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Abstract

The new, small satellite-based gamma-ray detectors, like Cubesats Applied for MEa-
suring and Localizing Transients, will provide a new way to detect gamma transients
in the multimessenger era. The efficiency and the detection capabilities of such a
system will be compared with current missions, for example, Fermi Gamma-ray
Burst Monitor (GBM). We used the Fermi GBM's observed short gamma-ray burst
light curves aggregated from observed discrete detector event for the simulation
input. The corresponding direction-dependent detector response matrices were used
to generate photon counts and light curves around a simulated event, enabling to
determine the statistics. This method can be used in the future for trigger algorithm
and detector system development, and also to estimate the efficiency of the data anal-
ysis pipeline regarding the observable gamma-ray bursts' parameters as well as other

electromagnetic transients.
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1 | INTRODUCTION

As recent multimessenger gamma-ray burst Gamma-ray Burst
Monitor (GRB) observations showed, it is critical to locate
the gamma-ray source position with a high accuracy. That
requires simultaneous precision timing measurements by sev-
eral gamma observatories.

Due to the rising cost of space missions, only a handful
of gamma-ray space observatories are launched per decade.
However, miniaturization opens new opportunities for break-
through science using CubeSats (nanosatellites), which are
affordable also for small countries like Hungary. A constella-
tion of CubeSats could perform both all-sky monitoring and
timing-based localization of GRBs. Researchers at E6tvos
University and Konkoly Observatory develop a new mission
called Cubesats Applied for MEasuring and Localizing Tran-
sients (CAMELOT); Ohno et al. (2018); Pal et al. (2018);
Torigoe et al. (2019); Ripa etal. (2018); Werner et al. (2018)).
CAMELOT will enable all sky monitoring and fast localiza-
tion of GRBs, thus providing key observational data on these
exciting phenomena. The network of CubeSats is expected to
detect about 300 GRBs per year and we have to be ready to
take advantage of this opportunity. We work out a detailed sci-
ence case for a number of detector placement versions, sizes,
designs, for various numbers of satellites and varying orbital
configurations.

Here, we analyze the transformations between two satel-
lites' observations space on two levels. At first, we investi-
gate the transformation between the BATSE and BeppoSAX
GRBs' derived physical parameter space. Regarding the raw
observed data, we propose a way to estimate the capacities
of the planned CAMELOT detectors based on current Fermi
GBM's gamma transient observations. This method can be
used for detector development, trigger and data processing
analysis.

2 | TRANSFORMATION OF THE
GRBS' PHYSICAL PARAMETERS
BETWEEN INSTRUMENTS

The Ty duration distribution of the BATSE GRBs (Horvath
1998) has shown that the Third BATSE Catalog duration dis-
tribution could be well fitted by a sum of three log-normal
distributions. Similar analysis in the multidimensional param-
eter space suggests the existence of a short-intermediate-long
group structure Balastegui et al. (2001); Hakkila et al. (2000);
Mukherjee et al. (1998); Rajaniemi & Mihonen (2002). All
these results suggest that the BATSE sample consists of three
groups. However, the different spacecrafts' detectors had/have
different spectral and trigger behavior, hence it is important
to compare the physical quantities of the GRBs observed by
different satellites and compare the results. Horvath (2009)

analyzed and identified the three groups: here,
we compare the complete BeppoSAX GRBM's database
(Guidorzi 2002; Rossi et al. 2007) with the BATSE GRBs.
During the analysis, we used the Ty'">* duration and the
H32 spectral hardness variables in the Current BATSE Cat-
alog for 1598 GRBs, similar to Horvéth et al. (2006). In the
BeppoSAX database (Guidorzi 2002) four common param-

eters were available for 1020 bursts: the T9B ePPoSAX. quration,

the HR spectral hardness, the thfp PoSAX total fluence, and
the PeakC peak count, all these data were determined from
the BeppoSAX observations. We identified three GRBs as
outliers: OTB980427-15:40:30, OTB971206-21:57:44, and
OTB980910-16:57:44.

The MCLUST R program package was used for mixture
modeling and model-based clustering (http://cran.r-project.
org). The method classifies the data (observed GRBs) into
the classes, and re-iterate the groups' parameters on the mem-
bers' data. A multidimensional normal distribution model was

BeppoSAX
T90

used to fit the data and the number of clusters was selected
via Bayesian Information Criterion (BIC) with priors.

On the Ty - hardness plane, the BIC parameter unam-
biguously selects three groups for both the BATSE and
the BeppoSAX data (Figure 1.) The different group mem-
bership probabilities specify the classification uncertain-
ties: obviously they are largest at the common borders.
The group parameters are also shown by the corresponding
ellipses.

There are 289 common bursts in the BeppoSAX/BATSE
database. Using these bursts one can determine the empirical
transformation rule from the BeppoSAX's observed phys-
ical parameter space into the BATSE's observed physical
parameters. This allows us to use identical (or at least very
similar) definitions of the physical quantities in both satellites'
observations.

Using these 289 common bursts' data, the following Bep-
poSAX — BATSE parameter space multivariate linear trans-
formation was fitted:

log Ty — 1.0897
< log Ty ) _a| log HR+0.1320
log H32"

log F2PPo4% _ 0.5753
log PeakC — 0.9230

1.2669
*10.5300

where the transformation matrix is the following:

A= 0.7875 0.3043 0.2142 —-0.3011
— \—0.1246 1.7746 0.0656 0.01745

The T,¢ parameter mainly depends on the T,ﬁf” poSAX

but—due to the different detector and observation effects—
the contribution from the hardness, fluence, and peak count
is also significant. At the same time, H32" depends only
on the BeppoSAX's HR hardness while Tglzf” PoSAX modifies
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FIGURE 1 The three BeppoSAX and BATSE GRB groups

found by MCLUST in the Ty - hardness plane

it only slightly. In Figure 2, the BATSE observed values are
compared against the BATSE equivalent values, which were
derived from the BeppoSAX's data using the multivariate
linear approximation.

With this transformation, one can transform all Bep-
poSAX GRBs physical quantities into the BATSE equiva-
lent (To9, H32) space. Figure 3 shows the result of a new
MCLUST classification. Due to the differences between the
spacecrafts, the parameters of the fitted normal distributions
were changed: the new group parameters are also shown by
the corresponding ellipses.

The transformation allows us to plot the joint
BATSE—GRBs together in Figure 4. It is quite remarkable
that—according to the analysis—the BeppoSAX group 2 (the
intermediate-like) is actually equivalent to the long BATSE
group while BeppoSAX group 3 corresponds to the BATSE's
intermediate one. N.B. it means that the red and blue color
should be switched in Figure 1.

3 | TRANSIENT PREDICTION
USING RAW EVENT
TRANSFORMATION

To predict a detector efficiency, we usually use a series of
simulations. At first, the Detector Response Matrix (DRM) is

log H32 determined from the BeppoSAX parameters

FIGURE 2 The BATSE equivalent T;; and H32" values
determined from the BeppoSAX parameters and the real BATSE data

determined for a given physical and spacecraft configuration
with the help of the particle physics (e.g., GEANT) software.
The proper particle background estimation along the orbit
provides the input for the observations' background: here,
detailed analysis of the different components is needed (e.g.,
Szécsi et al. (2013); Szécsi et al. (2012); Ripa et al. (2018)).
This will produce the background events that are time, ori-
entation, and position dependent. The third component of the
prediction is the supposed time-energy spectra of the source
(e.g., GRB, solar flare, TGF, and SGR), which should be
folded through the DRM to get the events we are looking
for. For the simulation of the detection, several distributions
should be assumed for, for example, geometrical parame-
ters (detector-source direction, position of the Sun, Moon,
and satellite orbit) or input source type and parameters (flux,
fluence, hardness, and signal shape).

The parameters of the GRBs or other transients depend
on the instrument, because transients should be trig-
gered. The trigger parameters and methods are differ-
ent from instrument to instrument, and usually hard to
compare the efficiency of the different detectors. Here,
we present a novel method for the estimation of a new
detector efficiency using former observations and the new
detector's DRMs.
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o | (angular dependence of the efficiency, energy deposition and
% . dispersion, atmospheric, and spacecraft scattering). The PHA
2 24" distribution is usually wider for high-energy photons (espe-
W o | cially above ~1 MeV), as some photons will scatter with the
e e detector or spacecraft. The DRMs are provided as a standard
':g p o data product for each GBM trigger, and there's a standard
% ~ program package which allow to compute it for any given con-
g © figuration. Here, we use the Nal(Tl) PHA energy channels,
"g 2 wich have slightly different energy ranges from detector to
£« detector, according to the detector's actual setup. These dif-

9 ; ; ° ° ; ferences are usually minor, around or below 1 keV, hence

-1 0 1 2 3

transformed to BATSE log T90

FIGURE 3 The classification of the transformed BeppoSAX
dataset. Compare with Figure 1: the BeppoSAX group 2 is actually
equivalent to the long BATSE group while BeppoSAX group 3
corresponds to the BATSE's intermediate one
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FIGURE 4 The short (1), intermediate (2), and long groups (3)
of the transformed BeppoSAX catalog (red) and the original BATSE
data (blue). Compare it with Figures 1. and 3.: the BeppoSAX group 2
transforms into the BATSE's long group, while BeppoSAX groups 3
corresponds to the BATSE's intermediate one

31 |

The Fermi GBM detector system consists of 12 thallium
activated Sodium Iodide (Nal(Tl)) and two Bismuth Ger-
manate (BGO) scintillation detectors (Meegan et al. 2009).
The Nal(TI) detectors are sensitive to the low-energy spec-
trum (8 keV to ~1 MeV) while the BGO detectors cover the
higher energy range of ~200 keV to ~40 MeV. The measured
effective area of the detectors changes with the photon energy
and the angle of incidence, with a maximum around ~100
cm? for NaI(T1) and ~120 cm? for BGO detectors.

The photomultipliers' signals are analyzed on-board, clas-
sifying it with a pulse height analysis (PHA) into 128 PHA
channels. The function between the incoming photon energy
and the PHA channels is linear, described by the DRM.
The geometry-dependent DRM contains the effective detec-
tion area as a function of all the parameters of geometry

The Fermi GBM detectors

here we use the same (mean) ranges for all the detectors. Our
energy range covers 10 keV-960keV. We leave out the 128¢h
channel as it is the high-energy overflow channel. The low
10 keV limit reduces the background from soft events and
weak variable X-ray sources.

Since November 2012, the GBM continuous time-tagged
event (CTTE) data are available for each detector in 128 PHA
energy channels (Meegan et al. 2009). For each detector and
channel, the CTTE 2 us event data are filtered with a 1 ms
wide moving average filter, producing the light curve. This
light curve could be used to produce accumulated background
and event counts in a given time window.

An onboard trigger occurs when the count rates of two or
more detectors exceed the background with a given thresh-
old (4.5-7.50). The GBM trigger algorithms use different
broad energy ranges (25-50keV, 50-300keV, 100-300keV,
and >300keV) and different timescales (from 16ms to
8.192 ). A total of 120 different algorithms can be specified
on the spacecraft, usually ~75 of them operate a given time.

3.2 | CAMELOT detectors

More than 15 alerts for candidates of the gravitational wave
(GW) signal have been reported by the LIGO/Virgo collab-
orations since they have started publishing their GW detect
ions via Gamma-ray Coordinate Network from April, 2019.
Although many gamma-ray space-based instruments tried to
detect electromagnetic signal counterparts to GW signals, no
significant gamma-ray detection has been reported, except for
the NS-NS merger event GW170817/GRB170817A. As these
gamma-ray instruments basically consist of a single satellite,
the position of GW signals is sometimes occulted by the earth
and even instruments are switched off during their SAA pas-
sage (e.g., Fermi GBM detectors) or for the maintenance in
some cases. This nondetection periods are non-negligible and
can cause a sizeable fraction of the electromagnetic counter-
part of GW sources to be missed.

All-sky coverage at any time of the GW detections and
precise localization by gamma-ray observations is important
for future GW or multimessenger astronomy. It is inevitable
for single satellite to miss an instantaneous all-sky cover-
age at any time due to the earth occultation. Therefore, our
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FIGURE 5 A possible CAMELOT detector configuration for
four detectors in two-sided on 3 U CubeSat platform (modified
Figure 3 of Werner et al. (2018))

proposing idea is to have a multiple set of detectors on the
CubeSats and to localize the GW source position based on
the arrival time difference of the gamma-ray photons with
an accurate timing synchronization (< 100 ps). According to
a simple triangulation principle of Hurley et al. (2013), the
timing-based localization with such timing synchronization
accuracy would result an ~10’ localization accuracy, which
is useful for subsequent counterpart searches at other elec-
tromagnetic wavelengths (e.g., X-ray, optical, and radio).
This mission concept has been developed and called the
CAMELOT (Werner et al. (2018)). The basic idea of this mis-
sion is to have the gamma-ray detector on the 3 U CubeSat
platform such as the platform developed for the RadCube mis-
sion by C3S LLC. The gamma-ray detector should have as
large effective area as possible to increase the photon statistics
for the timing-based localization. Considering the satellite
platform, our baseline detector design is to put two to four
thin, and relatively large (8.3 x 15cm?) CsI(TI) scintillator
on lateral extensions of the satellite platform as shown in
Figure 5.

Each scintillator is readout by a multiple set of multipixel
photon counter for its compactness, low-power consump-
tion, and high signal to noise ratio. Figure 6 shows a current
configuration of our single detector. Based on our ground
experiments, this detector concept works very well with a
good spectral performance. For instance, the lower-energy
threshold of detecting photons of CAMELQOT is found to be
~10keV and the total effective area of four CAMELOT detec-
tors is larger than 300 cm? for 100 keV photons (Torigoe et al.
(2019)). Those performances are very similar to a single Nal
detector of the Fermi-GBM. CAMELOT team also developed
a simulation framework to evaluate the localization feasibility
including detector performances, possible satellite platform
and orbital configurations, and also actually observed timing

Nachrichten

FIGURE 6 A picture of current design of the one detector of
CAMELOT. A thin-large CsI(TI) scintillator is enclosed by the
reflecting material of Enhanced Specular Reflector and small photon
counting device, MPPC is attached on the bottom part.(modified
Figure 1 of Ohno et al. (2018))

and energy distributions of GRB photons by Fermi-GBM,
etc (Ohno et al. 2018). This simulation study revealed that
our mission concept based on the timing-based localization
with a fleet of CubeSats could achieve 10-arcmin localiza-
tion accuracy if we have at least nine sets of satellites. The
CAMELOT detector is used not only for the localization of
the electromagnetic counterpart of the GW sources, but also
for detection of any other kinds of transients such as GRBs,
solar flares, and terrestrial gamma-ray flashes because the
detector performance is similar to that of single detector of
the Fermi-GBM.

The CAMELOT DRM is calculated by a full Monte
Carlo simulation based on GEANT4 (version 10.04) includ-
ing 3 U CubeSats satellite geometry and four CsI scintillators
enclosed by a 1 mm thickness Al casing. The input photon
energy ranges from 10 to 1000 keV and we obtain an expected
PHA channel distribution for CAMELOT. The CAMELOT
DRM changes strongly depend on the incident angle of pho-
tons. Here, we just applied the incident angle where the
CAMELOT DRM has the maximum effective area.

3.3 | Detector-to-detector transformation
of the events

Generally, for the Fermi GBM and CAMELOT gamma scin-
tillator detectors, one can simply describe numerically the
particle to event count transformation as a matix multiplica-
tion:

C=DRM X E

where C is the vector of the detected counts in the detector
PHA channels, E is the input energy spectrum with a given
energy resolution, and DRM is the Detector Response Matrix
for a given source and background geometry.
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Here, our goal is to estimate the CAMELOT counts using
real Fermi GBM's DRM and count data. The Fermi (Nal(Tl))
scintillation detectors cover different directions, therefore we
have 12 such equations for the i =1... 12 C/“™ count and the
12 DRM ™ DRM vectors. Our estimation will be the par-
ticle count in the CAMELOT detector PHA channels. Using
the real observation means, we do not have to simulate nei-
ther GRB spectra with a given light curve nor the instrumental
background spectra. However, this method will not take into
account the different background and orbital variations, the
spacecraft's material activation process, and will ignore the
atmospheric scattering too.

For the Fermi GBM scintillators and the CAMELOT
detector, we have

cfem = DRM[™ x E
1 1
CCAMELOT — DRMCAMELOT X E

here E is the (same) input spectrum.
We are looking for CAMELOT | which can be obtained

formally:

CCAMELOT — 2 DRMCAMELOT X (DRMfermi)—l X C[Fermi

Usually, the GRB spectrum determination means a
y2-based forward folding fitting with a given energy model
as calculating the proper (DRM f)~! is hard, because usu-
ally it is ill-conditioned. Here, we have two similar matrices
(the physics is not dissimilar) and one can observe that in real-
ity we do not need the (DRM ™)1 matrix alone: instead
of this, we need the DRM “MELOT » (DRM f ermiy=1 product
that gives the solution. There is a method called Generalized
Singular Value Decomposition that is able to accomplish this
joint inverse and multiplication in one step.

The Generalized Singular Value Decomposition gives the
following factorization for two general (A,B) matrices acting
on a common input space:

A=U><Z><[OR]><QT
A

B=V><Z><[OR]><QT
B

where U, V, Q are unitary matrices, X4 and Xp are diago-
nal matrices, and R is an upper triangular matrix. [OR] means
that it should be padded to get the right matrix sizes. One can
observe that the procedure is very similar to the well-known
Singular Value Decomposition, but here the two matrices
will produce a joint R,Q transformation at first, acting on the
common input space. There are several realizations of the
algorithm, here we used the Octave Forge's gsvd routine in
the linear-algebra package.

bn131014215

20

40

60

80

CAMELOT energy channels

100

120
20 40 60 80 100 120

Fermi n0O energy channels

FIGURE 7 The Fermi - CAMELOT count transform matrix
for Fermi event bn131014215, detector O

Let us have A = DRM ™ and B = DRMMELOT | then
we will have

CAMELOT Fe iN—1
DRM X (DRMFermiy=t =

CAMELOT Fermi\ ™!
=Vx ) X[ORIxQ" xQx[OR]™ ><<Z>

i

CAMELOT ~ /Fermi\ !
xUT =V x Z x(Z) xU”
i

R and Q cancel and in the middle the two diagonal matri-
ces of the j element will be ZJ.CAMELOT / Zf;rmi, which is
the j generalized singular value. This method can be used to
create the necessary transform of the Fermi counts into the
CAMELOT system.

The CAMELOT DRM depends on geometrical factors:
here we will use the CAMELOT DRM for the best config-
uration with optimal detection direction/maximum effective
area+ 1 mm Al shielding, giving a good approximation of its
best capacities. E.g. for Fermi trigger bn131014215, detector
0, the derived transition matrix can be seen in Figure 7.

One can observe that it is almost diagonal. There is a slight
low-energy asymmetry, and it can be seen that the diagonal
values drop at the higher-energy channels. The difference in
the detector thickness will be important, as CAMELOT's thin-
ner scintillators will be more transparent to the high energy
photons. For the same event we can calculate the light-curve
and channel distribution. Figure 8 shows the events in the 120
PHA channels during the original Fermi GBM observation,
and Figure 9 shows what CAMELOT's detector would have
seen for this GRB. The minor depletion of the high-energy
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FIGURE 8 The Fermi GBM bn1310142135, detector O event
photon distribution in the original pulse height analysis (PHA) and time
plane
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FIGURE 9 The Fermi GBM bn131014215, detector O event in
the CAMELOT detector's pulse height analysis (PHA) - time plane

photons and the enhancement in the low energy channels is
apparent in Figure 9.

Accumulating the counts among the energy channels
between 10 keV-960keV and detectors produces an overall
light curve. In Figure 10, a weak GRB, Fermi GRB event
bn100811108 light curve is shown, calculated from the origi-
nal (blue) Fermi GBM counts and from the transformed (red)
CAMELOT detector counts. This GRB had higher energy
parts in the spectrum, therefore the CAMELOT light-curve
is slightly lower during the event. The background is softer,
hence did not show an observable difference.

Using similar algorithms, we can compare the overall
detector efficiencies: for this, we used 776 GRB's from the
Fermi GBM database with CTIME and DRM information,
all of them with T9y <8 s (GRB 170817A/GW170817 was
classified as an intermediate GRB [Horvath et al. 2018]).
Summing the counts for the energy channels between 10 keV
and 960 keV, we obtained the ligh curves. As a simple cri-
terion, we calculated the count in a 256 ms window in the
background (this will give the N noise) and centered around
the maximum (giving the S signal). Assuming the background
to be approximately constant (for short burst it is a good
approximation), the sum of the counts will follow a Poisson
distribution. The average is high, so we can approximate it by

Nachrichten
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FIGURE 10 Lightcurve of bn100811108 calculated from the
original (blue) Fermi GBM counts and from the transformed (red)
CAMELQOT counts
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FIGURE 11 Signal-to-Noise ratio and detection efficiency for

short-intermediate GRB in the Fermi GBM and CAMELOT scenario.
Here, the best CAMELOT geometry was taken for the estimation

a Gaussian, hence the signal-to-noise ratio will be:
(S-N)/VN

In Figure 11, the Fermi GBM's and CAMELOT's effi-
ciency for this simple trigger is shown. The CAMELOT's S/N
values are systematically above the Fermi GBM's by 30%.
The effective area of the optimal/best direction CAMELOT
DRM is =2 times larger than Fermi GBM's, resulting a factor
of ~ /2 in the S/N.

These points are all observed GRBs: the low S/N Fermi
GBM values show the importance of the different trigger
algorithm, covering wide ranges both in time and energy.

S/N =
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4 | CONCLUSIONS

Here, we presented two transformation methods acting on two
satellites' observations space:

e We have shown on the joint BATSE/BeppoSAX GRB
observations data that it is possible to transform the
observed physical quantities (799, hardness) between the
two spacecrafts. It helps the correct identifications of the
GRB classes.

o We used the Generalized Singular Value Decomposition
to transform the raw observed Fermi GBM event data into
the CAMELOT detectors' space. It can be use to estimate
the efficiency providing a tool for detector development,
trigger and data processing analysis. N.B. this method did
not incorporate all our knowledge about the sources and
detectors (e.g., non-negativeness), therefore extending it
with such constraints will probably improve them in the
future.
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