The Bayesian block technique (Scargle et al. 2013) was applied to the Compton event light curve of the CZTI to determine the total duration of GRB 230307A for polarization analysis in the 100−600 keV energy range. The temporal evolution of polarization during the prompt emission phase of GRB 230307A may nullify polarization features when analyzed over the full burst duration, necessitating time-resolved polarization studies. Three distinct temporal intervals, identified using the Bayesian block technique, were selected for detailed time-resolved polarization analysis: Region 1 (T0 − 1.0 s to T0 + 6.0 s), Region 2 (T0 + 6.5 s to T0 + 17.5 s), and Region 3 (T0 + 19.0 s to T0 + 38.0 s). These intervals are highlighted as shaded regions in Figures 1 and 2.
	[image: thumbnail]	Fig. 1. Evolution of different spectral parameters from our time-resolved spectral fits. The first panel shows the Compton light curve of CZTI data in the 100−600 keV energy range, with the black dashed line indicating the burst interval determined using the Bayesian block technique. The second panel illustrates the light curve from the NaI 10 detector (black), and here the green solid lines depict the burst interval of Fermi GBM using the Bayesian block technique. The second through fifth panels illustrate the temporal evolution of spectral parameters throughout the burst (band function parameters: peak energy, Ep, and low-energy spectral index, α; and CPL parameters: cutoff energy, Ec, and power-law index, p). Spectral parameters derived from KW data are shown as dark markers with black error bars, while the finer time-bin spectra modeled using Fermi data are displayed as lighter background points. In the third panel, the solid and dashed brown lines indicate the synchrotron limits for slow-cooling (−2/3) and fast-cooling (−3/2) scenarios, respectively. Shaded regions highlight the time-resolved intervals used for the polarization analysis.



	[image: thumbnail]	Fig. 2. Time-averaged and time-resolved spectro-polarimetric analysis of GRB 230307A. The plot illustrates the evolution of the PF in 100−600 keV during the time-resolved (blue hexagon markers) and time-integrated (green hexagon marker) intervals of GRB 230307A. Three distinct time-resolved regions are highlighted with yellow, red, and blue shaded areas. The right vertical axis presents the corresponding variation in the low-energy spectral index (α) derived from the band function fits. The spectral indices obtained using time-resolved spectral analysis of Fermi data are represented by orange squares, while those from Konus-Wind data (for each region) are denoted by red squares. The grey dashed and dot-dashed lines indicate the theoretical bounds for the fast-cooling and slow-cooling synchrotron emission regimes, respectively, providing a reference for evaluating the observed spectral behavior.



3. Results
3.1. Time-averaged spectro-polarimetric properties
The time-integrated spectrum of GRB 230307A (T0 − 1.4 to T0 + 37.6 s) was modeled using two empirical functions: the band function (Band et al. 1993) and a power law with exponential cutoff (CPL). Analysis of Konus-Wind spectrum within the 20−20 000 keV energy range revealed that the band function provided the best fit, yielding a low-energy spectral index α of [image: equation], an upper limit on the high-energy spectral index β of −5.9, and a peak energy, Ep, of [image: equation] keV. The Bolometric flux was calculated as [image: equation] ergs/cm2/s, confirming this burst to be highly energetic.
GRB 230307A, also the brightest burst detected by AstroSat/CZTI, recorded the highest Compton counts of 5122 during 39 seconds (T0 − 1.0 to T0 + 38.0 s), which is highlighted by the black-dashed lines in the top panel of Figure 1. Polarization analysis over the entire burst duration revealed a non-polarized emission with an upper limit on the PF of 12.75% (green hexagon in Figure 2). Details of the upper limit calculation can be found in Chattopadhyay et al. (2022). The top-left panel of Figure A.1 provides the results of the time-averaged polarimetric analysis using CZTI data. The complete-burst analysis showed a low polarization signature, suggesting that a more detailed time-resolved analysis is necessary (see Table 1). Such analysis can reveal if the burst is intrinsically unpolarized (due to photospheric emission) or if observed low polarization is due to evolution in PA and PF.
3.2. Evolution of polarization and spectral characteristics of GRB 230307A
The time-resolved spectral analysis of prompt emission offers crucial insights into the underlying radiation processes and correlations between different spectral parameters. Time-resolved spectral modeling of GRB 230307A was performed with data from Fermi/GBM (light points in Figure 1) and Konus-Wind (dark points in shaded regions of Figure 1) and using the band function (Band et al. 1993) and a power law with an exponential cutoff (CPL). The GBM spectrum was analyzed across energy ranges of 8−900 keV (NaI) and 250−40 000 keV (BGO). The band function consistently provided the best fit (ΔBIC < −10) in most of the time stamps, as indicated by lower BIC values. The best-fit model parameters are quoted in the Table A.1.
The evolution of the spectral peak energy was found to follow a similar evolution trend as the flux over the burst duration. Additionally, the high-energy index, β, was constant throughout the burst duration. On the other hand, the low-energy spectral index, α, exhibited a distinct hard-to-soft evolution, which is indicative of a radiative process transition from thermal to non-thermal dominance. In Region 1 (yellow-shaded region of Figure 1), α was measured to be −0.45 ± 0.01, significantly harder than the synchrotron “line of death” (α ≈ −2/3; Zhang et al. 2012). Regions 2 and 3 (red and blue shaded regions) showed α values of −0.74 ± 0.01 and −1.49 ± 0.01, respectively (see Table 1).
The extraordinary brightness of GRB 230307A provided a rare opportunity to investigate the evolution of its polarization properties across different phases of the burst. The initial emission during Region 1 (T0 − 1.0 s to T0 + 6.0 s) with 1542 Compton counts exhibited no significant polarization, with a Bayes factor of 0.73 (BF < 3; top-right image of Figure A.1). Similarly, the emission from Region 2 (T0 − 6.5 s to T0 + 17.5 s) was unpolarized, showing 2434 Compton counts and a BF of 0.69 (bottom-left image of Figure A.1). The upper limits (at 1σ confidence level) on the PF for Regions 1 and 2 were constrained to 24.59% and 19.40%, respectively. Interestingly, in the decaying phase of the light curve (Region 3), the emission became distinctly polarized, with a lower limit on the PF of 49.0% (blue hexagon scatterer in Figure 2) and a PA of 85.76 ± 25.0° (bottom-right image of Figure A.1). This evolution, depicted in Figure 2, demonstrates a lower PF during the initial phases of the burst and a significantly higher polarization signature in the later phase, suggesting a potential change in the emission mechanism over time.
4. Discussion
The observed PF in GRBs is highly sensitive to the underlying radiation mechanisms. For instance, synchrotron radiation from a highly ordered magnetic field is expected to produce high PFs, whereas a tangled or multi-zone magnetic field configuration would result in a significantly lower polarization (≤20%) (Gill et al. 2021). Recent theoretical advancements suggest that the presence of a photospheric component, which is thermal in nature, can further complicate the polarization signature by diluting the non-thermal synchrotron emission (Lundman et al. 2014).
The spectro-polarimetric analysis of GRB 230307A, based on data from the AstroSat/CZTI and Fermi/GBM instruments, offers valuable insights into the prompt radiation mechanisms of this exceptionally energetic burst. The observed temporal evolution of polarization properties, combined with spectral characteristics, reveals a hint of a transition in the radiation mechanisms from thermal to non-thermal dominance (see details in the following sub-sections). However, due to the statistical limitations of the current dataset, we present these interpretations as possible scenarios suggested by the measurements, instead of as definitive conclusions.
The viewing geometry of a GRB jet also plays a pivotal role in determining the observed polarization properties. The Γθj condition, where Γ is the bulk Lorentz factor and θj is the jet opening angle, provides a robust framework for assessing whether the burst is observed on axis (Γθj ≫ 1) or off axis (Γθj ≪ 1), or within a narrow jet (Γθj ∼ 1). For GRB 230307A, we derived Γ using the well-established Liang correlation, Γ0 ≈ 182 × [image: equation], which relates the bulk Lorentz factor to the isotropic gamma-ray energy (Liang et al. 2010). The jet opening angle θj of 3.4° was calculated using afterglow analysis (Sun et al. 2025), and [image: equation] was obtained from Peng et al. (2024). Our analysis reveals that GRB 230307A has Γθj ≫ 1, indicating an on-axis viewing perspective. This is consistent with the bright prompt emission and well-detected afterglow, which are characteristic of on-axis observations. The on axis geometry implies that the observed polarization is less likely to be influenced by geometric effects such as jet edge contributions, thus allowing for a more direct interpretation of the intrinsic polarization properties. In the following, we discuss the implications of our findings in the context of theoretical models and their relevance to the broader understanding of GRB physics.
4.1. Initial phase: Photospheric emission
In the first temporal bin of GRB 230307A (T0 − 1 − T0 + 6 s), observed a moderate PF (< 24.59%, 1σ) alongside a hard low-energy spectral index (α ∼ −0.45), as shown in Figure 2. The low PF suggests that the emission is either intrinsically unpolarized or significantly depolarized, potentially due to a tangled magnetic field in the emitting Region, where synchrotron emission is expected to dominate (Gill et al. 2021). The hard α during the peak of GRB 230307A indicates a spectrum above the slow-cooling (α = −2/3) and fast-cooling synchrotron limit (α = −3/2), suggesting that such a hard α could not be explained with a typical thin shell synchrotron emission model. However, several intricate theoretical models have been suggested that can generate a hard α (as seen during the peak emission phase of GRB 230307A) within the context of the synchrotron emission framework. These include synchrotron emission in a decaying magnetic field (Pe’er & Zhang 2006; Uhm & Zhang 2014) and time-varying cooling of synchrotron electrons (Beniamini et al. 2018; Burgess et al. 2020), among others. Alternatively, this could reflect a photospheric component (the optical depth drops to unity, allowing photons to escape), as proposed for GRB 090902B, which exhibited a hard α (Ryde et al. 2010; Mészáros & Rees 2000; Pe’er 2008; Gupta & Sahayanathan 2024). In this scenario, the thermal radiation is expected to be unpolarized due to the random orientation of photons in the optically thick Region (Lundman et al. 2014). The low-energy spectral index during this phase further supports a thermal origin, aligning with predictions of the photospheric model (Ryde et al. 2010). Wang et al. (2023) also analyzed the prompt emission of GRB 230307A and noted a correlation between α with intensity. They further explained this correlation in terms of the evolution of the ratio of thermal to non-thermal components. The low PF in Region 1 aligns with this interpretation, as the photospheric contribution could suppress polarization, while the hard α reflects a thermal peak. A similar behavior was reported in a study by Sharma et al. (2020) where it was indicated as a common early-phase depolarization in GRBs with mixed emission mechanisms. In a plausible scenario, the low-PF observed in the early phase, which is suggestive of photospheric emission, could align with the hard α values derived from spectral analysis of early emission phases (Li et al. 2021). However, the observed α–intensity correlation may also be a natural consequence of the commonly observed hard-to-soft spectral evolution in GRB pulses (Hakkila & Preece 2011; Ford et al. 1995; Kaneko et al. 2006). During this evolution, the spectrum typically softens over time, with α decreasing as the intensity peaks and subsequently declines. This temporal behavior, well-studied in many GRBs, could naturally account for the correlation without invoking a dominant photospheric component.
4.2. Intermediate phase: Sustained low polarization fraction with softening spectral index
In the second temporal bin (6.5−17.5 s), the PF remains low (< 19.40%, 1σ), while the spectral index softens to α ∼ −0.73, indicating an initiation of transition in the emission properties. The gradual softening α from Region 1 to Region 2, approaching below the slow-cooling synchrotron limit (α = −2/3), possibly suggests dilution of the thermal plasma that cools it down further. This weakens the photospheric emission and the spectrum may be dominated by synchrotron radiation. This evolution could align with models of GRB jets where the early photospheric emission fades, allowing synchrotron emission from internal shocks to become more prominent (Mészáros & Rees 2000). In Region 2 of GRB 230307A, the low PF and softening α might reflect an intermediate phase where the jet’s magnetic field is still restructuring, possibly initiating the stage for the changes (dominance of synchrotron emission) in Region 3.
4.3. Decay phase: Transition to synchrotron emission
In the third temporal bin (19−38 s), GRB 230307A exhibits a significant increase in PF (> 49%, 1σ) and a further softened spectral index (α ∼ −1.49). The hint of a high PF indicates the emergence of a more ordered magnetic field, a hallmark of synchrotron emission from a coherent field structure, as the tangled field from earlier phases aligns, possibly due to shock compression or jet expansion (Toma et al. 2009). The soft α, well below the slow-cooling synchrotron limit, suggests that the emission might be dominated by synchrotron radiation from a cooled electron population (Zhang & Yan 2011; Gill et al. 2020), potentially in a late internal shock scenario. For GRB 230307A, recent spectral correlation analyses have suggested that late-phase emission may involve synchrotron radiation from ordered fields, with spectral softening reflecting the cooling of electrons (Wang et al. 2023). The observed polarization properties of GRB 230307A in the decaying phase (high PF) are possibly consistent with this picture, suggesting a transition from a thermal-dominated (Region 1) to a non-thermal-dominated (Region 3) radiation mechanism.
The initial low PF in GRB 230307A suggests that the jet’s magnetization might be relatively weak, characterized by a magnetization parameter σ < 1 and indicating that the energy is primarily carried by the kinetic motion of particles rather than the magnetic field. In contrast, the high PF observed in the later decaying phase points to a more magnetized jet with σ > 1, where magnetic energy dominates the jet dynamics (Zhang & Pe’er 2009; Gill et al. 2020). This possible evolution aligns with theoretical models of magnetic jet acceleration, which predict that as the jet propagates outward, magnetic reconnection or dissipation processes can convert magnetic energy into particle acceleration, leading to a more ordered magnetic field and higher polarization (Komissarov et al. 2007; Tchekhovskoy et al. 2011). Additionally, the spectro-polarimetric evolution of GRB 230307A supports theoretical predictions of a transition from a thermally dominated emission (e.g., photospheric) to a non-thermal synchrotron-dominated regime, as evidenced by the spectral index softening from α ∼ −0.30 to α ∼ −1.85. Similar transitions have been observed in other bright GRBs, such as GRB 150309A, GRB 160625B, GRB 210619B, and GRB 230204B, where broadband spectral analyses revealed shifts in the dominant emission mechanism over time (Castro-Tirado et al. 2024; Zhang et al. 2018; Chen et al. 2021; Caballero-García et al. 2023). Typically, such transitions are reported in multi-pulsed GRBs with collapsar origin; for instance, GRB 160325A exhibited a hard α and low PF in its first pulse, followed by a softer α and higher PF in its second pulse, mirroring the trend seen in GRB 230307A (Sharma et al. 2020; Gupta et al. 2024). However, our analysis indicates GRB 230307A as a rare case where this transition occurs within a single emission episode associated with a merger origin.
5. Summary
In this paper, we have present a time-resolved spectro-polarimetric analysis of GRB 230307A, the second-brightest long gamma-ray burst ever observed and which is uniquely linked to a kilonova (Levan et al. 2024). Notably, GRB 230307A is the brightest GRB for which such detailed spectro-polarimetric analysis has been performed. Using data from AstroSat CZTI, Fermi GBM, and Konus-Wind, we uncovered a hint of a transition in the burst’s emission mechanism: from an early phase dominated by thermal, photospheric emission (low polarization, hard spectral index) to a later phase dominated by non-thermal synchrotron emission (high polarization, softer spectral index). This plausible evolution, observed within a single emission episode, highlights the dynamic role of magnetic fields in shaping GRB jets and provides insight into the central engine’s properties. Our findings underscore the importance of time-resolved spectro-polarimetric studies in understanding GRB physics.
Future observations of similar energetic GRBs, particularly with next-generation X-ray and gamma-ray polarimeters such as COSI and POLAR-2 will be essential to further constraining the radiation mechanisms of GRBs. The ability to perform detailed time-resolved spectro-polarimetric analyses will provide new insights into the role of magnetic fields in GRB emission and help unravel the complex physics of these extraordinary cosmic events.
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Appendix A:  Time-resolved spectro-polarimetry results
	[image: thumbnail]	Fig. A.1. Time-integrated (top-left figure) and time-resolved (top-right figure for Region 1, bottom-left figure for Region 2, and bottom-right figure for Region 3) polarization analysis of GRB 230307A in 100-600 keV using AstroSat CZTI. Each figure is composed of five panels: (1) the Compton light curve for the Region of interest (time-integrated, Region 1, Region 2, and Region 3), obtained using Bayesian block analysis (blue-shaded Region, top panel); (2) the posterior probability distribution of the detector PA (middle-left panel); (3) the modulation curve of the burst, illustrating the azimuthal dependence of the detected counts (middle-right panel) where in blue is the best fit curve and pink are the 250 randomly selected fitted modulation curves; (4) a two-dimensional contour plot depicting the joint posterior distribution of the detector PA and PF (denoted as PD in the plots, equivalent to the PF referenced in the text; bottom-left panel); and (5) the posterior probability distribution of the PF (bottom-right panel). The Bayes factor, quantifying the strength of evidence for polarization, is computed for the 100–600 keV energy range.
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	[image: thumbnail]	Fig. 1. Evolution of different spectral parameters from our time-resolved spectral fits. The first panel shows the Compton light curve of CZTI data in the 100−600 keV energy range, with the black dashed line indicating the burst interval determined using the Bayesian block technique. The second panel illustrates the light curve from the NaI 10 detector (black), and here the green solid lines depict the burst interval of Fermi GBM using the Bayesian block technique. The second through fifth panels illustrate the temporal evolution of spectral parameters throughout the burst (band function parameters: peak energy, Ep, and low-energy spectral index, α; and CPL parameters: cutoff energy, Ec, and power-law index, p). Spectral parameters derived from KW data are shown as dark markers with black error bars, while the finer time-bin spectra modeled using Fermi data are displayed as lighter background points. In the third panel, the solid and dashed brown lines indicate the synchrotron limits for slow-cooling (−2/3) and fast-cooling (−3/2) scenarios, respectively. Shaded regions highlight the time-resolved intervals used for the polarization analysis.
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	[image: thumbnail]	Fig. 2. Time-averaged and time-resolved spectro-polarimetric analysis of GRB 230307A. The plot illustrates the evolution of the PF in 100−600 keV during the time-resolved (blue hexagon markers) and time-integrated (green hexagon marker) intervals of GRB 230307A. Three distinct time-resolved regions are highlighted with yellow, red, and blue shaded areas. The right vertical axis presents the corresponding variation in the low-energy spectral index (α) derived from the band function fits. The spectral indices obtained using time-resolved spectral analysis of Fermi data are represented by orange squares, while those from Konus-Wind data (for each region) are denoted by red squares. The grey dashed and dot-dashed lines indicate the theoretical bounds for the fast-cooling and slow-cooling synchrotron emission regimes, respectively, providing a reference for evaluating the observed spectral behavior.
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Notes. ( * )The upper and lower limits are computed at 1σ level for two and one parameter of interest, respectively.
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        Evolution of different spectral parameters from our time-resolved spectral fits. The first panel shows the Compton light curve of CZTI data in the 100−600 keV energy range, with the black dashed line indicating the burst interval determined using the Bayesian block technique. The second panel illustrates the light curve from the NaI 10 detector (black), and here the green solid lines depict the burst interval of Fermi GBM using the Bayesian block technique. The second through fifth panels illustrate the temporal evolution of spectral parameters throughout the burst (band function parameters: peak energy, Ep, and low-energy spectral index, α; and CPL parameters: cutoff energy, Ec, and power-law index, p). Spectral parameters derived from KW data are shown as dark markers with black error bars, while the finer time-bin spectra modeled using Fermi data are displayed as lighter background points. In the third panel, the solid and dashed brown lines indicate the synchrotron limits for slow-cooling (−2/3) and fast-cooling (−3/2) scenarios, respectively. Shaded regions highlight the time-resolved intervals used for the polarization analysis.
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        Time-averaged and time-resolved spectro-polarimetric analysis of GRB 230307A. The plot illustrates the evolution of the PF in 100−600 keV during the time-resolved (blue hexagon markers) and time-integrated (green hexagon marker) intervals of GRB 230307A. Three distinct time-resolved regions are highlighted with yellow, red, and blue shaded areas. The right vertical axis presents the corresponding variation in the low-energy spectral index (α) derived from the band function fits. The spectral indices obtained using time-resolved spectral analysis of Fermi data are represented by orange squares, while those from Konus-Wind data (for each region) are denoted by red squares. The grey dashed and dot-dashed lines indicate the theoretical bounds for the fast-cooling and slow-cooling synchrotron emission regimes, respectively, providing a reference for evaluating the observed spectral behavior.
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