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[/ Abstract ]

[ Fitting a Spectral Model }

Spectral emission lines are local spectral features that represent extra
emissions of photons in a narrow band of energy. Given the physical
constraints, it is often appropriate to model the emission lines with a

very small width in a spectral model.

The counts collected by Chandra are subject to various data degrada-
tion mechanisms such as absorption, effective area, instrument response,
and background contamination; this necessitates accounting for the data
generation mechanism within the spectral model. Bayesian methods
offer a straightforward way of handling the complexity of Chandra
data. When a Gaussian function is used to model the spectral lines,
standard Bayesian statistical algorithms are readily available to solve
the problem; see van Dyk et al. (2001) for details. As the width of the
line tends to zero, however, the algorithms simply break down requiring
the use of state-of-the-art statistical algorithms. Here, we illustrate how
to detect the narrow spectral lines in X-ray spectra and statistically test
the significance of the lines with the Chandra data sets for the energy
spectrum of the high redshift quasar, PG 1634+706.

[ The Quasar, PG 16344706 ]

o PG 16344706 is a redshift z=1.334 radio quiet and optically bright
quasar. The source was observed with the Chandra X-ray Obser-
valory as a calibration target six times on March 23 and 24, 2000.

o Fluorescent Fe-K-ov emission line near 6.4 keV has been observed
in quasars. We look for this line in the Chandra spectrum of

PG1634+706.
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Chandra ACIS-S spectrum of PG1634+706 (obs-id 62) fit
with the absorbed power law model in Sherpa. The data are grouped so
the S/N> 30 in each bin. The top panel shows the data (black points)

Figure 1:

and the best fitted model (red), and the bottom panel residuals.

[ Modeling the X-ray Spectrum }

X-ray Spectra:
® Low counts are expected in each bin of the X-ray spectrum.
® The Gaussian assumptions that are inherent in traditional x? fitting
are inappropriate for such low count data.
o Instead, we explicitly model photon arrivals as an inhomogeneous
Poisson process (van Dyk et al., 2001).

The Basic Spectral Model: The X-ray spectrum can be separated
into (1) continuum and (2) emission lines.
® The continuum is described by a parametric form (e.g., a power law).
® The emission lines are statistically described by adding a narrow

Gaussian, a narrow Lorentzian, or a delta function to the continuum.

Data Degradation:
@ The photons are subject to various physical processes which signifi-

cantly degrade the source model. Namely,
1. absorption,
2. the effective area (e.g., ARF),
3. blurring of photons’ energy (e.g., RMF),
4. photon pile up, and
5. background contamination.

o We design a highly structured multilevel spectral model with com-
Q)nents for the data degradation processes (van Dyk et al., 2001).

New Statistical Algorithms (Park et al., 2004):
e Maximum A Posteriori Fitting: For each Chandra data set,
we search for probable line locations with 56 different starting values
equally spaced between 0.5 keV and 6.0 keV.

et e o) potng e ) bt por
obsid 47 | 2.885 0.5-6.0 2026.66
obsid 62 | 2.845 0.5 6.0 1504.60
obsid 69 |  1.805 0.5-6.0 1568.41
obsid 70 | 2.835 0.5-6.0 1913.54
_ 2.715 05 37,39 46, and 49 58 135531
R 38,47 48,and 5.9 6.0 1354.90
obsid 1269| 2.905 0.5-6.0 3341.49

Table 1: Identified Modes for the Line Location.
e The Posterior Distribution of the Line Location: For each
Chandra data set, we simulate the line location starting at the iden-

tified probable locations to investigate their uncertainty.
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Figure 3: Here the binning is coarser than the actual data to illustrate

how we construct the HPD region. The 68% HPD region contains the
bins with the most probability and has total probability of at least 68%.
[ Testing the Evidence for the Line ]

Posterior Predictive Check: We compare three models to quantify

the evidence in the data for the emission line:
Moper 0: There is no emission line.
Moner 1: There is an emission line with fixed location in the spectrum.

Mopew 2: There is an emission line with unknown location and intensity.

obs-id 47 obs-id 62 observed Moner 0 vs. Moper 1 Moner 0 vs. Moper 2
%g B data set fixed location Ti(Yons) ppp-value To(Yons) ppp-value
2%, obsid 47 2885 553 0.001 553  0.036
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2 é ~ | i obs-id 69 2.865 0.00 1.000 3.54 0.270
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obs-id 69 Obs-id 70 obs-id 1269 2.905 496 0.002 496  0.076
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E g H g - Table 3: We test the statistical evidence for the line by using pp-check.
§~§ e | g e o A test statistic, T(Yons), is the likelihood ratio of Moper & to Moper. 0.
ZEY e @ MopeL 1 fixes the line locations identified near 2.74 keV (ie.,
§u: Ln__/u u: A F{k / 6.4 keV in the rest frame) from the posterior distributions, while
0o 1 5 6 0 1 2 3 4 5 6 Moner 2 assumes no such prior information as to the line.
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obs-id 71 obs-id 1269 o The ppp-value is interpreted as how likely the observed test statis-
2.9y tic is as compared to the posterior predictive simulated test statistics.
g% ° i e A low value of ppp-value (e.g., < 0.1) indicates Mope 1 or 2 is
g_‘;o . d much more likely than Moner 0, which gives the evidence for the line.
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0 1 2 3 4 5 6 o 1 2 3 e Combining all of the data sets, we detect the line at 2.865 keV.
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Figure 2: The Posterior Distribution of the Line Location. The blue
solid line of each panel represents the posterior distribution of the line

location, and the orange dotted line the profile posterior distribution.

® Table 2 presents the 95% HPD (Highest Posterior Density) region
of the line location for each data set. A HPD region consists of a
number of intervals; we show only the intervals whose probabilities

are greater than 10%.

(zll;stear\sl:(ti mode (keV) HPD region for  posterior probability
obs-id 47 2.885 (2.67, 3.07) 83.74%
0.545 (0.50, 1.99) 35.21%
obs-id 62 2.845 (2.45, 2.99) 23.78%
3.985 (3.36, 4.10) 15.65%
0.625 (0.50, 1.21) 23.64%
obs-id 69 1.805 (1.57, 1.97) 39.51%
2.535 (2.20, 2.82) 13.33%
0.605 (0.50, 0.99) 13.14%
obs-id 70 2.845 (2.51, 3.19) 50.82%
5.995 (5.73, 6.00) 14.36%
0.665 (0.50, 1.19) 15.41%
obs-id 71 2.715 (2.50, 3.07) 41.78%
5.595 (5.36, 5.72) 21.99%
. 0.505 (0.50, 1.21) 18.25%
obsid 12695 905 275, 3.12) 65.11%

Table 2: 95% HPD Regions for the Line Location.
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Figure 4: Given all of the data sets, the interval (2.83,2.91) has the
most posterior probability in the 95% HPD region, which gives the strong
evidence for the line at 2.865 keV (ie., 6.68 keV in the rest frame).
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