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X-ray dafterglows?
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Can X-ray morphology predict high-energy GRBs?
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1438 afterglows analyzed, 1215 enter the HE comparison

Complete Swift-XRT catalogue
* 1438 light curves pass the initial selection
* uniform flare removal and segmented fitting

HE test sample (post-2008)

92 HE/VHE detections
1123 without HE detection
only 7 VHE events
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Uniform analysis reduces analyst-dependent choices, but it does not remove observational selection.
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Segmented Regression Model Selection
Fitting and Output Results

Load Lightcurve in Log-Log
Space

Flare Detected?

Yes—>  Remove Flare —™

GRB 211129A Swift/XRT Lightcurve
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1.  ldentify peaks using their prominence and width
9] 2. Flare identification: minimum significance of the peak and
minimum data fraction in the rising part
-10 4
.H.
N
"
oy 'l”l
T T T T T T T -L .I
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

log10(Time since BAT trigger [s])



Segmented Regression Model Selection
Fitting and Output Results

Load Lightcurve in Log-Log
Space

Flare Detected?

Yes—>  Remove Flare —™

GRB 211129A Swift/XRT Lightcurve

log10(Flux (0.3-10 keV) [erg/cm?/s])

Only assumption: (excépt for flares) the lightcurve is generally
decreasing

1. Identify peaks using their prominence and width
Flare identification: minimum significance of the peak and
minimum data fraction in the rising part
3. The tail end of each flare is determined by comparing
post-flare points to a reference slope between the peak
and an initial parallel point. The flare is considered ended
4 when deviations exceed a threshold

‘m a | 4. Quality checks: e.g. outlier detection

"'_ Identifies at least a flare in approx 29.6%
‘ (426/1438) of the GRBs in the Swift-XRT
|||'| Catalog, in line with the values generally
found in the literature (=30% Liu & Mao
L 2019)
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Segmented Regression Model Selection
Fitting and Output Results

Load Lightcurve in Log-Log
Space

Flare Detected?

Yes—>  Remove Flare —™

Log-Log space — segmented regression — Muggeo’s method uggeo, wiey 2003, po: 10.10021sim. 1545

Swift/XRT Lightcurve of GRB211129A
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Load Lightcurve in Log-Log Segmented Regression Model Selection

»_ Flare Detected?
Space Fitting and Output Results
Yes—>  Remove Flare —™

e Need to compare all the models for selecting the best fit — BIC

e Few datapoints? — need flexibility to choose the best statistics:

BIC := —2log(L) + klog(n),

2k(k+1

AICc := —2log(L) + (k+1) ,
n—k—1 {n = number of points

BICc := —2log(L) + Z - klog(n), k = number of free parameters = 2(1 + Ny eqks)
n — —

1
EvBIC := -2 (1 - ;) log(L) 2 klog(n), McQuarrie, S&PL (1999), https://doi.org/10.1016/S0167-7152(98)00294-6

Bickel, SP (2025), https://doi.org/10.1007/s00362-025-01682-1



Two morphological observables: breaks and plateaus

Swift-XRT lightcurve of GRB 250114A Swift-XRT lightcurve of GRB 130925A
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The raw data reproduce the claimed anti-correlation

In a raw comparison, 92 HE/VHE bursts appear less complex than 1123 non-HE bursts.

HE GRBs: 92 No HE GRBs: 1123

GRBs with HE
detection:
simpler X-ray
lightcurves with
fewer breaks.

GRBs without a HE
detection:
broader complexity
distribution for their
X-ray lightcurves

0 1 2 3 4 5 0 1 2 3 4 5
# lightcurve breaks # lightcurve breaks

Plateaus show the same raw pattern. At this point, earlier claims appear confirmed.
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The role of the data-taking start time t, -

Observations starting later (high t are less likely to capture early, complex features like breaks and plateaus.

XRT)
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If HE and non-HE samples have different t, .. distributions, their apparent morphology can differ even when the intrinsic
populations do not.
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Swift operations: t, . for GRBs with and without a HE detection

The distribution of Swift-XRT observation start times is not
the same for GRBs with and without HE detections!
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We are not comparing physically distinct samples, but
observationally biased ones.
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The HE sample is bimodal, with a late-start component at t, .. 2 10%s
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When accounting for t the complexity difference vanishes

XRT’

We stratified the sample into four logarithmic t, .. bins and repeated the comparison within each bin.

(29.97, 300.00) (300.00, 3000.00) (3000.00, 30000.00) (30000.00, 300300.00)
il 2 2 p=0.17 2p=0.17
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. HE . HE == HE . HE
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0.8 0.8 0.8 0.8 4
.. 0.6 .. 0.6 5061 06
_? Z 2
a 204 © 0.4
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>

Within any given t, .- bin, GRBs with HE emission are just as complex as those
without.
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Is t, .. the true driver of complexity?

Using a Poisson Generalized Linear Model (GLM) we tested the predictive power of both t, .. and HE detection on the
number of lightcurve breakpoints.

In (E[nbreaks]) = Bo+Bue-HE+By,, 108, o(txrr)+Bine HEX10g, ( (txrT)

Coefficient Estimate Std. Error z= %Ecrr‘e;f p-value

Bo 2.29 0.109 21.09 < 0.0001

BHE -0.16 0.25 -0.67 0.5

;- . -0.77 0.053 —-14.46 < 0.0001

Bint 0.14 0.11 1.26 0.21

Model summary: Log-likelihood = —1871.4, Deviance = 1186.2, Pearson y* = 1050,

df = 1211, pseudo-R%:S = (.28, overdispersion ratio = 0.87.

After accounting for t, ., the presence of high-energy emission provides no additional

predictive power for afterglow complexity.
14



The raw data also suggest fewer plateaus in HE GRBs

Before controlling for t, - plateaus appear less often in events with HE detections.
The duration distributions are not significantly different (KS p=0.67).

Comparison between GRBs seen by both by Xrt and LAT and seen only by Xrt
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0.00010 -

0.00005 -

0.00000 -
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Plateau duration: s

After flare removal

s Xrt+LAT GRBs: 16.3%
[ Xrt only GRBs: 29.94%

10°

10°

—=- No Effect (OR=1)

0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
QOdds Ratio (plateau presence|HE detection)

Odds ratio (OR) for the association between HE
detection and plateau phases.
The vertical dashed red line marks no association.
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The apparent plateau deficit also disappears with t, .. controll

Stratified odds ratios are consistent with no association between HE detection and plateau incidence.

(30000 - 300299 s) (N=72) - b , TS | p=0.24
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I
I
I
|
(300 - 3000 s) (N=85) : & . | p=0.58
]
|
I
|
(29 - 300 s) (N=946) - reep——ri] p=1
I
|
]
|
Pooled (CMH) - peffi——{ CMH p=0.91
l
1072 107! 10° 10* 10° 103

Odds Ratio (plateau presence|HE detection)

The pooled test remain non-significant once t, .. is accounted for.

B Per-bin OR (ns)
I Per-bin OR (FDR<0.05)
Bl Pooled OR (CMH)
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Not limited to breaks and plateaus: a.

No statistically significant difference in the distributions of a, between GRBs with and without HE detections once t, . is
accounted for.

group

10.04 BN no HE GRBs
I HE GRBs
7.5
5.0
5 2.51
0.0- > .
-2.5
—5.01
(29.94003, 300.0] (300.0, 3000.0] (3000.0, 30000.0] (30000.0, 300600.3]
KS p=1.9e-01 KS p=7.2e-01 KS p=3.4e-01 KS p=5.9e-01

txrT bin



No link between HE and X-ray afterglow morphology

e Apparent correlations (complexity,
plateaus, a:) vanish once trt IS
controlled

e Same conclusion from stratification,
GLMs, and pooled tests

e HE and non-HE GRBs are statistically
indistinguishable in XRT morphology

NB: not proof that every physical link is
absent, but morphology is not a validated
HE/VHE predictor.

X-ray flux

Canonical
shallow decay

Time from trigger : t
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A cautionary tale for VHE observations

Same intrinsic evolution

GRB 190114C: similar XRT-MAGIC decay

X-RAYS AN observed
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;‘ MCAL (p.4-100 MeV) ] v \\
10° ] 4 N LAT (011 Ge) e S [ e e R
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MAGIC Collaboration et al., Nature 575, 459-463 (2019)

latency — the same emission is missed



Lessons learned

From this analysis it appears:

Large samples are fundamental to probe empirical correlations.
Large samples do not automatically remove bias.
Homogeneous analysis is necessary but not sufficient.
Confounders must be modeled explicitly.

Better observational programs are needed.

We must move on from single/few events analyses toward more
statistically robust approaches

Vigliano et al, 2026
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Summary & Conclusions

GRB correlations connect prompt emission, afterglow morphology,
high-energy emission and possible propagation physics.

Their interpretation is limited by selection effects, instrumental thresholds,
cadence and analysis choices.

In the HE/XRT case study, apparent morphology correlations vanish once
observational biases are controlled.

For the future:

Biases must be considered in any analysis or they might lead to biased
comparison and incorrect physical conclusions

The field of GRB analysis must move on from the current strategy of
analysing single bursts toward statistically solid large-sample analyses
Better strategies for observation and subsequent analysis on large scales
must be developed to tackle the large datasets expected from current and
new missions such as SVOM, Einstein Probe and CTAO.
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Observing strategies for rare high-energy transients

Strategy What it improves Relevance for GRB

Fast repointing Reduces latency after GRB alerts Catches rapidly fading HE/VHE emission
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Observing strategies for rare high-energy transients

Strategy

Fast repointing

Tessellated follow-up

Pointings

What it improves

Reduces latency after GRB alerts

Covers large localization regions with

multiple pointings

Relevance for GRB

Catches rapidly fading HE/VHE emission

Useful for poorly localized GRBs,

GW/neutrino counterparts
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Observing strategies for rare high-energy transients

Strategy

Fast repointing

Tessellated follow-up

Divergent pointing

What it improves

Reduces latency after GRB alerts

Covers large localization regions with

multiple pointings

Increases instantaneous field of view

xis perpendicular to the
ground, passing through CoG

Relevance for GRB

Catches rapidly fading HE/VHE emission

Useful for poorly localized GRBs,

GW/neutrino counterparts

Trades some sensitivity/uniformity for

higher transient coverage

Average: 13.9 12,1 I a6
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Observing strategies for rare high-energy transients

Strategy

Fast repointing

Tessellated follow-up

Divergent pointing

Wide-field monitors

Coordinated multi-

instrument campaigns

What it improves

Reduces latency after GRB alerts

Covers large localization regions with

multiple pointings

Increases instantaneous field of view

Continuous sky coverage

Better temporal and spectral

coverage

Relevance for GRB

Catches rapidly fading HE/VHE emission

Useful for poorly localized GRBs,

GW/neutrino counterparts

Trades some sensitivity/uniformity for

higher transient coverage

Provides early triggers and population

context

Reduces gaps between prompt, X-ray,

GeV and TeV observations
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