A detailed time-resolved spectro-polarimetric study
of bright GRBs observed using Fermi and AstroSat
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Gamma-Ray Burst: standard model
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Photospheric vs Synchrotron

Spectrum Quasi-thermal Non-thermal
Spectral Shape Hard Low-energy Slope (a) a = -2/3 in the slow-cooling and a =-3/2 in
the fast-cooling regime
Light Curve Smooth, single-peaked Rapid variability and complex
Energy Dissipation ~10712 to 10213 cm ~10714 to 10215 cm
Jet Composition Optically thick, baryonic dominated Optically thin, magnetically dominated
Polarization Low or no polarization High polarization

........ — | Observed slopes

LONG GRBs: <a> ~ -1
SHORT GRBs: <a> ~ -0.4
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Limitation: Degeneracy between spectral models
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Two Models: Two completely different spectral shape

lyyani et al. 2016, 2018



Constraining Observables: GRB polarimetry

Toma et al. 2009
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Polarization measurement for a large sample of GRBs might be
useful to understand the prompt emission mechanism.

Polarization measurement by different mission:
RHESSI 1 GRB

BATSE 2 GRBs

INTEGRAL 6 GRBs

Fermi/GBM 1 GRB

GAP 3 GRBs

COSI Balloon Borne 1 GRB

POLAR 14 GRBs

AstroSat 20 GRBs (upto 2020)

" GRB021206

800

0.15-0.5 MeV

600

400~

Polarisation depends on the jet viewing geometry:

On axis viewing
High Polarisation fraction:

Synchrotron emission in ordered magnetic field.

Nearly, null Polarisation fraction:

Synchrotron emission in random magnetic field.

Photospheric emission: Compton scattering
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BATSE: GRB 930131 and GRB 960924

II > 35% and II > 50%

INTEGRAL

GRB  II (68% c.l.) |
041291A  65+26%

06122 >60%
100826A  25+15%
110301A  70+22%

110721 84123%
140206A >48%

see Gill et al. 2021 for review

Fermi/GBM

GRB 180720B PD=72*3}% (10)

VERES et al. 2024




GAP, COSI (Balloon Borne), & POLAR
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GRB 160530A: Balloon Borne Compton Spectrometer and Imager

I1 90% upper limit ~ 46% Kole et al. 2020

Lowell et al. 2017



AstroSat and X-ray Polarimetry with CZT-Imager (CZTI)

ASTROSAT LS
“Cadmivm ziﬁc Tellqi.id’&'lw;

—— o1 jo D g Launched in 28th September 2015.
N Wit ok -Five science payloads onboard.

Compton scattering in one pixel and absorption of the scattered

photon in another pixel constitute the 8 bin azimuthal angle
distribution.

Aim: To measure the azimuthal distribution of scatter angles
about the incident photon direction.
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Finally - GRB polarization for a 5 year sample

2015-2020

shortlisted 20 GRBS for polarization analysis
e bright
e localized
® <60 degree from detector normal

Results (100-600 keV, full burst)

1. Most GRBs are unpolarized in the full burst
2. 25 % of the sample polarized (50 - 70 %)
3. the total sample size is now more than 40
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GRB polarization for a 5 year sample

Cumulative prob.
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Slightly higher polarization
(around 20%) in Astrosat sample
(100-600 keV) than POLAR
(50-500 keV)

Changing PA across the
burst ?

narrower sampling region at the higher
energies (>100 keV) in case of AstroSat,
less chance of mixing

Chattopadhyay et al 2022, ApJ



Time-resolved spectro-polarimetric
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GRB 160325A
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Quasi- Comptonised spectrum

First Pulse: Best fit Spectrum: Blackbody + Cutoff power law P
G w internal shocks
Second Pulse: Best fit Spectrum: Cutoff power law .ol i i

Second Emission Pulse

Synchrotron emission

Physical scenario: Baryonic dominated jet with mild magnetisation

internal shocks

Gupta et al. 2024, ApJ & Sharma et al. 2020
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GRB 160821A

A rapid change in polarization angle by ~ 90 degrees within the main puilse!

Main features:
Precursor emission ~ 100 s.
Main episode of ~ 88 s duration.

One of the brightest GRB detected by Fermi.

Among highest known values of Eiso ~
10°3 -10°° erg, for redshift z=0.4 - 2.

Gupta et al. 2024, ApJ & Sharma et al
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GRB 230307A: Evidence of transition from Baryonic

to Poynting flux-dominated jet composition?

The brightest burst for which Spectro-polarimetry analysis has been attempted ever!
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Spectro-polarimetric results of CZTI GRBs

GRB 160821A, GRB 160623A, GRB 160703A,
GRB 160802A GRB 160325A GRB 190530A
Subphotospheric dissipation Subphotospheric dissipation Optically thin Synchrotron Optically thin Synchrotron
Baryon dominated Baryon dominated with mild magnetisation Poynting dominated

GRB 230307A: Evidence of transition from Baryonic to Poynting flux-dominated jet composition

Our study suggests that the jet composition of GRBs may exhibit a wide range of magnetization, which
can be revealed by utilizing spectro-polarimetric investigations of the bright GRBs.

Sharma et al. 2019, 2020; Chand et al. 2018, 2019; Chattopadhyay et al. 2021, 2022; Gupta et al. 2022, 2024; S. Gupta et al. (in prep.)



e Time-integrated polarization results, while pointing to lower polarization, are potentially an artifact of summing
over the changing polarization signal and thus washing out the true moderate/high polarization.

e Time-resolved spectro-polarimetry of the bright GRBs give hint of time-dependent nature of polarization
properties...POLAR 2/COSI/DAKSHA?

e AstroSat will be the only GRB polarimeter till 2027 at least
o Another 20 GRB polarization measurement expected (2021-2025).
o after localization of the GRBs, the number may go to total 50 GRBs (20+20+10)

A detailed cookbook and pipeline for GRB polarization measurements using AstroSat/CZTl is going to be public soon!

Thank you for your attention!

*rahulbhu.ci157@gmail.com & rahul.gupta@nasa.gov
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GRB 160623A and GRB 160703A

GRB 160623A (main emission episode) and GRB 160703A were occluded for Fermi mission.

The observed value of alpha using the time-integrated Konus-Wind spectrum lies within the synchrotron slow and fast cooling prediction.

Hint of higher PF in time-averaged/time-resolved measurements?
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The possibility of no significant polarization cannot be entirely ruled out based on the current measurements.



AstroSat and X-ray Polarimetry with CZT-Imager

Orbotech CZT modules
= Total 64 modules .... each 4 x 4 cm?~1000 cm”2 collecting area

=5 mm thick
I Credit: CZTI team




AstroSat and X-ray Polarimetry with CZT-Imager

Each Module is pixelated in 16 x 16 pixel ~ pixel size
of 2.5 mm

Timing resolution ~ 20 us
Orbotech CZT modules

« Total 64 modules ... ~1000 cm”2 collecting area ... each 4 x 4 cm?
=5 mm thick

Credit: CZTI team



AstroSat and X-ray Polarimetry with CZT-Imager
(CZTI)

ASTROSAT '

“Cadmivm Zinc Tellur.idé"'lfiiﬁm;
Dl The passive shielding around CZTI becomes transparent above

Launched in 28th September 2015. 80 keV
-Five science payloads onboard.

CZTI works as open detector in hard X-rays: ~80 GRB
detections/ year
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Prompt emission polarization of GRBs?
Credit: CZTI team



AstroSat and X-ray Polarimetry with CZT-Imager
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GRB 160802A
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The light curve of GRB 160802A displays two distinct emission episodes separated by a quiescent period.

First Pulse

Hard alpha values > line of death of synchrotron

Time since GBM trigger (sec)

Time-resolved polarization measurements (sliding mode analysis) during this episode constrain the polarization fraction to low values.

Top hat jet viewed on axis

Second Pulse

Physical scenario: Baryonic dominated jet ?

Relatively softer alpha values but still crossing the line of death of synchrotron in most of the bins.
No precise polarization measurement due to the low number of Compton counts during this episode.

Gupta et al. 2024, ApJ
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AstroSat and X-ray Polarimetry with CZT-Imager

5 mm CZT has ~10 % Compton scattering probability > 100 keV

Photons are preferentially Compton scattered at angles perpendicular to the polarization direction - asymmetry in the azimuthal
angle distribution

Compton scattering in one pixel and absorption of the scattered
photon in another pixel constitute the 8 bin azimuthal angle

Polarization - 100 - 600 keV distribution. Credit: CZT! team



Also recently characterized CZTI detectors for

off-axis polarization in lab ...

A Ba133 radioactive source to make
polarized radiation.

Expt done at multiple off-axis angles - 30,45,
60 degree

PF (%)
o 8 5 8 & 8

Main results:

1. experimental and simulation results match within
error

2. >60 degree angles, the MDP is less and prone
to systematics

[a
PA (deq)

theta 30,phi <30

Vaishnava et al 2022, JATIS

PF (%)

B 5 8 & 8
T T

Over the years, we have done several improvements in polarimetric analysis
pipeline such as increasing the effective area and bandwidth (by using data from e - =
low-gain pixels), using an improved event selection logic to reduce noise in the
double events and extend the spectral bandwidth.




well ... GRB polarization is difficult...

1. Interaction of photons with the
satellite structure - how accurate is
the mass model?

1. charge sharing between CZTI
pixels - how to include charge
sharing in the Geant4 simulation?

We need Strong theoretical models with
clear predictions
&
More constraining unambiguous
observations!



We validated the AstroSat mass model ..

Mate, Chattopadhyay et al 2021

Validation:

the collimators, mask, supporting structures,

veto cast shadow on the CZTI modules

compared the simulated and observed DPH

matching reasonable well!

A mass model including all instruments, spacecraft in Geant4.

Some parts hard coded
Some parts in Cadmesh
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Charge sharing in CZT pixels

g hv
cathode (-)
e Charge sharing in any pixelated detector—

f(thickness, temp, bias, energy) _
L
e In large pixel size ~2.5 mm, charge

sharing not significant in case of single & = o5 .
pixel spectroscopy

"D CeesD
e However, Compton events are a factor
~12 times lower. Therefore charge sharing / \
events are significant in Compton
polarimetry and spectroscopy pixellated anode (+)

- charge sharing region




Evidence of

e [Expected single / Compton in CZT ~ 12
e Observed single / Compton ~ 6
e Why?

Obs Compton > Simulated Compton by charge
sharing events

How to correct?
Calculate the charge sharing region

Calculate the events in the charge sharing
> add it to the simulated Compton events
> subtract from the simulated single pixel
events

charge sharing in case of GRBs
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e [Expected sin;
e Observed sir

e Why?

Obs Compton > Si
sharing events

e How to corre
Calculate the char:

Calculate the even!
> add it to th
> subtract fr

events

Evidence of charge sharing in case of GRBs
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Charge sharing corrected in CZT pixels

e We applied the charge sharing model % 2000 T T T T ]
to the simulated events and corrected 0 i - Dotol
them for charge sharing. e Simulation @ 7

-
o 151 m
=} i 1
We also developed a semi-empirical model % i 1
to correct the simulated azimuthal angle © - 1
distributions. — next talk. o 10F ]
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Chattopadhyay et al 2022, ApJ



Extending the CZTT polarimetry energy to sub-MeVs

low gain pixels:
low gain plXElS : post-launch

~20 % of the pixels in the CZTI plane
found to have lower counts due to
shift in the electronic gain

0.16

20 0.14

0.12
40

0.10
We have utilized the low gain pixels in CZTI to

enhance the polarimetric energy range to 600
kev with 30-40 % increase in Compton counts.

60
0.08

DETY

80 0.06

> calibration of the low gain pixels were done
using particle induced activation lines at 88
keV and ~150 keV
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Chattopadhyay et al 2021, JAA



Low gain pixel calibration

spectrum of the good pixels in a
detector module ~ 1 month of data July
2016

model -> Gaussian 1 (54 keV Tantalum
kalpha + Gaussian 2 (88 keV proton
induced Te activation) + power law with
break at 150 keV due to break in CZTI
detection efficiency)

Used this template model and
compared the spectrum of each of the
low gain pixels. The shift needed in the
ground calibrated gain is the correction
factor.

55.70) —— Observed Data
1031 -=-=. Statistical Model
A spectral features

A
bin

6 x 102

Counts/
-~
X
S

143.50)

60 80 100 120 140 160 180

Energy (keV)

The polarimetric energy range is extended to 600 keV (otherwise it’s
limited to 380 keV). Above 600 keV, no intrinsic polarization analyzing
power.

~ 20-30 % more Compton events.

Chattopadhyay et al 2021, JAA



Energy-resolved polarisation analysis using AstroSat CZTI

Energy sliding mode:

Time since GRB trigger (sec)
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~90%66 206 300 400 500 600 00 R 29 Ao =90 ol
Boergy (keV) S Gupta et al. 2024, ApJ
. .
GRB name Energy range (keV) | No. of Compton events PF (%) BF
GRB 160325A 100-187 391 < 70.54 1.41
GRB 160325A 187-600 380 < 33.28 0.80
GRB 160623A 100-300 1428 < 24.42 0.74
GRB 160623A 300-600 277 unconstrained | 2.82
GRB 160703A 100-351 376 < 18.64 0.73
GRB 160703A 351-600 51 unconstrained | 1.02
GRB 160802A 100-363 1360 < 27.92 0.70
GRB 160802A 363-600 152 < 69.97 0.69
GRB 160821A 100-300 2387 < 20.03 0.85
GRB 160821A 300-600 468 unconstrained | 2.27 32




Multiwavelength Observations of GRB 190530A

.)mpt Observation.

Detected by Fermi GBM and LAT on 30 May 2019 at 10:19:08 UT. (GCNs 24676, 24679)
Also detected by AstroSAT CZTI, KW, and AGILE. (GCNs 24694, 24678)

IAfterglow Observations :l

The XRT observed GRB from ~ 33.8 ks after the trigger time. (GCN 24689)
MASTER detected the afterglow ~ 8 hrs after the trigger. (GCN 24703)

The UVOT detected a optical afterglow in U, B, V, UVWI1, UVWI1, and UVM2 filters.
T — Ty (s) [Prompt Emission]

-2 0 2 8 10

AGILE (MCAL, GRID)

Several Optical/ NIR telescopes performed the follow-up observations. T
(https://gen.gsfc.nasa.gov/other/190530A.gcn3) E <ol Coiiee ke s I
Afterglow spectroscopy using 10.4m GTC : on 31° May 2019, and measured & Swifs XRT
the redshift of the burst. o [ 1.1
Ground Based Telescopes '
Millimeter observations using NOEMA S} e £
£
9

Host Observations :

Host photometric observations (UBVRI) using 3.6m DOT.
Deep observations using 10.4m GTC.

NOEMA

m

Radio

1
0 2

4 6 8 10
T — Ty (days)[Afterglow]




Counts s

Prompt emission properties of GRB 190530A

Energy-resolved prompt emission LC
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Gupta et al 2022, MNRAS
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Polarisation measurement using AstroSat CZTI
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