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Incorporating calibration errors into spectral analysis
Lee et al. 2011, Ap) 731, 126
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ACCOUNTING FOR CALIBRATION UNCERTAINTIES IN X-RAY ANALYSIS: EFFECTIVE
AREAS IN SPECTRAL FITTING

HYUNSOOK LEE', VINAY L. Kasayar', DAVID A. VAN DYK?, ALANNA CONNORS”, JEREMY J. DRAKE', RiMa [zEM®,
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! Smithsonian Astrophysical Observatory, 60 Garden Street, Cambridge, MA 02138, USA; hlee @cfa.harvard.edu, vkashyap@cfa.harvard.edu,
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ABSTRACT

While considerable advance has been made to account for statistical uncertainties in astronomical analyses,
systematic instrumental uncertainties have been generally ignored. This can be crucial to a proper interpretation
of analysis results because instrumental calibration uncertainty is a form of systematic uncertainty. Ignoring it
can underestimate error bars and introduce bias into the fitted values of model parameters. Accounting for such
uncertainties currently requires extensive case-specific simulations if using existing analysis packages. Here, we
present general statistical methods that incorporate calibration uncertainties into spectral analysis of high-energy
data. We first present a method based on multiple imputation that can be applied with any fitting method, but is
necessarily approximate. We then describe a more exact Bayesian approach that works in conjunction with a Markov
chain Monte Carlo based fitting. We explore methods for improving computational efficiency, and in particular detail
a method of summarizing calibration uncertainties with a principal component analysis of samples of plausible
calibration files. This method is implemented using recently codified Chandra effective area uncertainties for
low-resolution spectral analysis and is verified using both simulated and actual Chandra data. Our procedure for
incorporating effective area uncertainty is easily generalized to other types of calibration uncertainties.

Key words: methods: data analysis — methods: statistical — techniques: miscellaneous — X-rays: general
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Incorporating calibration errors into spectral analysis
Lee et al. 2011, ApJ) 731, 126

many cases. That is, we assume that the distribution in the
calibration samples differ only in their (loosely defined) average
and that differences in their variances can be ignored. Under this
assumption, we can easily generate calibration replicates based
on the first J principal components as

J
A™ = A+(Aj— A+ ) ejrjvj+Ees,  (12)
j=1

J
=A8+8/§+Zejrjvj+§ej+1, (13)
j=1

where Aj is the observation-specific effective area that would
currently be created by users, Ag is the nominal default effective
area from calibration, A = A — Ap, & = ZJL'=J+1 rivj,
and (ej,...,ey+1) are independent standard normal random
variables. In addition to the first J principal components, this
representation aims to improve the replicates by including the
residual sum of the remaining L—J components. Equation (12)
shows how we account for Aj. If Aj were equal to Ay,
Equation (12) would reduce to the standard PCA representation.
To account for the observation-specific effective area, we add the
offset Aj — Ap. Equation (13) rearranges the terms to express
A™ as the sum of calibration quantities that we propose to
provide in place of A. In particular, using Equation (13), we can
generate any number of Monte Carlo replicates from A, using
only 8A, A, (r1v1, ...,rLvr), and €. In this way, we need only
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(David van Dyk & Jin Xu)



fitting to simulated data
f(€;0) = 85 € %1 €929

Default Effective Area

p(0]D,A0)

(David van Dyk & Jin Xu)



fitting to simulated data
f(€;0) = 85 € %1 €929

Default Effective Area

p(0|D;A)
p(0]D,A)

(David van Dyk & Jin Xu)



fitting to simulated data
fl€;0) = 05 € %1€ 7296

Default Effective Area Pragmatic Bayes

p(B]D;Ao) p(A) p(9|D,A)
p(0]D,A)

(David van Dyk & Jin Xu)



fitting to simulated data
f(g:0) = 65 €91 &79200)

Default Effective Area Pragmatic Bayes Fully Bayes

p(0]D,Ao) p(A) p(8|D,A) p(A,8|D)
p(0]D,A))

(David van Dyk & Jin Xu)



fitting to simulated data
f(g:0) = 65 €91 &79200)

Default Effective Area Pragmatic Bayes Fully Bayes

p(B]D,Ao) p(A) p(8|D,A) p(A,0|D)
p(8]D,Ai) p(A(6°),0|D)

(David van Dyk & Jin Xu)



