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GRB 220101A is the most distant gamma-ray burst detected by Fermi-LAT to date (z = 4.618). It
is a very energetic event, with an equivalent isotropic energy E;s, ~ 3.3 x 10°* erg. We jointly
analysed Fermi-GBM and LAT data with two analysis chains and obtained consistent results. They
reveal a spectral break below 100 MeV in the LAT Low Energy (LLE) range during the prompt
emission, associated with fast variability, which suggests that the spectral attenuation is caused by
internal opacity to pair creation. Regardless of the nature of the emission processes, we find that
the keV and MeV emissions were produced co-spatially above and close to the photosphere, with
a moderate Lorentz factor I',,,;x ~ 100. Here we present this study and compare our findings with
other LAT-detected bursts with similar properties.
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Figure 1: Fermi multi-detector light curve of GRB 220101 A prompt emission in increasing energy bands
from the top panel to the bottom panel. The red dashed vertical line denotes the time of the trigger, while the
black dashed vertical lines indicate the time intervals chosen for the time-resolved spectral analysis, covering
the main emission episode observed by the LAT.

1. Observations

The Fermi-GBM triggered on GRB 220101A at 05:10:11.51 UT on January 1, 2022 [1]. The
burst was also detected by the Fermi-LAT at high energies [2]. The LAT on-ground localization of
the event is RA, Dec = 1.52°,31.75° with an error radius of 0.46°. GRB 220101A is the most-distant
LAT-detected burst to date with a redshift z = 4.618 [3]. In this work we used the GBM Time
Tagged Events (TTE) recorded by the Nal detectors 3, 6, 7, 9, and by the BGO detector 1. We used
the LAT standard PSR3_TRANSIENTO20E_V2 data, and additionally the LAT Low Energy (LLE
[4]) data to extend our analysis down to 20 MeV. Figure 1 shows the Fermi multi-detector light
curve of GRB 220101A during its prompt emission (Tgy ~ 128 s [1]). Interestingly, the high-energy
flux is attenuated above ~ 100 MeV during the brightest emission episode around Ty + 100 s (time
bins B and C).



GRB220101A Lorentz factor and prompt emission region from Fermi observations

Lorenzo Scotton

GRB 220101A [95.000 s, 107.000 s] - Band

Rate [s~1keV 1]

LLE

(Data - Model)/Error

10t

102 10° 10
Energy [keV]

GRB 220101A[95.000 s, 107.000 s]

— Band
== 10 Contour

GRB 220101A [95.000 s, 107.000 s] - BandExpCut

LLE

107 10° 104 10°
Energy [keV]

GRB 220101A[95.000 s, 107.000 s]

— BandExpCut
=== 10 Contour

20y “lem-2
E*# [erg s~lem™2]
9

10t 10% 10° 10* 10° 10t 102 10° 10% 10°

Energy [keV] Energy [keV]

Figure 2: Left: GRB count spectra and residuals (upper panel) and SED (lower panel) from Band fits
to GBM+LLE data in time bin B+C with pyXSPEC. Right: same for BandExpCut model, obtained by
multiplying the Band function by a high-energy exponential cutoff.

2. Analysis procedure

We jointly analysed GBM and LLE data with the pyXSPEC fitting software!. We also performed
a joint spectral analysis using the “Multi-Mission Maximum Likelihood” (threelML) software?[7],
which combines simultaneously the native likelihoods of different instruments. In this analysis,
threelML offered the full accuracy of the LAT unbinned likelihood technique, which is lost during
the binning in space and energy that is required by pyXSPEC. We considered the spectral models
Band [5] and ISSM [6], both having four parameters. Additionally, we considered the models
obtained by multiplying these functions by a high-energy exponential cutoff (oc ¢~ E/Ecur). We
called the resulting models BandExpCut and ISSMExpCut.

3. Spectral analysis results

We fitted BandExpCut to GBM+LLE data and found a significant cutoff E,,; = 22 + 8 MeV in
time bin B, 70 + 24 MeV in time bin C, and 41 + 12 MeV in time bin B+C. Figure 2 shows the GRB
count spectra, residuals, and SEDs when fitting Band (left panels) and BandExpCut (right panels) to
GBM+LLE data in time bin B+C. We checked that the results did not depend strongly on the specific

lhttps://heasarc.gsfc.nasa.gov/xanadu/xspec/python/html/index.html
2https://threeml.readthedocs.io/en/latest/index.html
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Figure 3: Left: light curve showing the two LLE peaks with the best-fit function superimposed. Right: I",,
and I'r, as function of the ratio of the radii at which the high and low-energy emissions were produced in
time bins B, C, and B+C.

choice of the Band model, then we also used the ISSM model to describe the non-thermal spectrum.
When fitting ISSMExpCut a high-energy cut was detected only in time bin B at 40 + 10 MeV and
with a smaller significance. This is explained by the continuous curvature of ISSM, which reflects
the natural shape of GRB synchrotron spectra, and accounts for part of the spectral attenuation at
high energies. The spectral results obtained with threelML are fully consistent with the pyXSPEC
analysis, confirming the cutoff detections. We performed the same fits on GBM+LLE+LAT data,
limiting LLE data below 100 MeV, and considering the LAT standard data above 100 MeV. We
detected spectral cutoffs in time bins B, C, and B+C with both BandExpCut and ISSMExpCut
functions at values compatible within errors with the previous analyses.

4. Interpretation

The temporal variability observed at high-energy suggests that the spectral cutoffs are due to
gamma opacity to pair creation. We estimated the minimum variability time scale of the high-energy
emission and we coupled it with the detected cutoffs to determine the speed of the jet and to localize
the region in which all of the high-energy emission was produced [8][9].

4.1 Estimate of the variability time scale

We considered the Fast Rise Exponential Decay function to estimate the minimum variability
time scale t, 4., and we modified it to fit simultaneously the two main LLE peaks. On each peak the
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The left panel of Figure 3 shows the two LLE peaks superimposed to the best-fit function. t,,, of
each pulse is estimated as the half-width at half-maximum, and it is 0.88 + 0.13 s in the first peak,
and 2.12 + 0.38 s in the second peak.

4.2 Bulk Lorentz factor and localization of the prompt emission region

The bulk Lorentz factor Iy, is obtained as in [9] assuming that the observed spectral cutoff
is due to opacity to pair creation in the GRB jet, and that the prompt emission is produced near or
above the photosphere at a radius Ry g for the low-energy emission and Ry g for the high-energy
emission [8].
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where E., is the typical energy of the photons interacting with those at the cutoff energy, s is the
photon index of the seed spectrum close to E,, and F(E.,) is the photon fluence at E, integrated
over t,qr. I'y, accounts for the redshift of the source too. The photospheric radius R at which
the jet becomes transparent to Thomson scattering, as well as the minimal bulk Lorentz factor I'r,
defining this transparency condition are computed as in [9]. The right panel of Figure 3 shows
the value of I'y, and I'7, as a function of the radii at which the high and low-energy emissions
were produced. When the high and low-energy emission are co-spatial then I, and its contour are
comparable or greater than I'7,.. The transparency condition is thus fullfilled. We conclude that
Ipuix ~ 100 and that all of the high-energy emission took place near or above the photosphere at a
radius of few 10'# cm, typical of internal shocks.

5. Discussion and conclusions

A total of 5 LAT-detected GRBs are known for presenting a spectral cutoff at high energies. For
GRB 090926A [9] and GRB 220101A, I'p,,;x was estimated following the procedure presented in the
previous section. For GRB 100724B and GRB 160509A, [10] estimated I',,;x between 100 — 400
adopting the internal shock model of [12] and the photospheric one of [13]. For GRB 170405A,
[11] estimated a lower limit of I',;x = 170 [12] and an upper limit of 420 [14]. The value of I'p,x
is order of few ~ 100 in all cases. These GRBs represent a precious set in which a direct estimation
of I'py1x can be performed.
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