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A Difficult Statistical Problem
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Pol. fraction EVPA

Individual event:
Photoelectron Track



Step 1: Estimate individual event parameters

Previous/Standard Method:
§ Weighted track moments
§ Linear energy prediction
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Ê

3

775

Soffitta et al. 2021, Astronomical Journal, 2108.00284



Step 1: Estimate individual event parameters

Previous/Standard Method:
§ Weighted track moments
§ Linear energy prediction

Our Method:
§ Convolutional Neural Networks
§ Trained on simulated events
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Step 2: Estimate polarization parameters 
Ensemble of estimated photoelectron angles 
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Step 1+2 works well but we can do better.
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Individual Event Weights
§ Track direction estimates highly heteroskedastic.
§ An event weighted analysis can significantly improve signal recovery.
§ But what weights to use?
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Î2/W2



Step 1 Improvement: Deep Ensembles

Kendall & Gal 2017, NeurIPS 30, pages 5574–5584
Lakshminarayanan et al. 2017, NeurIPS 30, pages 
6405–6416

§ Quantifying uncertainty on individual event predictions.
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Deep Ensembles
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Step 2 Improvement: Optimal Event Weights

The expected modulation factor (instrument response) for each event 
gives the optimal weighting to maximize signal-to-noise ratio of the 
recovered polarization.

<latexit sha1_base64="WPsDA0dP/qeoTPvKOd+LwpHOASo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR7UUoePFYwX5AGsJmu2mX7m7C7kQpoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut7O2vrG5tV3aKe/u7R8cVo6OOybJNGVtmohE9yJimOCKtYGDYL1UMyIjwbrR+Hbmdx+ZNjxRDzBJWSDJUPGYUwJW8p9Cjm9wX2YhDytVt+bOgVeJV5AqKtAKK1/9QUIzyRRQQYzxPTeFICcaOBVsWu5nhqWEjsmQ+ZYqIpkJ8vnJU3xulQGOE21LAZ6rvydyIo2ZyMh2SgIjs+zNxP88P4O4EeRcpRkwRReL4kxgSPDsfzzgmlEQE0sI1dzeiumIaELBplS2IXjLL6+STr3mXdXq95fVZqOIo4RO0Rm6QB66Rk10h1qojShK0DN6RW8OOC/Ou/OxaF1zipkT9AfO5w9lh5Cn</latexit>wi = µi

<latexit sha1_base64="XPN+69zinkf+Q8i+ibVl1dUmhS4=">AAACD3icbZDJSgNBEIZ74hbjFvXopTEoghBmgmguQsCLxwhmgcww9HQqSZOehe4aIQx5Ay++ihcPinj16s23sbMcNPGHho+/qqiuP0ik0Gjb31ZuZXVtfSO/Wdja3tndK+4fNHWcKg4NHstYtQOmQYoIGihQQjtRwMJAQisY3kzqrQdQWsTRPY4S8ELWj0RPcIbG8oun7oBh5uIAkI19Qa/pjA2eUxcSLaRpE36xZJftqegyOHMokbnqfvHL7cY8DSFCLpnWHcdO0MuYQsEljAtuqiFhfMj60DEYsRC0l03vGdMT43RpL1bmRUin7u+JjIVaj8LAdIYMB3qxNjH/q3VS7FW9TERJihDx2aJeKinGdBIO7QoFHOXIAONKmL9SPmCKcTQRFkwIzuLJy9CslJ3LcuXuolSrzuPIkyNyTM6IQ65IjdySOmkQTh7JM3klb9aT9WK9Wx+z1pw1nzkkf2R9/gBV+5wv</latexit>

✓̂i = ✓i + ✏i
<latexit sha1_base64="/MiqmyATk5Kdj+Pa/XBZfpm09Yc="></latexit>

✏i ⇠
1

2⇡I0(i)
exp(i cos 2✏i)

<latexit sha1_base64="zpjxkTE4usVXy42WZKRD0cA1ZFc=">AAACNnicbZDLSsNAFIYnXmu9RV26GSxC3ZSkiHYjFNzoQqhgL9CEcDKdtEMnF2YmSgl5Kjc+h7tuXCji1kdwello64GBn+8/hzPn9xPOpLKssbGyura+sVnYKm7v7O7tmweHLRmngtAmiXksOj5IyllEm4opTjuJoBD6nLb94fXEbz9SIVkcPahRQt0Q+hELGAGlkWfePXkMX2EnTD1WdgagMmcISQK5x84mPBBAslvPXvRyDa0l6Jklq2JNCy8Ley5KaF4Nz3x1ejFJQxopwkHKrm0lys1AKEY4zYtOKmkCZAh92tUygpBKN5ueneNTTXo4iIV+kcJT+nsig1DKUejrzhDUQC56E/if101VUHMzFiWpohGZLQpSjlWMJxniHhOUKD7SAohg+q+YDEAnpXTSRR2CvXjysmhVK/ZFpXp/XqrX5nEU0DE6QWVko0tURzeogZqIoGc0Ru/ow3gx3oxP42vWumLMZ47QnzK+fwBZIKu7</latexit>

wi = µi(̂i) =
I1(̂i)

I0(̂i)

§ Translating uncertainties into individual event weights.
§ NN predicts 
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Optimal assuming
§ Ensembles of CNNs are the best angle and uncertainty estimators (almost certainly)
§ MLE for Q and U converges to the weighted Stokes estimators (it does)



Problem: Tail and Peak Events
Tail = Population of events converting outside of the main detector gas
Peak = Events converting in the main detector gas

§ Two types of tail population, top (Be Window) and bottom (GEM).
§ Highly energy dependent.



Problem: Tail and Peak Events
Lots of problems
§ Degraded polarization sensitivity (tail             , peak              )
§ Degraded energy resolution
§ Modulation factor calibration no longer spectrally independent
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In theory NNs should be able to weight these tracks appropriately
§ Unfortunately not the case in practice.
§ Weights assigned to tail events are imperfect.



Solution: Identify and remove tail events 

Tail events are structurally distinct 
from peak events.

Tail TailTail

PeakPeakPeak



Solution: Identify and remove tail events 

Tail events are structurally distinct 
from peak events.

Tail vs. Peak classifier

§ Predicts probability of tail for each event.

Tail TailTail

PeakPeakPeak



Results: Energy Resolution



Results: MDP99

§ Weights are expected track 
modulation factor.

§ Spectrum independent, universal 
weights.

Same S/N as weighted moments in 35% 
less exposure !
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Signal Extraction Summary

§ We have derived and applied an optimal weighting scheme for 
polarization recovery; it’s not really possible to do better.

§ State-of-the-art MDP and signal-to-noise ratio.

§ Tail vs. Peak classifier can be used for both Moment Analysis and 
NNs.

§ We are working together with IXPE calibration team to calibrate and 
verify this work on flight DUs.



IXPE Application: Blazars
Where does X-ray emission come from?

Abdo et al. 2010, ApJ 716 30,

Gao et al. 2019, 1807.04275



Jet Model

TEMZ, Marscher, A. P. 2014, ApJ, 780, 87
§ Conical ballistic jet initially in equipartition
§ Power law electron population with exponential cutoff
§ isotropic pitch angles
§ Optically thin



Polarization Predictions
Rising polarization fraction on the synchrotron cutoff



Synchro-Compton Transition



Potential IXPE Targets

I Liodakis, A L. Peirson, and R W. Romani, ApJ, 880, 1

Final targets selected are… (can I  say this Roger?)



IXPE Simulation

§ 10^{-10} ergs/cm^2/s 2 - 8 keV Source with a 10 day IXPE exposure.



Summary

§ X-ray polarization is a powerful probe of jet emission processes and 
structure.

§ Expect increased polarization fraction compared to the peak on a 
synchrotron cutoff (best for ISPs).

§ Expect low polarization fraction for SSC dominated blazar emission.

§ With IXPE’s improved sensitivity we will soon be able to address some 
longstanding questions about blazars.


