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Incorporating PIN-Si diodes and GSO scintillators, the Hard X-ray Detector (HXD) on
board Suzaku has achieved an unprecedented sensitivity over a wide energy range. Since the
HXD does not have offset counters, the modeling of its background is important. This is
particularly the case with GSO, because its background varies in a complicated way due to
in-orbit activation. For a systematical study, we applied fractal dimensional and principal
component analysis to the GSO, and estimated the dominant components that independently
governs the background. Understanding these components will be helpful when we try to
achieve background reproducibility down to 1 ％.

§1. Introduction

The HXD on board Suzaku has achieved an extremely low in-orbit background
and an unprecedented sensitivity over a wide energy range using Silicon-PIN diodes
(10-70 keV) and GSO scintillators (40-600 keV). Since the HXD does not have offset
counters to simultaneously measure the background during observations, the back-
ground must be reproduced using some kinds of modeling on synthesis. In particular,
the GSO background, affected by in-orbit nuclear activation, varies in a complicated
way both in intensity (typically by a factor of 2 over a day) and shape. The GSO
background variation is supposed to depend on such parameters as; 1) geomagnetic
cutoff rigidity (COR) which affects the primary cosmic ray intensity; 2) time after
the SAA passage (TSAA) which governs short-lived nuclear activation backgrounds;
and 3) time after the launch, on which long-lived activation components depend.
Furthermore, there can be yet unidentified parameters causing the background vari-
ation.

At present, the modeling of the GSO background is produced by fitting a math-
ematical model function to actual long-term light curve various energy bands, which
are obtained in the earth occultation periods. The model includes a cosmic-ray par-
ticle term calculated from the count rate above PIN upper discriminator, and a few
activation terms which show exponential decays as a function of TSAA. This ap-
proach has achieved a background reproducibility down to 5％. The reproducibility,
however, is limited by our incomplete understanding of the overall mechanism of
the background variation. It is considered to be particularly important to discover
unknown parameters that govern the background. In order to more systematically
understand the issue, have we applied fractal dimensional and principal components
analyses to large sample of GSO background acquired in-orbit. These analyses re-
spectively reveal the number of the dominant components that independently con-
tribute to the background variation, and shapes of these independently varying spec-
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tral components. The derived results are expected to provide unknown parameters
affecting the background variation.

§2. Method

2.1. The Sample Definition

Out of the entire data obtained by between August 2005 to April 2006, we
selected 58 data sets in which the target sources are undetectable with GSO. The
overall exposure amounts to ～　 5 Ms. Then, we accumulated GSO spectra every
1.2 ks, which is long enough to reduce Poisson errors (～0.8％ in the total count) but
short enough for us to follow the variation. We have thus obtained ～4000 spectra;
each covering 40-700 keV with 512 bins. From each GSO spectrum, we define a 19
dimension vector, or “Countrate Vector”,

~Ci = (Ci,1, Ci,2, .., Ci,j , ..., Ci,19).

Here, i = 1, 2, ..., 4000 is the sequential number of the spectrum, j = 1, 2, ..., 19 is
appropriately determined energy bands, while Ci,j is a countrate in the j-th energy
band. The 19 energy bands, altogether covering the 40-700 keV, are chosen to sample
important spectrum feature; e.g., the 18-th band contains the 511 keV annihilation
line. For the analysis to work properly, we subtracted the time averaged count rate
vector, < ~Ci > (=

∑4000
i=1

~Ci/4000) , from ~Ci. Below, we express ~Ci− < ~Ci > as ~Ci

for simplicity, which means < ~Ci > is zero vector. These 4000 vectors then define a
set { ~Ci} in the 19-dimensional linear space – S19.

2.2. Fractal dimensional analysis

Fractal dimensional analysis can explore the number of the independent com-
ponents that describe the distribution of { ~Ci} in S19. If the background has n
independent degrees of freedom, we expect { ~Ci} to form a n-dimensional subspace
in S19. To actually calculate the dimension, we define the “distance” of the i-th
countrate vector as di = (

∑19
j=1 C2

i,j)
1/2, and calculate the cumulative number dis-

tribution, N(< r), as the number of count rate vector, of which di is smaller than
a given value of r. The number of independent components D and N(r) are then
related to each other in the form of N(r) ≈ rD.

2.3. Principal component analysis

Principal component analysis is a mathematical procedure to obtain principal
axes, ~λ1, ~λ2, ... , ~λ19, of the distribution { ~Ci}. Physically, these { ~λk} are con-
sidered to represent spectral components which varies independently. To estimate
{ ~λk}, we calculated a covariance matrix, M , of which the component is defined as
Mj,l =

∑4000
i=1 Ci,j ×Ci,l, with j, l = 1, 2, ..., 19. Then, { ~λk} can be obtained as eigen-

vectors of the matrix M . These eigenvectors are orthonormal to one another, and
the associated eigen value is proportional to the extent to which ~λk contribute to the
overall scatter of ~Ci, or to the overall background fluctuation. This means that ~λ1 is
the eigenvector with the highest eigenvalue and most dominant fluctuation compo-
nent of the background, and ~λ2 is the second, and so on. Since { ~λk} form a complete
ortho-normal basis in S19, we can expand each ~Ci (i = 1, 2, ..., 4000) as

~Ci =
19∑

k=1

Pi,k
~λk,
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where the coefficient Pi,k is a coefficient describing the contribution of ~λk to the
background at a time i. In this work, we call Pi,k “k-th lightcurve”, ~λk “k-th spec-
trum template”. From time dependence of Pi,k and energy dependence of ~λk, we can
explore the meanings of ~λk.

§3. Result and Discussion

3.1. Fractal dimensional analysis

Figure 1 shows the log-log plot of the cumulative number N(< r) as a function
of the distance r, calculated for the 4000 count rate vectors. The slop of the curve is
corresponding to independent components number D. When discarding the region of
r < 2 where the number statistics are poor, and the region of r > 5 where the distance
gets close to the distribution periphery, the result indicates a logarithmic slope of
n ～ 4. This means that the background fluctuation is controlled by approximately
4 independent components, so that we need to identify at least four (i = 1, 2, 3, 4)
spectral template ~λk, and to predict time variation of the associated light curve Pi,k.

Fig. 1. Results of fractal dimensional analysis applied to the GSO background. The x axis is the

distance r, and the y axis is the cumulative number of the count rate vector N(< r) of which the

distance from < ~Ci >= 0 is smaller than r. To guide the eyes, a straight line with logarithmic

slope of 4.0 is drawn.

3.2. Principal component analysis

We applied the principal component analysis to the 4000 count rate vectors. To
be consistent with the fractal dimensional analysis, we extracted four components in
the descending order of magnitude of the eigenvalue. Figure 2 shows these spectrum
templates ~λk and the associated light curves Pi,k, over an interval of 3 days. Thus,
Pi,1 varies significantly on time scales of～ 1 day and～ 0.07 day (the Suzaku orbital
period), increasing during the orbit, passing through the SAA (150.0-150.25, 150.75-
151.25, and 151.75-152.75 days), while decreasing toward SAA-free orbits. The 1st
spectrum template ~λ1 exhibits large values in low energy (< 100 keV), as well as
around the 511 keV annihilation line. This means that the first component describes
the effect of activation during SAA.

The 2nd light curve varies rather similarly to the first one, indicating that this
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component also represent an SAA effect (but possibly with different time constants).
The associated spectrum template again shows the 511 keV line. Although the 3rd
and 4th components also show one-day periodicity related to the SAA effects, their
light curves are more dominated by short-term variations. Indeed, the values Pi,3 and
Pi,4 both correlate negatively with COR, indicating that these components represent
COR-dependent cosmic-ray effects. In the 2nd and 4th spectrum templates, we find
relative decreases at ∼ 70 and ∼ 150 keV. These may be interpreted as due to large
contributions in these energies by gamma-ray lines from Gd isotopes. Since these
radioactive isotopes are gradually building up in orbit over long (∼ 200 days) time
scales (Kokubun et al. 2007), short-term variations may be suppressed in relative
sense in these energy bands.

Fig. 2. Results of the principal component analysis applied to the GSO background data. Left

four panels show the first four ( from top to bottom ) spectrum template, ~λ1 through ~λ4, as a

function of energy. Right four panels are the correspongins light curves, Pi,k through Pi,k, over

a particuler 3 days in 2006 December.

§4. Conclusion

Applying the fractal dimension analysis to a large sample of the GSO back-
ground data, we have found that their variation is controlled approximately by four
major parameters. Further applying the principal component analysis to the same
data sets, we have found that the leading two principal components represent the
effects of nuclear activation in SAA, while the 3rd and 4th components mainly reflect
background variations related to COR. In order to construct a practical background
model, we need to establish methods to predict Pi,k (k = 1, 2, 3, 4) at any given time
i, using such sets of information as the satellite position, time after the launch, the
satellite attitude, and so on. In addition, we need to examine whether or not sub-
sequent (the 5th onward) principal components contribute to the GSO background
variability.
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