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ABSTRACT

Detection of the 511 keV positron annihilation line with the Compton
Spectrometer and Imager

by
Carolyn Kierans

Doctor of Philosophy
University of California, Berkeley

Professor Steven Boggs, Co-Chair
Professor Stuart Bale, Co-Chair

The signature of positron annihilation, namely the 511 keV <y-ray line, was
first detected coming from the direction of the Galactic center in the 1970’s,
but the source of Galactic positrons still remains a puzzle. The measured flux
of the annihilation corresponds to an intense steady source of positron pro-
duction, with an annihilation rate of ~1043 e*/s. Spatially, the 511 keV inten-
sity is strongest in the Galactic center region, with an additional component
that is consistent with the Galactic disk; however, the unique morphology is
not well constrained.

The Compton Spectrometer and Imager (COSI) is a balloon-borne soft -
ray (0.2-5 MeV) telescope designed to perform wide-field imaging and high-
resolution spectroscopy, with a goal of furthering our understanding of Galac-
tic positrons. COSI employs a compact Compton telescope design, using 12
cross-strip germanium detectors to track the trajectory of incident photons,
where position and energy deposits from Compton interactions allow for a
reconstruction of the source sky position and significant background reduc-
tion.

COSI had a record-breaking 46-day balloon flight in May-July 2016 from
Wanaka, New Zealand, and here we report on the detection and analyses



of the 511 keV emission from those observations. To isolate the Galactic
positron annihilation emission, we have developed a background subtraction
technique utilizing the COMPTEL Data Space. With this new method, we find
a 7.2 0 detection of the 511 keV line and a broader spatial distribution of the
emission than has been previously reported.
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uses the three cone-shaped antennae. The LOS antennae,

which hang below the gondola, are not shown here. . . . .

(a) Photograph of the cryocooler and cryostat immedi-

ately after integration. The copper sleeve and collar around

the cryocooler have fluid lines for the active cooling sys-
tem. (b) The radiator and cryostat integrated into the
gondola before flight. The radiator mounts along the

back of the gondola with fluid lines running to the crycooler

collar and sleeve shown in (a). The reservoir is front and
center, while the pumps controlling the liquid cooling
system are mounted on the bottom of the radiator and

notvisiblehere. . . ... ... ... ... ... . .

Flowchart for the MEGALlib software package (Zoglauer
etal., 2006). The simulations, based on Geant4, take the
same path through the analysis pipeline as the measured
raw data. The programs are written in C++ using ROOT

(Brun & Rademakers, 1997). . . . . ... ... ... .. ...
(a) A single COSI GeD built in geomega based on Solidworks

model is shown in (b). In the geomega drawing, the ger-
manium crystal is red and the detector board and me-
chanical mounts are a variety of colors. (c) The geomega
model of the COSI cryostat and surrounding shields with
each component displayed as wire frames. All measure-
ments are based on the SolidWorks model, shown in

. .

Flowchart for thenuclearizer calibration program im-
plemented for COSI. Each red block represents a seper-
ate instrument calibration module and the full process
converts the measured raw data into hits, with energy

andposition. . . . ... ...
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(a) SolidWorks model of the 80-20 calibration struc-
ture mounted on top of the gondola. (b) Photograph
of the calibration structure during calibrations. Rulers
with mm markings attached to each translation bar are
used for precise and reproducible source placement. The
structure allows for three sources to be accurately placed

in the FOV simultaneously. . . . ... ... ... .....

(a) Energy calibration data for DC strip 13 on Detector
#0 from melinator. The spectrum from each calibra-
tion measurement is superimposed and the photopeak
lines are automatically found and fit. (b) With the photo-
peak centroid of each 7y-ray line found in (a), nelinator
fits the energy-analog-to-digital converter (ADC) rela-
tion to determine the calibration model. The fit resid-

uals, which are less than 0.4 keV, are shown in the right. .

(a) The single-strip energy resolution measured as the
FWHM of the 137Cs line at 662 keV for all of the 888
strips in the twelve COSI GeDs. The AC and DC strips
have been plotted separately. The average single-site en-
ergy resolution of the COSI GeDs is 2.9 keV, or 0.4% at
662 keV. (b) The averaged single-strip energy resolu-
tion as a function of energy as measured by COSI. The er-
ror bars are 0/\/N and the relation is fit with y = Axk,

where kis foundtobe-09. . .. .. ... .. ... ....

Measurements of the ADC shift for the 662 keV line of
137Cs as a function of temperature for each of the runs
listed in Table 4.2. The linear fit to the data gives the
temperature correction for this one strip: DC strip 21

of Detector #0. . . . . . . . . ...

(a) For an hour long calibration measurement where the
ambient temperature ranges between 11-20°, the line

centroid is measured at 665.2 keV due to the temperature-

dependent preamplifiers. (b) When the temperature cor-
rection is applied, the line is narrower in width and the

center is shifted to 661.05keV. . . . . . ... .. .. ...
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(a) With one interaction in the detector volume, the cross
section of the two active strips, colored green, gives the
interaction position which is denoted by the red square.
(b) If two interactions occur in one detector, then both
the red and orange squares are possible combinations of
interaction positions that result in the same four acti-
vated strips. The true pairing is determined by match-
ing the energies of the activated strips which identifies

the red squares as the correct hit positions. . ... ...

The result of COSI’s strip pairing algorithm for a 22Na
calibration source. The n-side and p-side energy, cor-
responding to the anode and cathode of the detector,
should be equal for a correct pairing. This source has
two lines: at 511 keV and 1.27 MeV, which can be seen
here as hot spots. The horizontal and vertical lines orig-
inating from these energies are from charge-loss. The
offsets to the right and above the measured 1.27 MeV

point are due to cross-talk. . . ... ... ... ......

Full multi-site energy spectrum after strip pairing algo-

rithm. . . . .

(a) The measured cross-talk enhancement and linear cor-
rection for DC-side of Detector #6. The cross-talk effect
is largest for neighboring strips, but still is detectable for
Skip 1 neighbors. (b) The total multi-site energy spec-
trum as in Figure 4.8 but now with the cross-talk cor-

rectionapplied. . ... ... ... ... .. . ... ..

The measured signal from three interactions at different
depths in a COSI GeD illustrating the definition of CTD.
In the top panel, the interaction occurs close to the cath-
ode of the detector, and the signal from the holes arrives
before the signal from the electrons, resulting in a pos-
itive CTD. In the middle panel, the interaction occurs
near the center of the detector and CTD ~ 0. With the
interaction occurring closest to the anode, shown in the
bottom panel, the electron collection signal arrives first
and a negative CTD is measured. Figure 2 from Coburn

etal. (2003).. . . . ..
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Figure 4.11 (a) CTD to depth conversion from charge transport sim-
ulations for all 12 of COSIs detectors. Each detector has a
slightly different curve due to the measured thickness of
the detector and the high-voltage applied. (b) The mea-
sured CTD from a 137Cs source in a single pixel. The red
curve is the fit of the CTD template, which shows a good
match to the measured data. Figures 4 and 5 from Low-
elletal. (2016). . . . . . . . 107

Figure 4.12 The FWHM of the ARM distribution gives the angular res-
olution of the telescope, which is plotted here as a func-
tion of the energy as measured in calibrations. Two dif-
ferent levels of event selections are shown. The green
open circles show the angular resolution with open event
selections. The angular resolution is dramatically im-
proved wit a 1 cm distance cut and with the Compton
scatter angle ¢ restricted to less than 90°, shown with
the purple open squares. The COSI’s angular resolution
is a minimum of 4.5° at ~900 keV. . ... ... ... ... 109

Figure 4.13  The preliminary effective area measurements as a func-
tion of energy for calibration sources. The maximum
effective area is observed at 511 keV. ... ... ... ... 111

Figure 4.14  Azimuthal scatter distribution measured in COSI due to
a ~50% polarized source. The polarized signal is nor-
malized by a corresponding unpolarized source to min-
imize false modulations due to the geometry of the in-
strument. Figure 5.7 from Lowell (2017). . . ... ... .. 112

Figure 5.1 = Photograph after the Super Pressure balloon has been
inflated and immediately before launch on May 17th,

2016, in Wanaka, New Zealand. COSI, hanging from the
launch vehicle, is visible on the left side of the photo-
graph, the orange parachute is in the middle, and the
balloon is on the right. Only partially inflated on the
ground, once the balloon reaches float altitudes it be-
comes fully expanded with a diameter of over 100 m.

The Wanaka Airport can be seen in the background, which
includes the hangar within which all integration occurred.114
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COSI'was launched from Wanaka, NZ, on May 17th, 2016,
circumnavigated the globe, and landed in Peru 46 days
later. The first circumnavigation, completed in 14 days,

is depicted in green. There is no steering available for
high-altitude balloons, so the prevailing winds carry the
balloon and the only trajectory choice the ground crew
has is when to terminate the flight. . . . . . ... ... ...
The instrument was located in the desert north of Are-
quipa, Peru, on July 7, 2016, just 5 days after termina-
tion. Although the gondola frame was bent and the an-
tenna booms and some solar panels were destroyed, all
of the COSI instrument systems have been tested after
flight and are operational. . . .. ... ............
A day time photograph of the SPB from the on-board
camera in the 2016 CosIflight. . . ... ...........
The altitude profile during the COSI 2016 flight. The
nominal altitude was 34 km. After June 4th, 2016, the
balloon started to drop in altitude more than the me-
teorologists had predicted and it was apparent that the
balloon had developedaleak. . .. ... ... ........
(a) The HV on Detector #0 dropped suddenly to zero on
June 6th, 2016. Since the preamp currents usually satu-
rate when the HV ramps down, it was confirmed that this
was a true change in voltage.. (b) The preamps on Detec-
tor #5 started to go in and out of saturation during the
second day of flight; however, the HV monitor showed
no issues. Detector #8 displayed the same behavior.
The count rate in the Csl shield detectors during one
hour of flight on June 6th, 2016. The high-amplitude
short-duration spikes are phosphorescent states in the
Csl detectors induced by cosmicrays. .. ..........
Cryocooler collar temperature over one hour of flight.
The liquid cooling system was toggled on and off to keep
the collar temperature between 30° and 40 °C. The pump
would turn on for ~2 min to allow the flow of cold liquid
to cool the collar. Then with the pump off, it would take
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A 24-hour day-night cycle showing the temperature of

the cryocooler collar, the radiator fluid input, and radi-

ator fluid output. During the warmer parts of the day,

the frequency at which the pump was turned on and off

was higher than during the colder nights. . .. ... ... 121
The temperature of a few of the COSI subsystems and
gondola parts during a 24-hour day-night cycle. The

most extreme temperatures seen were on the sun-facing

front panel, shown in black. The flight computer had a

18 W heater that was turned on when the temperature

of the CPU reached 10°C, which occurred around 19:00. 121
Two of the monitoring programs developed for the COSI

2016 flight. (a) Text message alerts were sent to the team

if any monitored value exceeded its limit, if there were

gaps in the data, or if a possible GRB was detected. (b)
Real-time analysis for GRB detections allowed for the re-

port of GRB 160530A, the first GRB reported to the GCN
fromaballoon. . ....... ... ... . . . ... ..., 122
Exposure map from the 2016 COSI flight assuming an
energy-independent effective area of 20 cm?. COSI had
excellent exposure of the GC and Galactic plane, as well
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labeledhere. . . ... ... ... . ... . ... . ... 123
Detector rates of one of the top GeDs over the duration of

the flight. The initial slow variations are due to changes

in latitude, and the sharper variations in the latter half

of the flight are from altitude drops at night. Multiple
intense REP events are seen at the highest latitudes when
background was largest; GRB 160530A was observed
during the second of these events. . . ... ......... 124
Total integrated energy spectrum, including single-site

and multi-site events, from the duration of the flight.

The intense 511 keV atmospheric background line and
known activation lines have been identified. . . ... ... 124
The light curve of one of the microburst events, charac-
terized by short bursts, detected with COSI. This event
shows a transition to a phase with longer timescales. GRB
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The image and light curve for GRB 160530A as detected
by COSI during the 2016 flight. The image is obtained
after 10 iterations of the LM-ML-EM algorithm. The GRB
had aduration of ~16 s, and it was 43.5° off-axisin COSI’s
FOV. The detection was coincident with an REP event.

derived from the new MLM technique developed for COSI
polarization analysis (Lowell et al, 2017a). The cross
signifies the best fit polarization level, but only an upper
limit of 46% can be placed on this measurement. Figure

6 from Lowell et al. (2017b). . .. ... .. ... .. ...

Image of the Crab Nebula from the 2016 COSI flight after
40 iterations of the LM-ML-EM algorithm. Only the two
days when the Crab was highest in COSI's FOV, June 12th
and 13th, were used. This image was produced with 7y-
ray energies from 0-480 keV and 530-1500 keV to cut
out the large 511 keV background line. All of the point
sources detected by COSI are offset from the true posi-
tion by a few degrees, perhaps due to the lack of expo-

sure correction in the LM-ML-EM imaging. . . ... ...

Images of the two other compact objects detected in the
COSI12016 flight: Cyg X-1 and Cen A. The event selections
used for these images are the same for the Crab image
above; however, both of these images were made after

60 iterations of the LM-ML-EM algorithm. . . . . ... ..

Elevation of the GC in COSI’s FOV during the 2016 flight.
An elevation of 90° degrees occurs when the GC is di-
rectly overhead and consistent with COSI’s zenith. The
times in which the altitude dropped below 32 km are in-

dicatedinred. . ... ... .. .. ... ...

LM-ML-EM of the 511 keV emission from the GC during
the 2016 COsI flight, after 40 iterations. Although the
emission is very prominent, this image is not exposure-
corrected, and due to the iteration algorithm used, the
spatial distribution here is not truly representative of the
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(a) Csl shield count rate for the entire flight, in one-hour
averaged increments. The slow modulations at the be-
ginning of flight are due to changes in the latitude, and
the more frequent increases in flux during the latter half
of flight are due to altitude drops at night. (b) The alti-
tude and atmospheric depth for the duration of the flight,
averaged over one-hour increments. CSBF provided the
pressure measurements included in the atmospheric depth
calculation. (c) Geographic latitude and geomagnetic cut-
off rigidity for the duration of the flight. When the lati-
tude is close to the South Magnetic Pole, the cutoff rigid-
ity is the low, and the background radiation from cosmic-
ray interactions in the atmosphere is large. . . . . ... ..
Schematic of the image-space background subtraction
method. The red region in the sky represents the posi-
tion of the GC, and the blue regions are the chosen back-
ground regions. All selected regions have the same zenith
angle in COSI detector coordinates and are each sepa-
rated azimuthally by 30°, except for the region on either
side of the GC where there is a 60° gap. The regions,
which have a radius of 16°, have not been drawn to scale.
Image-space background-subtracted 511 keV spectrum
from a 16° region around the GC. The gray histogram
is the spectrum of the 16° region around the GC before
background subtraction, which has been scaled by % The
error bars are determined through the Ngc method as
discussed in the text. The significance of the 511 keV
lineis3.30.. .. .. ...
The number of events consistent with k background re-
gions, but not the GC region, is shown in red, while the
number consistent with the GC and k background re-
gions is displayed in blue. These are all of the events
from flight with E.,, between 510-511 keV that satisfy
the selections listed in Table 6.2. Similar histograms were
obtained for every 1 keV bin to calculate the error in the
subtracted spectrum shown in Figure 6.5. . . . . . ... ..
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Image-space background-subtraction of a simulated Gaus-

sian source at the GC with FWHM of 16° and a mono-
energetic spectrum at 511 keV. The GC spectrum in-
cludes all events consistent with a 16° origin cut around
the GC source location. Since there is no simulation of
the background radiation, any event in the background
spectrum, shown in red, is actually from the simulated

GC SOUICe. . . v v i i e e e e e e e e e e e e e e e e e

(a) Schematic diagram of the first two interactions of a
Compton event showing the CDS angles. The source is
at (X0, o), and in the far field, the radius of the Comp-
ton circle in image-space is equal to the Compton scatter
angle ¢, which defines one of the axes of the CDS. The
polar and azimuthal angles, x and ¢, of the Compton-
scattered 7y-ray direction d, ¢ define the two other axes of
the CDS. (b) Once many photons from the same source
are accumulated, with each event represented as a point
at (), P, ¢), the source is mapped as a cone in the CDS

with its apex at the source position (xo, ¥0). - - - . . . .

(a) An example Compton event from an on-axis source
shown in detector coordinates. The Compton angle ¢
is equal to the polar scatter angle X1 (see text) and the
event is represented as a point at (1, ¢1) in the 2D CDS
shown in (d). (b) Another event from the same on-axis
source position with a larger Compton scatter angle ¢
and polar angle X»7. (c) When a source is on-axis, the CDS
cone is transformed into a plane along X = ¢. (d) For an
unpolarized, on-axis source, the CDS is projected down
to 2D. The blue shaded line at ¥ = ¢ will be the dis-
tribution of events as the CDS is filled, where the width

represents the measurement uncertainty. . . . ... ...
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(a) Simulation of a 511 keV point source at (0, 0) mapped

in the CDS. Only total 7y-ray energies between 506-516 keV

are included so as to select on the fully absorbed and
properly reconstructed events to best represent the an-
gular resolution. (b) The deviation of events from the
true source location line at x = ¢, given by the distri-
bution of (X — ¢) shown here for the point-source sim-
ulation, defines the angular resolution of the telescope.
This is referred to as the CDS-ARM and is equivalent to
the ARM distribution defined previously in image-space.
Rotation of an off-axis source position at ()Xo, ¢o) to the
origin of the CDS, transforming the cone into a plane
along x = ¢. With the rotation Ry, any source loca-
tion can be reduced to the 2D x-¢ CDS to simplify the
analysis. . . . . ...
The CDS populated after a single day of flight, June 16th,
2016. The blue points show all of the Compton events
from this single day. With the EHC applied to this data
set, which then reduces to the green points, any event
with a Compton circle that intersects the horizon is re-
jected. When a 40° pointing selection is applied, only
events that occur when COSI’s zenith is within 40° of the
GC are included; these events are shown in red. Only
2.4% of the total events from this day pass the EHC and
pointing selection. The black diagonal lines on this plot
represent the region around the GC with a 10° origin cut,
meaning any event that has [y — ¢ <10°. ... ... ...
Schematic of the 2D )-¢ CDS showing the source and
background regions, which are defined by an origin cut
of A. In the 3D CDS, the background regions are cho-
sen as concentric cones that surround and sit within the
source cone. In 2D, these cones are transformed into
lines that lie adjacent to the source line at x = ¢. Only
BRout is used in the positron annihilation emission anal-
ysis, as discussed inthe text. . . . .. ... ..........
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(a) Compton scatter angle distribution for four different
energy ranges using 1 day of flight data and the EHC se-
lection. The histograms have not been scaled, so their
relative amplitudes reflect the effective area for the dif-
ferent energies. (b) The polar scatter angle distribution
is energy independent, as can be seen with the same 1
day of flight data. The difference in the relative ampli-
tude of each scatter angle distribution is a result of the
energy-dependent effective area, but the overall shape is

thesame. . . . . . . . . ...

(a) Spectrum of the measured flight data in the source re-
gion SR with Compton scatter angle ¢ = 20-21°. The
spectrum from the background region BR, shown in blue,
has been scaled so that the number of counts between
520-720 keV is equal to that in the SR spectrum. (b)
Same as (a) except for Compton scatter angle ¢ = 40-
41°. (c) Using simulation data, the x distribution is com-
pared for two energy ranges: 520-720 keV and 300-
500 keV. We performed a chi-square test to confirm
there are no statistical differences in the two x distri-
butions and the resulting P-value is listed on the figure.
The red and blue regions signify the location of the SR
and BR, respectively. (d) Same as (c) except for Comp-

ton scatter angle p =40-41°. . . ... .. ... .. ... ..

The Ling Model for 7y-ray flux as a function of zenith
angle at balloon altitudes. For this plot, an atmospheric
depth of 2.2 g/cm? is used so as to compare to the values
published in Figure 6 from Ling (1975). Both the atmo-
spheric and cosmic-ray “y-rays are included, where the
dashed line shows the atmospheric contribution, and the
solid line includes the cosmic y-rays. The 511 keV at-
mospheric background component is shown as the solid
black curve. A zenith angle of 0° corresponds to down-
ward going radiation. Figure from A. Lowell (private

communication, 2017). . . . .. ... .. .. .
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Simulated COSI activation spectra of multi-site events
resulting from proton, neutron, positron, and a-particle
cosmic rays. The prompt emission is any deposited en-

ergy that appears to be simultaneous with the original
particle interaction, either from a subsequent scatter or
aradioactive isotope with a half-life shorter than the de-

tector timing resolution. The delayed emission is the
measured byproducts from any isotope that has a half-

life longer than the detector timing resolution. The sim-
ulation for each component was 100,000 s, and the ma-

jority of interactions are vetoed by the CsI shields. . . . . . 162
The total simulated multi-site background spectrum in
comparison with the measured total integrated flight data,
where both include the EHC. The simulated atmospheric

y-ray emission and activation spectra, combined and shown
inred, are separately normalized such that the total spec-

trum matches the measured flight spectrum, shown in blue.162
CDS background-subtracted spectrum of the background
simulation, where a red line is draw along Counts/keV = 0

to represent the flat distribution we expect. The num-

ber of counts within 506-516 keV is 38+286 cts, which
confirms a proper background subtraction of the atmo-
spheric background and instrumental activationat 511 keV.164
The distribution of Compton scatter angles for event with

E, =506-516 keV from the background simulation.

The dotted vertical lines show the event selections used

in this analysis, which is the majority of events. . ... .. 165
Background-subtracted spectra obtained for three dif-
ferent source locations in the background simulation.

The Galactic coordinates were selected randomly from

the flight exposure map: (-150, 30), (120, -60), and (180, -

90) for (a)—(c). The number of counts between 506-516 keV
for these spectra are all consistent with no source. . . . . . 166
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(a) Back-projection of the GC point source and background

simulation. The hot spot in the lower right of the image
shows the peak of the exposure. (b) The point source
emission is visible in the image after 5 iterations of the
LM-ML-EM algorithm. (c) The total spectrum of the point
source and background simulation with a 6° pointing
cut around the GC. This is SR. (d) The ARM distribution
of the GC point source, without the background simula-

tion, to show the expected angular distribution. . . . . . .

The calculated atmospheric transmission probability as
a function of y-ray energy. The probability of trans-
mission is highest for downward-going, high-energy y-
rays. The black curve shows the transmission probabil-
ity at an altitude of 33 km for downward-going y-rays.
When a Galactic source is off-axis or the instrument has
alower altitude, there is more atmosphere for the y-rays
to pass through and the transmission probability is re-
duced. This is shown for a 40° off-axis angle at an al-
titude of 33 km, and downward-going events at an alti-

tudeof 27 km. . . . . . ...

CDS background subtraction for the GC point source and
background simulation. The number of counts within
506-516 keV is 1167+194, which correspondstoa~6 o
detection. The spectrum of the GC point source with out
background is shown in blue, and the number of counts

in the same energy range is 1218 cts. . ... ... .....

The total CDS-ARM histogram from the full COSI flight,
with the GC chosen as the source location. For each event,
the CDS-ARM is given by (x — ¢), and the prevalence of
the positive CDS-ARM values is due to the majority of
times when the GC is outside of the FOV. This is illus-
trated when a 40° pointing selection on the GC is used
on the data, as shown in green; a large fraction of the

positive CDS-ARM values are suppressed. . . ... .....
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Figure 7.19  (a) Schematic showing an event with a negative CDS-ARM.
The image-space event circle does not intersect the source
position at (0, 0) since the Compton scatter is larger than
the polar scatter angle. (b) Event with a positive CDS-
ARM value since the Compton scatter angle is smaller
than the polar scatterangle. . . . ... ............ 175
Figure 7.20  CDS-ARM distribution for two Compton scatter ranges,
20-25° and 50-55°, from one day of flight data with the
GC as the source location. . ... ............... 176
Figure 7.21 The CDS-ARM distribution from the background simula-
tion for events with Compton scatter angles 16—17° and
59-60°, in (a) and (b), respectively. Events with E,, = 506
516 keV are plotted in red. The events from the 520~
720 keV interval have been scaled using BSR(¢p, E). . . .177
Figure 7.22  (a) Background-subtracted CDS-ARM distribution of the
background simulation. A red line is drawn along 0 Counts/deg,
since this is the expected distribution. (b) Background-
subtracted CDS-ARM distribution of the point source sim-
ulation with background. When fit with a single Gaus-
sian, the point source distribution gives awidth of o = 6+1°.
The expected ARM distribution, as obtained for the point
source inmimrec,is showninblue. ... ... ... .... 179
Figure 8.1  The spatial distribution of the two simulated positron
annihilation emission models in Galactic coordinates.
The only difference between the models is the size of the
Galactic disk emission, which has a latitudinal FWHM of
7° for the Skinner model shown in (a) and 25° for the

Siegert modelin(b). . . . .. .................. 182
Figure 8.2  The ARM distributions of three simulations after ideal
reconstruction with a 477 FOV detector. . . . ... ... .. 183

Figure 8.3  Spectral components of the simulated Galactic positron
emission measured in the COSI detector. The 511 keV
line component is shown in (a), the o-Ps continuum is
shown in (b), and the combined spectrum is shown in
(c). The table in (d) lists the fit parameters and the cal-
culated flux from the separate components for the com-
bined spectrum. . ... ... ... ... ... . ... . ... 186
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(a) The ARM distribution of the bulge component in the
Skinner model, which includes the narrow and broad
bulge, with a model FWHM of 5.9° and 20.5°, respec-
tively, and the point source component at the GC. (b) The
Skinner model disk component, which is modeled as a
2D Gaussian with a latitude FWHM of 7° and a longitude
FWHM of 212°, shows a much broader ARM distribution
that is skewed due to the EHC and restriction on Comp-
ton scatter angle. (c) The total ARM distribution of the
Skinner model, which combines the distribution in (a)
and (b), is dominated by the bulge component. (d) The
ARM distribution of the o-Ps spectral component from

the full Skinner model with E,, = 300-500 keV. . ...

The comparison of the Skinner and Siegert model ARM
distributions. With the same event selections as in Ta-
ble 8.1, the thicker disk of the Siegert model, shown in

green, is not significant with this analysis measure. . . .

. 189

CDS background-subtracted spectrum of the Skinner model

simulation. The separate components of the spectral fit
defined in Equation 8.1 are shown, as is the raw unsub-
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INTRODUCTION

The initial astrophysical studies of the sky began with Galileo and optical tele-
scopes, but soon astronomers were building instruments to observe the cos-
mos using other bands in the electromagnetic spectrum. Each energy range,
e.g., radio waves, infrared, or X-rays, reveals unique information about the
cosmic source in question. As technology advanced over time and telescopes
became more sensitive across the whole spectrum, there was one range that
fell behind: <y-rays in the MeV regime. This gap in sensitivity, often referred
to as the MeV Gap, is not due to a lack of compelling science but instead to a
limitation in technology, and there remain many open questions.

The 511 keV <y-ray line produced in the Galaxy through the annihilation
of an electron and its anti-particle, the positron, was first detected in the
1970’s. Telescopes measure an extended source with a relatively high flux
~1x1073 /cm?/s and a strong concentration in the center of the Galaxy, an
emission that is unlike any other wavelength. While 26 Al, a positron emit-
ting isotope, could explain the positron population in the disk of the Galaxy,
there is no convincing explanation for the excess of positrons in the Galactic
Center region. This remains one of the major puzzles in y-ray astrophysics
over the last half-century.

This dissertation presents the detection and analyses of the Galactic positron
annihilation signal with the Compton Spectrometer and Imager (COSI). COSI
is a balloon-borne Compton “y-ray telescope that is designed to further our
understanding of Galactic positrons, perform novel polarization measure-
ments of compact sources, and map the emission of nucleosynthesis in our
Galaxy. The COSI instrument had a successful 46-day balloon flight from
Wanaka, New Zealand, in May-July 2016. The flight path provided over
1.5 Ms of exposure of the Galactic Center (GC).

One of the difficulties of measurements in this energy range is the dom-
inance of the 7y-ray background radiation. Through the work leading up
to this dissertation, it was determined that traditional background subtrac-
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tion techniques were not suitable for Compton telescopes or for the strongly
varying background emissions seen throughout the balloon flight. Therefore,
a method for background subtraction of line emission has been formulated
based on the CDS. With the new routine, a 7 ¢ detection of the 511 keV line
of the Galactic center region from the COSI 2016 balloon flight was achieved.
Furthermore, a spatial distribution of the positron annihilation signal was
detected that is broader than the previously reported models of the emission.
In addition, the CDS leads to a binned-imaging algorithm that gives the most
direct image of the Galactic emission to date.

Part I of this dissertation provides the historical context. Chapter 2 begins
with the initial detections of the 511 keV annihilation line and summarizes
the current state-of-the-art measurements by INTEGRAL/SPL. Chapter 2 con-
tinues with a review of the present understanding of Galactic positrons and
concludes with an overview of the possible cosmic sources.

Part II covers the COSI mission. Chapter 3 gives a brief introduction to
y-ray astronomy and focuses on Compton telescope technology. The COSI
instrument is described in detail. Chapter 3 finishes with an overview of the
software programs used by the COSI collaboration. Chapter 4 details the cali-
bration of COSI prior to the 2016 balloon flight and concludes with the mea-
sured higher-level performance of the telescope. Chapter 5 summarizes the
2016 balloon campaign from Wanaka, New Zealand.

Part III focuses on the signature of Galactic positrons detected during the
2016 flight. Chapter 6 overviews the GC observations and motivates the need
for a new background subtraction technique. Chapter 7 introduces the CDS
and details the routine developed for background subtraction for the positron
annihilation analyses. Chapter 8 validates the routine with simulations of
the Galactic emission. Chapter 9 presents the final results of the detected
positron annihilation signature from the Galaxy. Chapter 10 concludes with a
summary of the work presented and alook to the future of 7y-ray astrophysics
and the Galactic positron puzzle.
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POSITRON ANNIHILATION IN THE MILKY WAY

21 INTRODUCTION TO GALACTIC POSITRONS

Positrons are the anti-particles of electrons, which means they have the same
mass but opposite charge. Their existence was predicted by Dirac (1931), and
since the first measurements of positron tracks in cloud chambers were dis-
regarded (Skobeltzyn, 1985; Chao, 1930), the credit of the particle’s discovery
was given to Anderson (1932), for which he was given the Nobel prize in 1936.
The signature of electron-positron direct annihilation is two “y-rays emitted
at the rest energy of the electron (and positron) at 511 keV, abiding by the
conservation of momentum. This signature was first observed by Klemperer
& Chadwick (1934), which confirmed the anti-particle nature of the positron.
Mohorovicic (1934) predicted the existence of a hydrogen-like bound state
between a positron and electron that can be formed before annihilation at
low energies. This was finally measured by Deutsch (1951) and that bound
state became known as positronium (Ps).

Formed by two spin—% particles, positronium has four basis states, analo-
gous to the hydrogen atom: a singlet-state with a total spin angular momen-
tum of s = 0, called para-positronium (p-Ps)

0,0) = == (1 - ) @
, VA , .
and a triplet state with a total spin angular momentum of s = 1, called ortho-
positronium (o-Ps)

€
V2

The singlet-state will form 25% of the time. With an even charge parity, it de-

11,-1) =1 11,0) = —=(1 + 1) 11,1) =} . 2.2)

cays via the emission of two photons (lifetime = 0.125 ns; Adkins et al. 2003),
and results in a spectrum with a narrow line at 511 keV, like that seen from
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Figure 2.1: The predicted spectrum from Ore & Powell (1949) of the annihilation of
the triplet-state of positronium, o-Ps, described in Equation 2.3.

direct-annihilation. The triplet-state will form 75% of the time, and with odd
charge parity it decays via the emission of three photons (lifetime = 140 ns;
Vallery et al. 2003) with energies totaling 1.022 MeV. Ore & Powell (1949)
calculated the lifetime and spectrum resulting from o-Ps annihilation

m _ _ 2 —
P(kl)ZL_klzlkl(m kl)_2m(m kl) lnm k1

2m-k1)2 (2m-k1)3 m
+2m—k1 +2m(m—k1)lnm—k1 2.3)
kq k3

where m is the electron mass, and kq is the momentum quanta of one of the
photons (k1 + ko + k3 = 2m). The spectrum as defined in Equation 2.3 is
plotted in Figure 2.1.

Stecker (1969) was the first to determine that low-energy positrons in the
Galaxy will predominantly form Ps before annihilating. In their work on so-
lar flares, Crannell et al. (1976) found that a positronium fraction of fp, = 1
is theoretically expected for most astrophysical plasmas, meaning 100% of
positrons would first form Ps before annihilation.

The 511 keV signature of electron-positron annihilation and the low-energy
continuum from o-Ps were observed coming from the Galactic Center (GC) re-
gion in the 1970’s, marking it as the first y-ray line to be detected originating
from outside of the solar system. After almost 50 years of studies, it is now
known that the positron annihilation emission from the Galaxy is extended in
size with a strong concentration in the center region of the Galaxy, called the
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Galactic bulge, in addition to a low surface-brightness emission consistent
with the Galactic disk. This observed spatial distribution is unlike that seen
in any other wavelength. The steady source has a flux of ~1x1073 /cm?/s,
and (depending on the spatial model) this corresponds to an annihilation rate
of ~10%3 e*/s in the Galaxy.

The origin of Galactic positrons remains a major puzzle in ‘y-ray astro-
physics. Although there are many theorized sources of positrons in the Galaxy,
no source distribution matches the observed annihilation emission. The only
confirmed source of positrons to date is from the B+ decay of 26Al. The
Galactic distribution of 26 Al has been mapped by its 1.8 MeV y-ray emis-
sions and the observed distribution can possibly account for the 511 keV
emission seen along the Galactic disk, but the 511 keV emission in the Galac-
tic bulge is still unexplained.

A comprehensive review of our understanding of Galactic positrons can
be found in Prantzos et al. (2011), and some of the discussion presented here
follows from their work.

22 HISTORICAL OVERVIEW

221  EARLY BALLOON MEASUREMENTS

The 511 keV signature of positron annihilation was first observed from the
direction of the GC when “y-ray spectrometers were launched onboard high
altitude balloons in the 1970’s. In 1972, Johnson III et al. (1972) reported a
4 0 spectral feature at 473+30 keV with a flux of 1.840.5x1073 y/cm?/s, as
shown in Figure 2.2 (a). This result was from a 17 hour balloon flight with
a collimated sodium iodide (Nal) scintillator detector using on-off pointings
of the GC region. Though they discussed positron annihilation as a possible
source, they thought it unlikely unless the emission was red-shifted by ~0.07
in energy. Leventhal (1973) and Clayton (1973) were quick to point out that
the expected spectrum for Galactic positron annihilation would be a line at
511keV from p-Ps and direct annihilation, and a low-energy continuum from
o-Ps annihilation, which, if observed by a spectrometer with poor energy res-
olution, would result in an apparent red shift.

Leventhal et al. (1978) were the first to fly a high-resolution y-ray detec-
tor. The instrument consisted of a large ~130 cm? germanium detector with
a 3.2 keV FWHM resolution. With 17.3 hours of data and alternating on-off
pointings every 20 mins, they found a 5.6 0 excess at 511 keV when the instru-
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(a) First detection of Galactic annihilation. (b) 511 keV line.

Figure 2.2: (a) The 4 ¢ first detection of the 511 keV line from the Galaxy, and when
converted from channel number to energy, this corresponds to a line at
473+30keV. Due to the poor resolution of the Nal detectors, the 511 keV
line and the o-Ps continuum appeared as a broad line at a lower energy.
Figure 4 from Johnson III et al. (1972). (b) The first high-spectral reso-
lution measurement of the 511 keV emission from the Galactic center
region. The line is centered at 510.7+0.5 keV and the line-width is lim-
ited by the spectral resolution at < 3.2 keV. Figure 2b from Leventhal
etal. (1978).

ment was directed at the GC region; see Figure 2.2 (b). This was the first mea-
surement that showed evidence of Galactic o-Ps annihilation below 511 keV;
with the addition of the three-photon continuum to the spectral fit, an im-
provement in X2 was seen for a positronium fraction fps close to 1. Such
a high fps confirmed that most of the positrons must be at low energies be-
fore annihilation. With the contribution of the o-Ps annihilation, the authors
concluded that the measured flux corresponds to a substantial Galactic anni-
hilation rate of ~3.3x10%3 e*/s (assuming a distance to the GC of 10 kp).
After anumber of successive launches with balloon-borne telescopes (John-
son Il etal., 1972; Johnson III & Haymes, 1973; Haymes et al., 1975; Ling et al.,
1977; Albernhe et al., 1981), it was found that the measured 511 keV flux var-
ied with each measurement. The conclusion was that the source of positrons
was itself variable, and for decades this was the prevailing assumption (Leven-
thal, 1991). Figure 2.3 shows a compilation of these early balloon-borne mea-
surements and additional satellite measurements from 1970-1990. In 1981,
Albernhe et al. (1981) recognized that the flux measured with each detector
was correlated with the telescope field of view (FOV), and the variability could
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be explained as a steady extended emission. However, this view was not ac-
cepted by the majority of researchers until years of satellite observations in
the 1990’s provided no detections of variable activity.

Along with these initial measurements of the 511 keV signature of Galac-
tic positron annihilation, a number of astrophysical sources were proposed
to be the birth-site of these positrons. In 1973, Clayton (1973) discussed how
explosive nucleosynthesis is a plausible source for positrons, with the primary
contributors being the °Ni and 44Ti decay chains. He therefore claimed that
the measurement by Johnson III et al. (1972) was the first confirmation of ex-
plosive nucleosynthesis (which he helped pioneer). Nucleosynthesis, through
the decay of 26 Al, has been the only confirmed source of Galactic positrons
to date, and this is further discussed in Section 2.4.1. Leventhal et al. (1978)
proposed a cosmic-ray (Section 2.4.3.1) or radio pulsar (Section 2.4.2.2) ori-
gin, but added “undoubtedly, the positrons giving rise to the observed feature
come from a variety of processes.” Lingenfelter et al. (1981) suggested the pos-
sibility of positron production and annihilation around a massive black hole
in the Galactic center (Section 2.4.2.3). After decades of measurements of the
Galactic 511 keV signal and attempts at sophisticated simulations, not many
of these possible sources have been ruled out and the true source of Galactic
positrons is still a mystery.

222 EARLY SATELLITE OBSERVATIONS

2221 CONFIRMATION OF A STEADY SOURCE

The first satellite to detect the signature of Galactic positrons was the High
Energy Astronomy Observatory 3 (HEAO-3), launched in September 1979. The
High Resolution Gamma-Ray Spectrometer (HRGRS) instrument (Mahoney
et al., 1980) consisted of 4 large high-purity germanium (HPGe) crystals sur-
rounded by a cesium iodide (CsI) anti-coincidence shield (ACS), and it operated
until June 1980 when the onboard liquid nitrogen was exhausted. HEAO-3 re-
ports of significant time variability of the 511 keV flux (Riegler et al., 1981)
further raised the (false) evidence for a variable source near the Galactic cen-
ter. A measured decrease in flux by almost a factor of three in a six month
period led the authors to conclude that the source was singular and compact
<1018 c¢m (Lingenfelter & Ramaty, 1982). Figure 2.3 shows the “variability”
of the 511 keV flux from the GC including the HEAO-3 results, as reported by
Leventhal (1991).
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Figure 2.3: The measured Galactic center 511 keV flux from balloon-borne and satel-
lite instruments assuming a point source emission. Published in 1991, it
was still not entirely accepted that the positron annihilation in the Galaxy
was a steady source. Figure 1 from Leventhal (1991).

The Solar Maximum Mission (SMM), launched in 1980 and operated till
1989, provided the first long-term monitoring of the inner Galaxy with its
Gamma Ray Spectrometer (GRS) instrument (Forrest et al., 1980). The GRS in-
strument consisted of seven 7.6 cm diameter x 7.6 cm thick Nal detectors sur-
round by a thick annulus of CsI acting as an active shield. With a FOV of 130°
in the solar direction, the GC transited the instrument aperture in Decem-
ber each year of its operation and resulted in a measurement of the 511 keV
line with significance of > 30¢. With these measurements, Share et al. (1988)
constrained the year-to-year variability of the 511 keV flux to < 30%. Fur-
thermore, it was discussed in (Share et al., 1988) and (Share et al., 1990) that
the detected flux during the GC transits is consistent with an extended steady
source with intensity of ~2x1073 /cm?/s, weakening the argument for a
variable source at the Galactic center. Although SMM observations seemed
to indicate a steady diffuse source, a compact variable source at the Galactic
center could not yet be ruled out.

The launch of the first 7y-ray coded mask imager SIGMA on GRANAT in
1989 further confused the scenario of 511 keV variability. In 1991, an out-
burst of hard X-ray source 1E 1740.7-2942, later classified as the first mi-
croquasar (Mirabel et al., 1992), resulted in an apparent strong and broad-
ened line at 440 keV with a FWHM ~200 keV (Sunyaev et al.,, 1991). Due
to its close proximity to the GC, it was thought to be the long-sought vari-
able source of annihilating positrons, where the spectrum could be explained
with a broadened, red-shifted annihilation line. The source 1E 1740.7-2942
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was dubbed the “Great Annihilator.” It was proposed that the binary system
would produce variable jets of e™-e™ pairs; some of the positrons would an-
nihilate in the accretion disk creating a signature like SIGMA observed, and
some would escape and lose energy to give rise to the time-variable 511 keV
line emission seen by previous instruments (Sunyaev et al,, 1991; Gilfanov
et al., 1994). Years later, however, it was reported that no 511 keV feature
was seen in the concurrent observations with OSSE (Jung et al., 1995) and the
Burst And Transient Source Experiment (BATSE) (Smith et al., 1996a) aboard
the Compton Gamma Ray Observatory (CGRO).

Finally, with the combination of years of SMM data (Harris et al,, 1994),
alack of 511 keV features detected by BATSE (Smith et al., 1996b), and a re-
analysis of HEAO-3 data which refuted the previously reported transient activ-
ity (Mahoney et al., 1994), the steady-source nature of the 511 keV Galactic
emission was firmly established. And with it came the necessity for the source
to be spatially extended. The “variability” of the flux, as shown in Figure 2.3,
can be largely explained by instruments with different FOVs measuring an
extended source distribution, where the viewing angle of the instrument is
smaller than the solid angle of the source. However, the transient emissions
reported by SIGMA and HEAO-3 are limited to the analysis of a single instru-
ment’s data, and the lesson learned here is that 7y-ray analysis, especially in
the MeV range, is difficult and plagued with potential systematics. This will
be further emphasized in the imaging attempts discussed below. Section 3.1
discusses these difficulties and ways to reduce systematics in further detail.

2222 THE FIRST IMAGES

It was not until the launch of CGRO in 1991 with the Oriented Scintillation
Spectrometer Experiment (OSSE) (Johnson III et al., 1993) onboard that the
511 keV emission was imaged, and it became fully accepted that the emission
was extended. OSSE consists of 4 identical Nal-Csl phoswich detectors with a
3.8°x11.4° aperture and energy resolution ~9% at 511 keV. The OSSE observ-
ing strategy typically included 2 min pointings alternating between source
and off-pointing background measurements, described in Purcell et al. (1992).
With 67 weeks of observations of the GC and Galactic plane after 9 years of
flight, Figure 2.4 is the first image of the 511 keV emission from the Galaxy
reported by Purcell et al. (1997). This analysis combined the OSSE data with
data from SMM and TGRS on Wind to provide a flux normalization. The re-
constructed image, which shows an extended source with a symmetric bulge
centered on the GC as well as emission along the Galactic plane, excluded a

10
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Figure 2.4: The first map of the Galactic 511 keV positron annihilation line from
OSSE measurements, combined with TGRS and SMM data. A strong Galac-
tic bulge component is seen along with emission consistent with the
Galactic plane. The emission at higher latitudes was later confirmed to
be an imaging artifact. The contours are exponentially scaled to show the
weaker Galactic plane emission. Figure 5 from Purcell et al. (1997).

single point source as the origin of the 511 keV emission once and for all.
The emission at higher latitudes b ~12°, referred to as the Positive Latitude
Enhancement, or colloquially the “positron fountain,” was suggested to be jet
activity in the Galactic nucleus or from a more local origin. However, this
enhancement was not seen in the image reconstruction of the o-Ps contin-
uum (Milne et al,, 2001) and would later prove to be an imaging artifact, again
highlighting the difficulty of MeV <y-ray analysis.

23 RECENT RESULTS

231 IMAGING AND SPECTROSCOPY WITH INTEGRAL/SPI

The International Gamma Ray Astrophysics Laboratory (INTEGRAL) launch-
ed by ESA in 2002 is still in operation. One of the main science goals of the
Spectrometer on INTEGRAL (SPI) (Vedrenne et al., 2003) is to study the emis-
sion from Galactic positrons. With high-spectral resolution germanium de-
tectors (GeDs) and modest imaging abilities with a tungsten coded-aperture
mask, SPIsignificantly advanced our understanding of Galactic positrons with
thorough studies of the annihilation spectrum and the spatial distribution of
the emission.

The SPI instrument consists of 19 high-purity GeDs with total geometrical
area of 508 cm?, giving an energy resolution of 2.1 keV FWHM at 511 keV.

11
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Figure 2.5: The image of the Galactic 511 keV emission with 1 year of SPI data, shown
in Galactic coordinates.The emission from the Galactic bulge dominates
the image and the low-surface-brightness emission from the disk is not
yet detected. The contour levels indicate intensity of 1072, 1073, and
107 7/cm?/s/sr from the center outwards. Figure 4 from Knodlseder
et al. (2005).

Imaging is achieved through a coded-aperture mask made of tungsten blocks
with a thickness of 3 cm set at a distance above the GeDs of 1.71 m, which
gives an angular resolution of ~2.5°. The GeDs are surrounded by an ACS of
bismuth germanium oxide (BigGe3012) (BGO) crystals limiting the FOV to 16°.
Additionally, a thin plastic scintillator is located just below the tungsten mask
to allow for a further reduction of the 511 keV background from prompt
interactions in the mask.

Using one year of SPI data, Knodlseder et al. (2005) showed the 511 keV
positron annihilation emission to be predominantly in the Galactic bulge re-
gion, which was highly symmetric and centered on the GC with an extension
of ~8° FWHM (see Figure 2.5). The Galactic disk emission, as seen by OSSE
in Figure 2.4, is absent in the first year of data. Through model fitting, this
study found that the 511 keV line flux ratio between the Galactic bulge and
disk component was in the range of B/D ~1-3, which is more extreme than
for any other wavelength. The authors concluded from the observed spatial
distribution that the positrons annihilating in Galactic bulge must be from a
different source than those annihilating in the Galactic disk.

With a total of 4 years of SPI data analyzed by Weidenspointner et al. (2008),
the low surface brightness of the Galactic plane emission is finally apparent
in the image; however, the new image shows an asymmetric distribution in
the Galactic disk, (see Figure 2.6). The authors explained this asymmetry as
resembling the asymmetry in the distribution of spectrally-hard low-mass X-
ray binaries (LMXBs). As it is expected that the annihilation spatial distribu-

12
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Figure 2.6: The measured Galactic 511 keV emission with 4 years of SPI data. The
asymmetry in the emission along the Galactic plane was thought to trace
the spatial distribution of LMXBs. The contours correspond to intensity
levels of 1072 and 1073 y/cm?/s/sr from the center outwards. Figure 1
from Weidenspointner et al. (2008).

tion should match that of the positron source, it was suggested that LMXBs
may be the dominant source of Galactic positrons. The authors estimate a
positron production rate of 10*le*/s per hard LMXB which, in addition to
known positron contribution from B+ decay of 20 Al (see Section 2.3.3), can
explain the Galactic annihilation emission. However, subsequent analysis by
Bouchet et al. (2010) determines that the disk asymmetry can be better de-
scribed as an offset in the Galactic bulge emission.

Another attempt at constraining the morphology of the Galactic positron
annihilation was performed by Skinner et al. (2014). The authors analyzed
more than 10 years of SPI data and considered a wide range of methods to
model the background. Skinner et al. introduce a simple phenomenologi-
cal model, referred to by the authors as the ‘Baseline’ model but referenced
here as the ‘Skinner Model, that fits the observations as well as or better than
astrophysically inspired models. The Skinner Model is illustrated in Galactic
coordinates in Figure 2.7, and the different model component parameters are
detailed in Table 2.1. Not only do they conclude that the observed asymmetry
is better represented as an offset in the position of the Gaussian representing
the Galactic bulge, agreeing with previous studies (Bouchet et al., 2010), they
are the first to report that the best fit includes a point source component at
the center of the Galaxy. The position of the point source in their model is
chosen to be the location of Sagittarius A* (Sgr A*); with the resolution of 3°, a
point source at the position of Sgr A* at (-0.06, -0.05) is indistinguishable from
the GC. A point source contribution from Sgr A* implies that a fraction of the

13



2.3 RECENT RESULTS

Galactic longitude

Figure 2.7: All-sky distribution of the Skinner ‘Baseline’ model in Galactic coordi-
nates plotted on a logarithmic scale to show the low surface brightness of
the disk emission. The small offset of the Galactic bugle Gaussian com-
ponent is visible here. Figure 1 of Skinner et al. (2014).

Model Component Position (I, b)  FwHM (07, 03) Flux

[deg] [deg] [x107% /cm?/s]
Disk 0,0) (212,7) 14
Broad bulge 0, 0) (20.5, 20.5) 7.3
Narrow bulge (-1.15,-0.25) (5.95.9) 2.8
Central point source  (-0.06, -0.05) 0, 0) 1.2

Table 2.1: Skinner Model components representing the Galactic 511 keV emis-
sion (Skinner et al., 2014).

positrons are being produced in the region around the massive Galactic black
hole (see Section 2.4.2.3); however, this contribution can also be interpreted
as extended emission from the nuclear bulge (Crocker et al., 2017).

Spectral analysis of the 511 keV line emission and the o-Ps continuum can
reveal information about the physical conditions of the interstellar medium
(1SM) in which the positrons annihilate. The two early examples of this anal-
ysis are the independent spectral studies by Jean et al. (2006) and Churazov
et al. (2005) using one year of public SPI data (see Figure 2.8). The spectrum
measured by SPI is extracted by model fitting of the sky distribution (using
the Knodlseder et al. (2005) model available at the time, shown in Figure 2.5)
and then fit with physical spectral models of annihilation in different phases
of the ISM (see Section 2.5.6). Jean et al. show that the emission is best fit with
narrow and broad Gaussian components, both centered at 511 keV, in addi-
tion to the o-Ps continuum with fp; = 0.97+0.02. When fit with a physical
model of the ISM, the line widths and intensities of these components match
best with positron annihilation in 50% warm ionized and 50% warm neutral
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Figure 2.8: Analysis of the INTEGRAL/SPI positron annihilation spectrum after 1 year
of public data. (a) Jean et al. (2006) find the 511 keV line and o-Ps con-
tinuum are best fit with models of positron annihilation in 50% of warm
ionized and 50% warm neutral phases of the ISM. (b) A complementary
analysis by Churazov et al. (2005) show the data is best fit with positron
annihilation in an ISM with ionization of 0.1 and temperature of 8000 K.
Figure 5 from Jean et al. (2006) and Figure 10 from Churazov et al. (2005).

phases of the ISM. Churazov et al. performed a complimentary analysis by
leaving the temperature and ionization fraction as the fit parameters. The
authors find the positron annihilation spectrum is best fit with an ISM tem-
perature of 8000 K with a degree of ionization of ~0.1, in agreement with Jean
et al. (2006). The conclusion from these studies is that positrons annihilate in
warm phases of the ISM, which implies that they may propagate away from the
hotter sites of production, i.e. star forming regions. With a high Ps fraction
of ~95%, this is another confirmation that positrons must have low energies
(~10 eV) before annihilation.

A more detailed study of the SPI positron annihilation spectrum was per-
formed by Siegertetal. (2016a). Using 11 years of SPI data and an enhanced ap-
proach to background modeling, Siegert et al. refined the spatial model of the
annihilation line. With this larger amount of data, the 511 keV line emission
from the inner Galaxy is detected at 58 ¢, and the o-Ps continuum is detected
at 290. For the first time, the authors were able to spatially discriminate be-
tween the spectra of the Galactic bulge and disk regions (see Figure 2.9). One
may expect different spectral signatures from positrons annihilating in the
Galactic disk and bulge due to the different gas phases which dominate these
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regions (Guessoum et al., 2005); however, there is no statistically significant
difference observed. Although the main purpose of this study was the spec-
tral analysis, the most significant detail may be the spatial modeling. Siegert
et al. find the best fit to the SPI data is very similar to the Skinner Model; see
Figure 2.10 and Table 2.2 for the details of this model. With the longer expo-
sure of the GC, Siegert et al. (2016a) report a 50" detection of the point-source
component consistent with Sgr A*. The modeled Galactic disk emission in the
Siegert Model is much thicker than the Skinner Model and the B/D ratio of
the 511 keV line flux is reported to be 0.58+0.13, a ratio that is much easier
to explain with known astrophysical sources. The positron production rate is
concluded to be 2x1043 e*/s and 3x10%3 e* /s for the Galactic bulge and disk,
respectively. The estimate of the positron production rate in the disk from
this study is more than previous estimates of the rate in the entire Galaxy.

Even with SPI observing the skies for the past 16 years (and counting), there
remain many open questions about Galactic positrons. The imaging, which
was expected to reveal the source, has been far from conclusive. With a coded-
aperture mask instrument, a model-fitting approach is taken since there is
no way to directly image a source; while straightforward for point source
emission, this becomes much more difficult for extended sources. The spatial
models of Skinner et al. (2014) and Siegert et al. (2016a) describing the Galac-
tic 511 keV emission show a broad bulge emission. It is not yet known if
this distribution is truly diffuse or composed of a population of point sources
within the bulge. Furthermore, the extent of the disk emission is still poorly
constrained. Through the coded-aperture mask model fitting routines, each
of the spatial components are correlated (Siegert et al., 2016a) and the cho-
sen model for each component influences the others; a direct imaging tele-
scope would be needed to measure the true emission to fully determine the
latitudinal extent of the disk. Further areas of advancement are discussed in
Section 2.7.

232 MEV CONTINUUM CONSTRAINTS

A very constraining measurement on positron production models is from ob-
servations of the MeV continuum emission from the inner Galaxy. If positrons
are injected into the ISM at relativistic energies, one would expect a fraction to
directly annihilate with electrons in-flight while undergoing the energy loss
necessary to result in the 511 keV and o-Ps continuum emission that is ob-
served; therefore, some spectral signature of these energetic positrons would
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(a) Galactic bulge emission. (b) Galactic disk emission.

Figure 2.9: Extracted through model fitting, separate positron annihilation spectra
are obtained for the Galactic bulge emission (a) and the Galactic disk emis-
sion (b). The different ISM gas phases which dominate these two regions
should give different spectral signatures; however, no statistical differ-

ence is seen here. Figure 4 from Siegert et al. (2016a).

Figure 2.10: The Siegert Model positron annihilation phenomenological model has
a much thicker Galactic disk contribution compared to the Skinner
Model. Figure 2 from Siegert et al. (2016a). The plot is on a logarith-
mic scale to show the low surface brightness of the disk emission.

Model Component Position (I, b))  FwWHM (07, 0p) Flux

[deg] [deg] [(x10™* y/cm?/s]
Disk ©,0) (141.29,24.73) 16.6
Broad bulge 0, 0) (20.55, 20.55) 6.9
Narrow bulge (-1.25,-0.25) (5.75,5.75) 2.7
Central point source  (-0.06, -0.05) 0,0) 0.8

Table 2.2: Siegert Model components representing the Galactic 511 keV emis-
sion (Siegert et al., 2016a).
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Figure 2.11: The measured flux from a 20° region around the Galactic center. The
511 keV line is clearly visible in the SPI spectrum, and at higher ener-
gies a power-law background is consistent with both SPI, COMPTEL, and
EGRET data. Overlaid on the measured flux is the theoretical annihila-
tion spectrum in neutral (solid black curves) and 51% ionized (dashed
red curves) gas phases assuming initial positron kinetic energies of 1, 3,
5,10, 50 and 100 MeV (top curve). These measurements place a strin-
gent constraint on the initial positron energy to be $<3 MeV. Figure 7
from Sizun et al. (2006).

be detected above 511 keV. Beacom & Yiiksel (2006) and Sizun et al. (2006)
performed independent studies of the Galactic y-ray continuum emission us-
ing Imaging Compton Telescope (COMPTEL), SPI, and the Energetic Gamma
Ray Experiment Telescope (EGRET) data, and developed models of in-flight
annihilation for a number of positron initial kinetic energies (Figure 2.11).
These studies place a stringent upper limit on the initial kinetic energy of
the injected Galactic positrons to be < 3 MeV since there has been no de-
tected high-energy emission. A limitation on the initial kinetic energy of the
positrons injected into the ISM is in turn a strong constraint on the models for
Galactic positron production. For example, positrons produced from proton-
proton collisions in cosmic-ray interactions would result in a kinetic energy
of ~ 30 MeV (Murphy et al., 1987), which would exclude them as a major
source of Galactic positrons. This constraint will be discussed in further de-
tail when the possible positron sources are reviewed in Section 2.4.

233 MAPPING OF 20AL EMISSION
The next Galactic y-ray line to be detected after the 511 keV emission was

the 1.8 MeV line from the radioactive decay of unstable aluminum-26. Mea-
surements of the 20 Al characteristic 7y-ray line was the first confirmation of
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Figure 2.12: 2° Al decay scheme. The branching ratio for the 1.8 MeV 7y-ray is 0.997,
and 85% of decays result in positron production.

active nucleosynthesis in our Galaxy (Clayton, 1984). 26 Al has a lifetime of
7.17x10° years and in the Galaxy we expect its emission to be diffuse. The
main mode of decay for 20 Al is the emission of a positron through B+ decay
(see the 26 Al decay scheme in Figure 2.12). The 1.8 MeV line was first de-
tected from the direction of the Galactic center by the HEAO-3 satellite at a flux
of 4x1074 ry/cm?/s, which corresponds to ~2 Mg, of 20 Al in the Galaxy (Ma-
honey et al., 1984). The measured Galactic content of 26 Al was larger than
stellar models predicted (Ramaty & Lingenfelter, 1977) and corresponds to
a positron production rate of ~4x10%2 e*/s in the Galactic disk. This is the
only confirmed source of Galactic positrons to date, though the contributing
fraction of 26 Al to the total Galactic positron population is still unknown.

26 Al is produced in large quantities in stellar nucleosynthesis by proton
capture on 25Mg (Hoffman et al., 1995), and therefore is produced in regions
rich with protons or magnesium. 26Al can be injected into the ISM in four
ways: 1) through stellar winds of massive stars, called Wolf-Rayet (WR) stars,
with 230 Mg, 2) through core-collapse supernova (CCSN) of less massive stars
~10-30 Mg, 3) from stars of intermediate or low mass $9 Mg during the
asymptotic giant branch (AGB) evolution stage, and 4) from O-Ne-Mg rich
novae. The importance of each stellar source to the overall Galactic abun-
dance of 26 Al is still not known, though measurements of the 1.8 MeV line
have excluded novae and AGB stars as major contributors. In massive stars,
26 Al is produced through hydrostatic H-burning through the NeNa-MgAl
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Figure 2.13: The predicted 2°Al abundance profile inside a 25 Mg, star, in terms
of the mass fraction. The dashed line is the pre-supernova production
from stellar nucleosynthesis, the dotted line is the production from ex-
plosive nucleosynthesis, and the solid curve is the production from ex-
plosive nucleosynthesis with an enhancement from neutrino processes.
This shows that 2° Al is produced in two regions: the H-burning shell
(from 7-12 Mg), where 26 Al can then be expelled through stellar winds,
and the C-Ne-O shell (from 3-7 M), where 26 Al canbe ejected through
the supernova explosion. Figure 1 from Hoffman et al. (1995).

sequence (Cox & Giuli, 1968) and is then ejected into the ISM by the radiation-
driven mass-loss which forms a WR star (Abbott & Conti, 1987). In CCSN,
26 Al is produced in the O-Ne cycle during the explosion (Woosley & Weaver,
1980). Figure 2.13 shows the predicted production of 22Al in a 25 M, star
from Pliischke et al. (2001), where the 26 Al is created in significant amounts
in the inner and outer regions within a massive star. Another way to help dis-
tinguish the major source of 26 Al would be to compare its 7y-ray line flux to
the flux produced by another isotope, ®“Fe, which is also produced in CCSN
but not in stellar winds (Hoffman et al., 1995). However, these measurements
are not yet precise enough for a clear conclusion (Smith, 2004; Wang et al.,
2007).

The 1.8 MeV emission was mapped by CGRO/COMPTEL after its launch
in 1991 and provided the first all-sky map of a single -y-ray line. Figure 2.14
shows an analysis of the spatial distribution of the 26 Al emission after 9 years
of data using the Maximum Entropy Method (MEM) imaging algorithm (Pliischke
et al,, 2001). The emission is predominantly along the Galactic plane and
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Figure 2.14: All sky map of the 26 Al 1.809 MeV +-ray line measured by COMPTEL
with 9 years of data, confirming that 2° Al traces the regions of massive
stars. The image is obtained through the MEM algorithm. Figure 2 from
Pliischke et al. (2001)

shows a few prominent hot spots of stronger intensity, which are approxi-
mately in the direction tangent to the spiral arms of the Galaxy. From this
emission map, it can be determined that massive stars, either CCSN or WR
stars, are the origins of 26Al in the Galaxy. Since we know that 82% of the
26 Al decays that produce a 1.8 MeV y-ray also produce a positron (see Fig-
ure 2.12), and since we also expect the positron source distribution to match
the annihilation distribution (see Section 2.6), it is puzzling that the 1.8 MeV
map and the 511 keV map are so different. Positrons from the B* decay of
26 Al and other unstable isotopes are further discussed in Section 2.4.1.

The characteristic y-ray of 26 Al has also been detected with INTEGRAL/SPI
(Diehl et al., 2006). With 10 years of observation, reconstructed images have
not revealed more detail than that of COMPTEL (Bouchet et al., 2015) due to
the difficulty in imaging extended sources with coded-aperture mask instru-
ments. SPI has performed spectral studies of various hot spots seen in the
Galactic emission (Martin et al., 2008; Voss et al., 2012; Siegert & Diehl, 2016)
and Doppler shift measurements of the line centroid due to Galactic rota-
tion (Kretschmer et al., 2013); however, none of these results have progressed
the story of positron annihilation.
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24 POSITRON PRODUCTION MECHANISMS AND GALAC-
TIC SOURCES

We have learned from observations of the 511 keV emission from positron
annihilation in the Galaxy that:

1. the high fps fraction requires positrons to have low energies of $10 eV
before annihilation,

2. the line shape analysis indicates positrons annihilate predominantly in
warm phases of the ISM,

3. the lack of emission in the MeV continuum above 511 keV constrains
the initial kinetic energies of positrons to <3 MeV,

4. imaging analysis shows a strong bulge component (~2x10%3 e*/s) and
emission along the Galactic disk (0.8-3x1043 e*/s, depending on the
spatial model),

5. and some fraction of the positrons annihilating in the Galactic disk can
be explained by * decay of 20 Al (~4x 1042 e*/s).

It is not known whether positrons are produced from a truly diffuse source
or a population of point sources densely packed in the Galactic bulge region.
Additionally, it seems likely that more than one astrophysical source is con-
tributing to the population of positrons in the Galaxy. In this section, we will
review the mechanisms of positron production and relevant astrophysical
sources. A range of exotic phenomena have been proposed: Q balls (Kasuya &
Takahashi, 2005), relic particles (Picciotto & Pospelov, 2005), axions (Hooper
& Wang, 2004), primordial black holes (Frampton & Kephart, 2005; Bambi
etal,, 2008), superconducting cosmic strings (Ferrer & Vachaspati, 2005), ster-
ile neutrinos (Khalil & Seto, 2008), etc., which will not be discussed here.

A major limitation in our knowledge of Galactic positrons is the unknown
distance that they travel from their point of production to their point of an-
nihilation. If positrons are born in less dense hot regions of the Galaxy, it
is understandable that they could travel until reaching a more dense warm
phase of the ISM in which they annihilate. Some authors have stressed that
the source distribution must be weighted with the distribution of different
gas phases/densities in the ISM when determining the expected annihilation
emission (Guessoum et al.,, 1991; Siegert et al., 2016a). To further understand
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this effect, simulations of positron propagation have been performed and will
be further discussed in Section 2.6.

241 B* DECAY OF RADIOACTIVE NUCLEI

The most familiar production mechanism of positrons is through radioactive
decay in which a proton is converted to a neutron, positron, and electron
neutrino:

AXN = 2 4YNi + et + 1. (2.4)

B+ decay is mediated by the relatively slow weak interaction and can occur
in unstable “proton-rich” nuclei. With the conversion of one of the parent
isotope’s Z protons into a neutron in the daughter isotope, the mass number
A = Z + N remains constant. The daughter isotope has one fewer proton
than the parent isotope, and therefore, in its atomic form it must also shed one
electron to return to a neutral atom. The decay is energetically possible if the
mass difference between the parent and daughter nucleus is at least 2171,¢2,
where m, is the mass of the electron or positron (one 11, for the positron
produced and one 11, for the electron lost). The energy release in the form of
kinetic energy, or Q-value, of B* decay is

Q=(m;- mf)c2 = [m(‘%X) -m(, 1Y) - 2me] c?, (2.5)

ignoring the small mass of v,. For reactions where the difference in mass is
< 2m,c?, electron capture (EC), sometimes referred to as inverse 8 decay,
is the only decay mode available. In EC the nucleus absorbs an inner-shell
electron to mediate the conversion of a proton to a neutron:

AIXN e = 5 AN + Ve (2.6)

In the three-body process of B* decay, the energy released is divided be-
tween the positron, the neutrino, and the recoiling daughter nucleus. This
results in a distribution of energies for the positron where the maximum pos-
sible is the Q-value, usually between 0.5-3 MeV, which satisfies the MeV
constraints on the initial energy of Galactic positrons (Section 2.3.2). The
daughter nucleus is often produced in an excited state, and thus will undergo
a subsequent decay via y-ray emission. The life-time of an unstable nucleus
is related to the Q-value of the reaction, and for -decay this can be millions
of years.
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Decay chain Half life  7-ray[keV] Production site
(BR)
20A1 - Mg 7.4x10°yr  1809(1)  WRstars, CCSN
35Ti > 31Sc — 33Ca 59 yr 68(0.94), CCSN
78(0.96),
1157(1)
22Na - 22Ne 2.6 yr 1275(1) Novae
2Ni - 35Co - %P 77.2d 847(1), SNIa
1238(0.68),
1771(0.15),
2598(0.17)

Table 2.3: Nucleosynthesis products that decay via f* decay with half-lives that are
relevant to Galactic positron production. When more than one transition
is listed in the decay chain, the longest half life is listed. The major 7y-ray
emission lines are listed with the branching ratio (BR) included in brackets.

Proton-rich environments that are conducive to producing *-unstable
nuclei are found in hydrostatic and explosive nucleosynthesis, i.e., in the cores
of massive stars and supernova (SN). At the end of hydrostatic burning, 28G54
(Z = N = 14) is the most abundant isotope in massive stars, whereas 12C
(Z = N = 6) and 1O (Z = N = 8) are the most abundant isotopes in the
cores of the white dwarf (WD) progenitors to Type Ia supernova (SNIa). After
hydrostatic burning, an explosion, either through a SNIa or CCSN, ends the
life of the star. A dominance of Z = N isotopes is maintained throughout
explosive nucleosynthesis and large quantities of %°Ni (Z = N = 28) are pro-
duced. Heavy stable isotopes tend to have N > Z, therefore the heavy Z = N
isotopes created in stellar nucleosynthesis are proton-rich and susceptible to
B+ decay. Table 2.3 lists relevant isotopes that are created in abundance in
hydrostatic and explosive nucleosynthesis, which are all Z = N nuclei, that
decay via B* emission (and have a long enough half-life to escape their sites
of production). The characteristic 7y-rays that are emitted from the excited
nuclei after B* decay are also listed. These isotopes are potential sources of
Galactic positrons and their yields can be detected via their 7y-ray emission.

There remain many unknowns when it comes to nucleosynthesis positron
production: the yields of isotopes in hydrostatic and explosive nucleosynthe-
sis, the SN rate and frequency of other nucleosynthesis sites, and the frac-
tion of the isotopes or positrons that escape from a collapsing star. The next
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Figure 2.15: 4475 and #4Sc decay scheme (Bé et al., 2016, modified from). 4y decays
via EC to **Sc, which then predominantly decays via B* decay to stable
44
Ca.

few sections overview the main 8* decay isotopes that may contribute to the
Galactic positron population.

2411 26AL AND #4T] FROM MASSIVE STARS

As discussed in Section 2.3.3, the characteristic 7y-ray line from 26 Al decay
has been studied in detail by COMPTEL and SPI. From these observations, it
has been found that 2.8+0.8 M, of 26 Al is currently in the Galaxy (Diehl et al.,
2006), which corresponds to a positron production of ~4x10%2 e*/s in the
Galactic disk, a considerable fraction of the measured annihilation rate. Stel-
lar models predict a yield of ~10~% Mg, of 20 Al produced in each massive star,
and with a CCSN rate of 2/100 yrs, this corresponds to a production/decay
rate (assuming steady state) of 2.7 Mg/Myr, consistent with the flux observa-
tions (Diehl et al,, 2006). 26 Al in the Galaxy is fairly well understood and is
accepted in the scientific community as one of the major sources of Galactic
positrons.

There remains much uncertainty about the yields of #4Ti and therefore its
contribution to Galactic positrons. 44T is produced within the inner regions
of a CCSN near the dividing line that separates the material that is ejected from
that which collapses back on the compact object (Thielemann et al., 1996).
The unknowns of the SN explosion details, such as the the explosion energy
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and possible asymmetries, vary the predicted 44 Ti yields significantly (Woosley
& Weaver, 1995; Magkotsios et al., 2010).

With a half life of 60 years (Wietfeldt et al., 1999), 44T can be observed from
ayoung supernova remnant (SNR). The characteristic X-rays and y-rays from
the #4Ti decay chain, namely 68 keV and 78 keV from #4Tj, and 1.157 MeV
from ##Sc (Figure 2.15), have been detected. The first observation of #4Ti in
the Galaxy was through the #4Sc characteristic 1.157 MeV y-ray measured
by COMPTEL from Cassiopeia A (Cas A) SNR (Iyudin et al., 1994). More re-
cently, the #4Ti 67.9 keV and 78.4 keV lines were detected from Cas A with
the Imager on Board the INTEGRAL Satellite (IBIS) (Renaud et al., 2006) and the
Nuclear Spectroscopic Telescope Array (NuSTAR) (Grefenstette et al., 2014).
The CCSN explosion creating Cas A is dated to 1681 (Minkowski, 1959), mak-
ing Cas A one of the youngest and closest SNR. It is particularly famous for be-
ing aspherical and its jet-like features that have been imaged in X-ray (Hwang
etal.,, 2004) and optical wavelengths (Fesen et al., 2006). Interestingly, the #4Ti
7y-ray flux measurements result in a large ##Ti/%°Ni ratio, factors greater than
predicted by spherically symmetric explosions. Nagataki et al. (1998) show
that an axisymmetric explosion model can explain the large ratio of #4Ti/%°Ni
as detected in the y-ray fluxes from Cas A, further confirming the asymmetric
nature of the explosion.

The only other source for which #4Ti X-ray and 7y-rays have been detected
is SN1987A. At 51.4 kpc it is the closest CCSN in recent history. As with
Cas A, SN'1987A also shows an asymmetric explosion and large 44Ti/%°Ni ra-
tio (Boggs et al., 2015). Both SNRs have a derived 4Ti yield of ~2x10~% Mg,
Efforts have been made to detect #4Ti from other young SNRs and it is signif-
icant that none have been found despite the expected rate of 2-3 CCSN per
century (The et al., 2006). 44Ti is also theorized to be produced by a subset of
SNIa, specifically sub-Chandrasekhar mass models (Woosley & Weaver, 1994);
however, the occurrence rate of these particular sources is totally unknown.
The only confirmed sources of #*Ti in the Galaxy are asymmetric CCSN which
produce higher than expected yields, but these sources seem rare compared
to standard CCSN.

Prantzos et al. (2011) estimates the production rate of positrons from 44Ti
by considering: 1) the solar 44Ca/>¢Fe ratio, which should be equivalent to
the parent nuclei ratio #4Ti/50Ni, and 2) the typical yields of *°Fe in SNIa and
CCSN. The authors project a rate of ~3x10%2 e*/s from 44Ti, which is com-
parable to the rate expected from 26 Al. The measured positron annihilation
rate from the Galactic disk is 3x10%3 e*/s in Siegert’s Model (Siegert et al,,
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2016a) and 0.8x10%3 e*/s from earlier spatial models (Bouchet et al., 2010);
therefore, the positrons produced in the 5+ decay of 20 Al and #4Ti could ex-
plain a large fraction, if not all, of the disk emission. However, it is important
to stress that the 44Ti yields in SN are still not well understood and improved
modeling and more significant detections are needed to constrain these val-
ues.

2412 50N| FROM TYPE IA SUPERNOVA

Nickel-56 is created in vast quantities through silicon burning in SN. It has a
half-life of only 6.1 days and decays by electron capture into unstable cobalt-
56. 99Co decays with a half-life of 77.2 days into “°Fe through B*-emission
with a branching ratio of 19%. Explosion models predict on order of 1 Mg
of ®®Ni is synthesized in SNIa and 0.1 Mg, in CCSN, and with a SN rate of 0.5
per century for SNTa and 2 per century for CCSN (Mannucci et al., 2005), the
56Ni decay chain alone would account for an overabundance of positron pro-
duction. However, at a short half life of 77 days, there is a question about
what fraction of the positrons produced from the decay chain of %°Ni can es-
cape the SN explosion region to annihilate in the ISM. There still are many
unknowns with regards to SNIa explosion models (Hillebrandt & Niemeyer,
2000), and the uncertain distribution of isotopes within the SN can lead to sig-
nificantly different yields of °Ni. Additionally, the magnetic field, the ioniza-
tion fraction, the temperature and the density of the SN explosion, all which
are poorly constrained or entirely unknown, can affect the positron escape
fraction (Chan & Lingenfelter, 1993).

SNIa optical light-curves are powered by the decay of %°Ni, and a measured
difference in peak brightness of an explosion is often attributed to a difference
of °Ni produced. The inferred mass of °Ni for different SNIa range from
~0.07 Mg to 0.92 Mg (Mazzali et al,, 1997; Khoklov et al,, 1993). The hot,
dense ejecta is opaque to 7y-rays until ~100 days after the explosion, and after
this time, the luminosity results from the deposited energy from positrons.
Chan & Lingenfelter (1993) calculated the escape fraction of positrons from
SNIa for a range of models and found fractions of 0.1-27%; however, with the
knowledge of the observed Galactic annihilation rate, they placed a bound
on the escape fraction of 0.5+0.25% to 2+1%. Comparing models to obser-
vations of SNTa light curves, Milne et al. (1999) found that ~3% of positrons
from 2°Ni escape the ejecta, which gives an average yield of ~8x10°2 e* per
SNIa. Assuming a SNIa rate of 0.5 per century, this corresponds to a positron
production rate of 1.3x10% e*/s, which is a good fraction of the observed
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Galactic rate. However, it is important to emphasize that the positron escape
fraction has not been directly measured and there is much uncertainty in the
et yield.

The recent and close SN2014] provided the first clear detection of 7y-ray
lines associated with the °Ni decay chain from a SNIa, reported by Churazov
etal.(2014). From the measured line fluxes, the authors determine 0.6+0.1 Mg,
of ®°Ni was synthesized in the explosion. Direct searches for 511 keV emis-
sion from SN, which would allow for a measure of the e* escape fraction, have
also been attempted. Kalemci et al. (2006) were only able to set an upper limit
on the 511 keV flux from SN 1006 of 0.59x10~4 y/cm?/s for a 1 Ms observa-
tion. This limit corresponds to a escape fraction of 7.5%, which, the authors
conclude, rules out the possibility that 5°Ni from SNIa are the only source of
Galactic positrons.

As SNIa models are not yet complete, and especially since the positron es-
cape fraction is not well constrained, it is not known if positrons from *°Ni
decay could actually contribute 1.3x10%3 e*/s, as suggested in Milne et al.
(1999) or if the number is substantially lower, as some studies imply. The old
stellar progenitors of SNIa are more abundant in the inner Galaxy than the
younger stars responsible for the production of 20 Al and #4Ti. Therefore, it
is possible that °Ni from SNIa could contribute to a higher fraction of the
positrons in the Galactic bulge.

2413 22NA FROM NOVAE

Novae are non-destructive explosions that occur when accreted hydrogen
from a companion star explosively burns on the surface of a WD. The differ-
ent classes of WDs, namely carbon oxygen (CO) and oxygen neon (ONe), will
produce different novae signatures since the accreted hydrogen will mix with
the WD core material (Hernanz, 2005). Explosive hydrogen burning synthe-
sizes some *-unstable nuclei, namely 13N and 18F from the CNO cycleinall
WDs, and 22Na from ONe WDs. The half-life of 13N and 18F are 110 min and
10 min, respectively, and therefore the positron escape fraction from these
isotopes is expected to be negligible (Prantzos et al., 2011). 22Na has a half-
life of 2.6 yr and calculations suggest that 102 to 10-8 Mg of 22Na could be
produced in ONe novae (Hernanz & José, 2006; Gémez-Gomar et al., 1998),
which corresponds to ~10%8 e* per nova. With a Galactic nova rate of ~30
per year (Shafter, 2002), one-third being ONe nova (Gil-Pons et al., 2003),
the positron production rate would be ~1.5x10%! e*/s, which is $1% of the
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measured rate. Therefore, novae are not expected to be major contributors
to the population of Galactic positrons.

242 PAIR PRODUCTION

Through the symmetric laws of physics, an electron and positron can annihi-
late into two photons, and likewise two photons can convert to an electron
and positron. The latter process is called pair production. The inverse of
electron-positron direct annihilation is pair production through 7y — -y inter-
actions (Breit & Wheeler, 1934; Gould & Schréder, 1967)

Y+vy—>e +e. (2.7)

From conservation of energy and momentum, this occurs if the energies of
the two photons E,, and E,, satisfy

2m2ct

E. E —_
(iChe (1-cos®)’

(2.8)
where 6 is the angle between the two photon directions. The minimum en-
ergy required is for a head-on collision, 6 = 77, and the threshold is E,, E,, >
m3c*. The interaction cross section has a maximum for a photon energy of
E, ~700 keV, which leaves an energy of (1.4 MeV - 1.022 MeV) ~ 0.4 MeV
to be distributed to the e~ and e* (Patrignani & Particle Data Group, 2016).
7y — 7y pair production is only efficient at very high photon densities, for ex-
ample in accretion disks.

As a photon is the force mediator for electromagnetic force, pair produc-
tion can occur with a single photon in a strong enough electric or magnetic
field, provided that the interacting photon satisfies the energy threshold (Motz
etal, 1969). A photon interacting with the Coulomb field around a nucleus is
the dominant pair-production process of light-matter interactions for MeV

y-rays:
v+ ‘éXN - ‘éXN +e +e'. (2.9)

This interaction has a threshold of E,, > 2m,c? = 1.022 MeV from conserva-
tion of energy, taking the recoil of the nucleus to be neglible. Pair creation in
the Coulomb field of a free or bound electron is called triplet production (Per-
rin, 1933)

y+e —->e +e +e', (2.10)
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Figure 2.16: The energy distribution of the positron (or electron), where € is the frac-
tion of total energy contained in one particle, from B pair production for

different levels of B field and y energy, parameterized by x = 27;;2 BL;;'
where B¢, = m:th = 4.414x103G. Figure 7 from Daugherty & Harding

(1983).

and the energy threshold becomes E, > 4m,c2. Pair production in a strong
magnetic field

Y+B—>e +e”, 2.11)

has a threshold of E, > 2m,c?/ sin 6p, where g is the angle between the
photon direction and the magnetic field vector. For <’s near this threshold
energy, the interaction does not occur until B 21012 G (Daugherty & Harding,
1983).

The energies of the positrons created in pair-production depend on the
initial y energy. In 7y — 7y interactions and pair production in the Coulomb
field around a nucleus and free electron, the available kinetic energy, which
is just (E, — 2m,c?), is distributed on average equally among the generated
particles. Interestingly, for <y interactions in a strong B field, it is more likely
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that either the electron or positron is imparted with the majority of available
energy, as opposed to an equal distribution. Figure 2.16 shows this energy
distribution of the e™-e* pairs as a function of the B field and E,,.

For pair production in astrophysical sources, one needs high-energy pho-
tons, which are known to occur around luminous compact objects, such as
black holes (BHs), microquasars, and active galactic nuclei (AGN), or strong
magnetic fields, which can be found in neutron stars, pulsars, and magnetars.

2421  X-RAY BINARIES AND MICROQUASARS

An X-ray binary (XRB) is a system with a compact object, either a black hole or
neutron star (NS), accreting mass from a companion star (Verbunt, 1993). The
more massive component of the binary is called the primary and the compan-
ion star is called the secondary. There is a further sub-classification from op-
tical observations that depend on the mass of the companion star: high-mass
X-ray binaries (HMXBs) involve massive O or B stars, while low-mass X-ray bi-
naries (LMXBs) generally have $ Mg and are main sequence stars, red giants, or
WDs. The X-ray emission results from the in-fall of the accreting matter from
Roche lobe overflow. For LMXBs, the spectra are fairly soft (kT <5 keV) and
they are some of the brightest X-ray objects in the Galaxy, as they emit almost
all of their energy in X-rays (Verbunt, 1993). In HMXBs, the optical emission
from the secondary star is comparable to the X-ray emission from the accret-
ing compact object, which is about an order of magnitude less than LMXBs.
HMXBs often contain X-ray pulsars and have a harder spectrum (kT ~15 keV)
than LMXBs (Verbunt, 1993). Some of these systems will periodically have rel-
ativistic jets of matter observable in the radio wavebands that are attributed
to synchrotron radiation of electrons in the jets (Mirabel & Rodriguez, 1999).
These systems are called microquasars due to their resemblance to quasars,
but they are on a much smaller physical scale.

There are approximately 200 LMXBs (Liu et al., 2007), about 100 HMXB (Liu
et al,, 2006), and only about 20 known microquasars detected in the Galaxy.
Grimm et al. (2002) find that LMXBs are clustered in the Galactic bulge region
while HMXBs are distributed along the plane of the Galaxy, since they are gen-
erally associated with young stellar populations (see Figure 2.17 for an illus-
tration of the Galactic distribution of XRBs). Due to the spatial distribution of
HMXBs, they can be excluded as the source of positrons in the Galactic bulge,
so we will focus on LMXBs and microquasars as possible positron sources.

XRBs have a long history as the potential source of Galactic positrons. The
“Great Annihilator” (1E 1740.7-2942) observed by SIMGA (see Section 2.2.2)
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Figure 2.17: The Galactic distribution of XRBs; the open circles represent the known
LMXBs and the black circles represent the known HMXBs. Figure 1 from
Grimm et al. (2002).
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Figure 2.18: Pair-production in the accretion disk, the corona, or at the base of the
jet, creates electron-positron pairs that can be funneled into the ISM. Fig-
ure 1 from Li & Liang (1996).

was confirmed as the first detected microquasar in 1992 when the Very Large
Array (VLA) imaged well-collimated jets that were consistent with the X-ray
source (Mirabel et al,, 1992). The reported 511 keV emission was later re-
futed (Smith et al., 1996a). In 2008, the asymmetric map of 511 keV emission
produced by Weidenspointner et al. (2008) was explained as resembling the
asymmetry observed in hard LMXBs (Figure 2.17). However, this disk asym-
metry is now thought to be explained by an offset bulge component (Bouchet
et al., 2010).

Positrons can be created through 7y — 7y pair-production from the X-rays/y-
rays in the hot inner accretion disk near the compact object, in the X-ray
corona, or at the base of the jet (Li & Liang, 1996; Paredes, 2005), and some
fraction of positrons produced could then be funneled into the ISM by the rel-
ativistic jets, as shown in Figure 2.18. There still are major unknowns about
XRB jets. For example, it is not known if the jets are leptonic (e™-e* pairs)
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or hadronic (protons and pions); therefore, the possible number of positrons
produced and their energies are uncertain. Although many jet acceleration
scenarios result in ultra-relativistic positrons, Li & Liang (1996) show that
electron positron pairs could be born with a kinetic energy of several hun-
dred keV and accelerated in the jet to only ~MeV. Guessoum et al. (2006)
give an estimate of the pair ejection rate into the 1SM of 104! to 1042 e* /s per
source, and the authors predict rates of 511 keV emission from the brightest
LMXBs and microquasars at ~1x10~4 7y/cm?2/s. These fluxes could be detected
as point sources with the next-generation of 7y-ray telescopes.

Recently, Siegert et al. (2016¢) reported a possible detection of a broad-
ened 511 keV signature from the microquasar V404 Cygni during a period
of strong flare activity in 2015 (Siegert et al., 2016¢). Although the results are
somewhat controversial in the community (Roques & Jourdain, 2016), the au-
thors report a flux that corresponds to a positron production rate of 1042 e*/s,
and therefore this could be evidence that microquasars are a significant con-
tributor to the Galactic positron population.

Positron production from pair creation in XRBs might be large enough to
significantly contribute to the population of Galactic positrons (if the leptonic
jet model is correct), but the morphology of these sources is not concentrated
enough in the GC to explain the Galactic bulge emission. This is discussed
further in Section 2.6.

2422 PULSARS AND MAGNETARS

Pulsars and magnetars are rapidly rotating magnetized NSs formed during a
CCSN explosion. Pulsars (Seiradakis & Wielebinski, 2004) have stronger than
average magnetic fields (~1012 G) with jets of relativistic charged particles
ejected along its two poles. The emission, when observed from an angle, re-
sults in radio pulsation analogous to the pulses of light seen from a lighthouse.
The frequency of pulsations is generally ~Hz, which means these objects are
spinning extremely quickly. Pulsars that are born in binary systems generally
have higher rotation rates and lower magnetic fields, and are called millisec-
ond pulsars (Lorimer, 2008). Magnetars are rare isolated neutron stars that
have stronger magnetic fields than the average pulsar at B~1014 G (Harding
& Lai, 2006), but display no persistent radio pulsations. Magnetars are re-
sponsible for the soft gamma-ray repeater and anomalous X-ray pulsar source
classes. There are almost 2000 pulsars (Manchester et al.,, 2005), about 150
millisecond pulsars (Lorimer, 2008), and about 10 magnetars (Harding & Lai,
2006) that have been detected in our Galaxy.
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Figure 2.19: Diagram of the pulsar model developed by Goldreich & Julian (1969).
The star is in the lower left corner, and the electron positron pairs are
produced in pair cascades above the polar cap or in the outer gap region.
The light cylinder is the radius at which the rotation velocity is equal to
the speed of light R} = ;—Z;, where T is the period of the star, in seconds,

and it separates which field lines are opened or closed. Figure 1 from
Goldreich & Julian (1969).

The standard model for pulsars includes a dipolar magnetic field which
creates a dense magnetosphere co-rotating with the star (Goldreich & Julian,
1969), as illustrated in Figure 2.19. Charged particles, namely electrons and
protons, flowing along the open field lines will emit curvature radiation in
y-rays (Sturrock, 1971). Positrons can then be produced in -7 collisions
and through y-B pair production in the strong magnetic field of the NS. Pul-
sars are perfect environments for pair production, either in regions above
the polar caps, which serve as the origin for the open field lines (Daugherty
& Harding, 1982), or in the so called outer gap, which is near the light cylin-
der (Cheng et al., 1986). Electron-positron pairs created through -y-B inter-
actions would be predominantly produced in directions perpendicular to the
field lines, and are therefore in a position to radiate via synchrotron emis-
sion; the emitted synchrotron 7y-rays then could produce another generation
of pairs (Daugherty & Harding, 1982). The pair creation cascade will con-
tinue as long as the photons that are produced are above the pair-creation
threshold, see Section 2.4.2. It is thought that the electron-positron pairs are
further accelerated up to relativistic energies at the shock front of the pulsar
wind nebula (Chi et al., 1996; de Jager & Djannati-Atai, 2009).
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The positron production rate from pulsars and magnetars can be estimated
by

g 2.8 x 107 B0 P8/21 ¥ s, (2.12)

where B, is the dipolar magnetic field strength in units of 1012 G, and P is
the rotation period of the pulsar in seconds (Zhang & Cheng, 1997; Prant-
zos et al, 2011). For pulsars and millisecond pulsars the production rate is
~4x10%7 e* /s, and for magnetars this can be up to 4x 1040 e*/s. However, pair
production in magnetars is not yet well understood. Magnetars do not exhibit
radio pulsations, which have been linked to the pair cascades of pulsars, and
therefore it is believed that pair-creation is suppressed when the magnetic
fields become as large as they are in magnetars (Harding & Lai, 2006). Addi-
tionally, the fraction of positrons that escape from the pulsar into the ISM is
not well known, but is thought to be close to one (Wang et al., 2006). Most
pulsar models predict that positrons escape from the pulsar with relativistic
energies 230 MeV (de Jager & Djannati-Atai, 2009), which eliminates these
sources as the major contribution to Galactic positrons, see Section 2.3.2.

Pulsars and magnetars are young and are expected to trace star forming
regions of the Galaxy, so they would not be considered as significant contrib-
utors to the Galactic bulge. The distribution of millisecond pulsars should
match that of SNIa, which allows for a potentially significant bulge contri-
bution; however, the fact that positrons produced in pulsars have energies
2 30 MeV rule them out as a major contributor of Galactic positrons.

2423 SAGITTARIUS A

Positrons can be created through -y-<y interactions in the inner hot accretion
disk of a BH, similar to the case of XRBs. The X-ray emissivity of the mas-
sive black hole at the center of the Galaxy, Sagittarius A* (Sgr A*), is orders
of magnitude weaker in comparison to the emission from the population of
Galactic XRBs. It is difficult then to see how Sgr A* could be a major Galac-
tic positron contributor unless there were periods in the past with higher
activity. For the Galactic positron annihilation emission, we have been as-
suming a steady state: a balance between the e* production and annihilation
rates. The steady-state production assumption can be dismissed if the diffu-
sion time for positrons before annihilation is long. Two scenarios are pro-
posed: 1) accretion of the gas surrounding Sgr A* was 10% times higher in the
past, but dropped suddenly to its current rate about 300 yr ago (Totani, 2006)
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Figure 2.20: Figure 17 from Prantzos et al. (2011) showing the two proposed scenar-
ios for past activity around Sgr A*; see text. Both scenarios require a long
diffusion timescale to result in quasi-steady state annihilation emission.

and 2) a tidal disruption event (TDE) could increase the accretion activity for
10-100 yr (Rees, 1988) every 10%-10° years (Cheng et al., 2007). These two
scenarios are illustrated in Figure 2.20.

Beloborodov (1999) describes how an e™-e™ atmosphere, created through
-7y interactions, is inevitably created around a BH accretion disk, similar to
the case of XRBs. Totani (2006) considers a past time with a higher Sgr A* accre-
tion rate, such as described in Scenario 1 above, which may be supported by
observations (Su et al., 2010). With an accretion rate of M ~10~% Mg/yr, the
author shows that a positron production rate of ~1043 e*/s can be obtained
with E,+ ~1 MeV, satisfying the high-energy 7y-ray continuum constraints.
Totani argues the past high accretion rate could have been reduced to its cur-
rent rate ~300 yr ago by the shell passage of the SNR Sagittarius A East.

Scenario 2 listed above would involve a TDE-induced relativistic jet of pro-
tons ejected into the ISM. These protons could collide and positrons would
be produced through the decay of the resulting 71*, and this will be discussed
in more detail in Section 2.4.3 after the introduction of positron production
through meson decay.

A difficulty with the emission models around Sgr A* concerns the propa-
gation of positrons. Though the most recent SPI analyses show evidence for
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a point source consistent with Sgr A* (Siegert & Diehl, 2016; Skinner et al.,
2014), the majority of positrons must diffuse away from Sgr A* to fill the bulge
before annihilation. This scenario was explored in Alexis et al. (2014). The au-
thors found that the Galactic bulge 511 keV distribution could be explained
by a transient source injecting a large number of positrons in the GC, as dis-
cussed. However, they determined through propagation simulations that an
outburst as recent as 3x10° yr can be ruled out since there is not enough
time to fill the Galactic bulge, and therefore they dismiss the theory of Totani
(2006). Positron propagation will be further discussed in Section 2.6.

243  MESON AND LEPTON DECAY

With a mass of M, ~#139.6 MeV, charged (and neutral) 7T mesons have long
been considered a keystone to 7y-ray astrophysics (Pollack & Fazio, 1963).
For the consideration of positron production, we will limit this discussion to
the positively charged pion. 77+ dominantly decays into a muon and muon-
neutrino with a mean lifetime of 2.6x1078 s (Greenberg et al., 1969):

T = Ut vy (2.13)

The muon, with a mass of 71, ¥105.7 MeV and lifetime 2.20 ps (Bardin et al.,
1984), then decays into a positron:

Pt > e+ v+ 7. (2.14)

Pions are produced in the Galaxy predominantly through the interactions
of cosmic-ray protons with neutral or ionized hydrogen in the I1SM (Blattnig
et al.,, 2000). The dominant interactions are

+
p+iH > p+n+mt

(2.15)
p+IH —>2H+7".

The threshold kinetic energy for the incident proton in these reactions is
290 MeV (Pollack & Fazio, 1963). At higher proton energies (> GeV), interac-
tions which create multiple 77" -77~ pairs and neutral pions dominate. With
a mass of mg ~493.7 MeV, charged kaon mesons can be produced in more
energetic p — p collisions and there are a number of decay routes that lead to
the production of positrons (Moskalenko & Strong, 1998):

K" -0+t

2.16
K+ —)P[++Vy, ( )
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Figure 2.21: Energy spectra of positrons resulting from the decay of 71 produced
in p — p interactions. Initial kinetic energies of the proton between
3.16x10% and 1.0x10° MeV are considered. Independent of the initial
proton energy, the positron energies peaks around 30 MeV. Figure 7
from Murphy et al. (1987).

where the decay of the pion and muon follow Equation 2.13 and 2.14, respec-
tively.

Pion and kaon production from p - p interactions occur throughout the
Galaxy as cosmic rays are prevalent and the dominant components of the ISM
are neutral and ionized hydrogen (Moskalenko & Strong, 1998). Murphy et al.
(1987) explored the expected energy distribution of positrons from p - p in-
teractions (Figure 2.21). From calculations with various initial proton kinetic
energies, the authors find that the positrons produced have a spectrum that
peaks between 30-40 MeV. Therefore, interactions of this type have diffi-
culty satisfying the observed MeV continuum discussed in Section 2.3.2

2431 COSMIC RAYS

Cosmic rays are high-energy particles of a cosmic origin discovered by Vic-
tor Hess in 1912 in balloon-borne experiments. About 90% of cosmic rays are
protons, 9% are a-particles, and the remaining percentage consists of heavy
ions, electrons, and a few anti-particles (Perkins, 2003). Cosmic-rays span
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an impressive range of energies from ~1 GeV to energies above 1020 eV.
Cosmic-rays of medium energy (1019-10!8 €V) are of Galactic origin and are
thought to be produced in SN, SNR, and with a contribution from pulsars and
XRBs (Strong et al., 2007).

The high-energy particles produced in the accelerating source are consid-
ered primary cosmic rays, whereas particles produced by primary interac-
tions in the ISM are considered secondary cosmic rays. The majority of cosmic-
ray positrons are believed to be secondary cosmic rays produced in p — p
interactions within the 1SM, and thus models of production rely heavily on
propagation models (Strong et al., 2007). Porter et al. (2008) perform a de-
tailed analysis of the X-ray and soft y-ray emission from secondary cosmic
rays in the Galactic plane. The authors find the production rate of positrons
as secondary cosmic rays in the Galaxy is ~2x 1042 e*/s. Although cosmic rays
can provide a large source of positrons in the Galaxy, they must be excluded
as a major contributor to the Galactic positron signal since they are created
at energies in excess of ~30 MeV, as discussed in Section 2.4.3.

2432 SAGITTARIUS A

As discussed in Section 2.4.2.3, Sgr A* has been proposed as a source of Galac-
tic positrons from 7y-<y pair creation. A similar non-steady-state scenario can
be invoked for positrons produced through p — p collisions in a TDE, as dis-
cussed in Cheng et al. (2007). Due to the high energy of positrons produced
in the subsequence 7t* decay, the issue of in-flight annihilation is a problem
for these models; however, Chernyshov et al. (2010) argue that if the mag-
netic field in the Galactic bulge is large enough (> 0.4 mG), then the positrons
will lose their energy rapidly enough for in-flight annihilation to be negligi-
ble. Current observations do not favor such a strong magnetic field (Ferriere,
20009).

244 DARK MATTER

After the release of the early 511 keV spatial maps from SPI, shown in Fig-
ures 2.5 and 2.6, dark matter (DM) was proposed as a possible source as the
distribution of DM is expected to be strongly concentrated in the center of
the Galaxy (Bochm et al., 2004). As positrons and electrons are the light-
est leptons, they are predicted to be formed in pairs through the annihila-
tion, de-excitation, or decay of DM particles. There are various means of DM
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positron production proposed (Hooper & Wang, 2004; Picciotto & Pospelov,
2005; Oaknin & Zhitnitsky, 2005), but here we will focus on the more “nat-
ural” scenarios: direct annihilation of low-mass DM particles and decay of
weakly-interacting massive particles (WIMPs).

Sizun et al. (2006) propose that self-annihilation of low-mass DM particles
could be responsible for the Galactic positron excess. DM particles with mass
my < 200 MeV are expected to annihlate into electron-positron pairs, and
the total kinetic energy of the pair will be 2m,.. The author’s work and that
of Beacom & Yiiksel (2006) limit the mass for annihilating DM as a source of
Galactic positrons to be $ 7 MeV and < 3 MeV, respectively. However, with
updated cosmological data, Wilkinson et al. (2016) claim that annihilation of
light DM particles is strongly disfavored.

Pospelov & Ritz (2007) propose that the decay of WIMPs could be the pri-
mary source of MeV positrons. The decay can occur after collisional ex-
citation or long-lived states surviving from the Big Bang, where the WIMP
has MeV-scale energy-level differences. The authors find that the cross sec-
tion required to produce a large fraction of Galactic positrons through colli-
sional excitation is too large and must be ruled out. Additionally, the authors
note that the decay of a metastable WIMP state could explain the positron
production rate if it had a lifetime of 10°-1013 yr; however, they conclude
that such a suggestion requires ad hoc tuning of the WIMP interaction parame-
ters. Cembranos & Strigari (2008), however, claim that they can explain both
the 511 keV emission and the diffuse higher energy MeV emission seen by
COMPTEL and SMM (Weidenspointner et al., 2000; Watanabe et al., 2000) with
decaying WIMPs.

Two of the leading spatial models that are thought to describe the DM halo
of the Galaxy are the Navarro-Frenk-White (NFW) profile (Navarro et al., 1997)
and the Einasto profile (Einasto, 1965). Vincent et al. (2012) find the 511 keV
morphology fits well with DM described by the Einasto profile, Figure 2.22,
while Beehm & Ascasibar (2004) find a better fit to the NFW profile, though
this was with an earlier release of the SPI data (Knodlseder et al., 2005). On the
other hand, Lingenfelter et al. (2009) argue that DM sources cannot account
for the observed spectral o-Ps fraction without significant propagation, and
with propagation, the spatial motivation for DM to explain the unaccounted
for 511 keV flux in the budge is no longer valid.

If DM is indeed a source of Galactic positrons, then one should detect emis-
sion from dwarf galaxies as they are expected to be DM dominated. Recent at-
tempts have been made to observe 511 keV emission from Milky Way satellite
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Figure 2.22: Predicted 511 keV intensity sky map from the Einasto and disk model
after a DM halo model fit with the observed SPI data. The bulge com-
ponent is from scattering or annihilation in the DM halo, and the disk
component is attributed to B* decay of 26 Al and #*Ti. The authors as-
sume positron transport is small. Figure 1 from Vincent et al. (2012).

galaxies with SPI (Siegert et al., 2016b). In a survey of 39 galaxies, the authors
report a 3.1 0 detection of 511 keV emission from the dwarf galaxy Retic-
ulum II and a 2 ¢ detection in 5 other dwarf galaxies, though stacking the
signals of all 39 galaxies does not result in a positive signal. The authors have
placed a firm upper limit on the 511 keV emission from DM in such systems,
but higher sensitivity will be needed to constrain DM and positron theories.

So little is known about DM and it is trivial to conceive of processes that
could produce positrons; as a result, finding an explanation for the Galactic
positron source with a few theory tweaks is not difficult. Until the commu-
nity knows more about DM or the nature of Galactic positrons, it will be dif-
ficult to rule out DM as a possible source.

25 POSITRON INTERACTIONS AND ANNIHILATION
WITHIN THE ISM

In the production processes discussed in Section 2.4, positrons are created
with an initial kinetic energy of ~ MeV, which is higher than the ambient en-
ergy in the ISM. The positrons must therefore undergo energy loss, thermal-
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Figure 2.23: Summary of positronium formation and positron annihilation pro-
cesses. Modification of Figure 1 from Guessoum et al. (1991).

ization, and finally annihilation, often after forming positronium, to produce
the Galactic signal observed. This requires an accurate description of the ISM
components to understand these interactions. First, an overview of the ISM
will be given in Section 2.5.1. A summary of the interaction processes for
positrons is presented in Figure 2.23, and will be discussed in further detail
in Sections 2.5.2-2.5.5. Finally, the spectral signature of positron interactions
in different phases of the ISM will be discussed in Section 2.5.6.

251 MODEL OF THE INTERSTELLAR MEDIUM

An accurate model of the ISM, including temperature, ionization fraction, den-
sity, etc., of the gas and dust is necessary in order to understand the inter-
actions within the Galaxy and to estimate the overall positron annihilation
spectrum. The most detailed description of the components of the ISM and
their spatial distributions have been compiled by Ferriere in three separate
papers that describe: the innermost 10 pc around Sgr A* (Ferriere, 2012), the
inner 3 kpc of the Galaxy (Ferriere et al., 2007), and the Galactic disk (Fer-
riere, 1998). The general properties of the ISM as described in these papers
are summarized here.

The ISM contains ordinary matter, cosmic rays, and magnetic fields, all
which interact with each other and have comparable pressures. The inter-
stellar matter accounts for 10-15% of the total mass of the Galactic disk and
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Component T [K] fion nlem™3]  MJ10° Mg ]
Molecular 10-20 <1074 102 - 10° 13-25
Cold atomic 50-100  4x1074-1073  20-50 1260
Warm atomic ~ 6000-10000  0.007-0.05 0.2-0.5

Warm ionized ~8000 0.6-0.9 0.2-0.5 } 1.6
Hot ionized ~10° 1 ~0.0065

Table 2.4: Temperature (T), ionization fraction (fion), density (1), and mass contained
in the Galaxy (M) of the five components of the ISM. The neutral com-
ponent, in the cold and warm atomic phase, accounts for 26.0x 10° Mg,
and the warm and hot ionized phases account for 21.6x10° M. Modified
from Table 1 from Ferriere (2001) and Table 1 from Jean et al. (2009).

can be in the form of gas or dust particles. By mass, 70.4% of the interstellar
matter is hydrogen, 28.1% is helium, and 1.5% consists of heavier elements
commonly called “metals” The gas can be found in five phases: molecular,
cold atomic, warm atomic, warm ionized, and hot ionized; see Table 2.4 for a
summary of these components.

About half of the interstellar matter by mass is confined in cold molecular
and atomic clouds. The molecular clouds are gravitationally bound and can
be large structures up to 20-80 pc with a mass of 10® Mg, or small with mass
S 103 Mg (Goldsmith, 1987). The most abundant molecules in the molecu-
lar clouds are Hp and CO. The atomic clouds are filamentary and are likely
created by stellar winds and SN explosions. Warm ionized regions are found
surrounding hot O and B stars, in addition to a diffuse complex structure with
alarger scale height that is thought to be potentially from cosmic rays (Valinia
& Marshall, 1998) or dust particles (Reynolds & Cox, 1992), among other the-
ories. Hot ionized interstellar gas is accepted to be produced around SN and
stellar winds. About 0.5-1% of the interstellar matter is in the form of dust
and it is spatially correlated with atomic and molecular regions. The radial
and vertical distribution of these ISM components are shown in Figure 2.24.

The stellar Galactic bulge is defined as the region of the Galaxy inside
R$3 kpc and is completely distinct from the 511 keV Galactic bulge emission.
The stellar Galactic bulge is generally hotter and denser than the Galactic disk,
and there are more defined spatial features. Between 1.5-3 kpc, the Galactic
bulge is relatively devoid of gas. With a radius ~1.5 kpc, a tilted elliptical
disk contains dense atomic (10-20%) and molecular (80-90%) hydrogen, and
is thought to have an elliptical hole in the center. The molecular hydrogen is
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Figure 2.24: (a) Azimuthally-averaged surface densities of molecular (Hp), atomic
(HI), and ionized (HII) hydrogen as a function of Galactic radius where
each curve is from a different study, see caption for Figure 8 from Prant-
zos et al. (2011) for a list of references. (b) Average volume densities of
molecular, atomic, and ionized hydrogen as a function of distance from
the Galactic plane, averaged along the solar circle (R = Rg). The curves
are from the same references as in (a).
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mostly confined to the thin central molecular zone (CMZ), which appears as a
smaller ellipse aligned with the Galactic plane with radius ~200 pc and scale
height ~30 pg, sitting within the atomic tilted disk. The hot and warm ionized
gases are not constrained to the tilted disk or the CMZ and appear to fill the
entire Galactic bulge. The total mass of the interstellar matter in the Galactic
bulge is ~1.3x 108 Mg, with 41% in molecular form, 4% in atomic form, and
55% in ionized form.

The interstellar magnetic field is thought to be nearly azimuthal with a
pitch angle of ~8° and a field strength of a few uG (Ferriere, 2009), though
there still remains much uncertainty here. The strength of the magnetic field
increases with density toward the Galactic center, reaching perhaps 6-7 uG.
Close to the GC ($300 po), the field is thought to be poloidal with strengths of
10 G up to 1 mG in the molecular cloud regions (Ferriere, 2009).

252 ENERGY LOSS MECHANISMS

As a charged particle, the positron loses energy via collisional interactions

with particles and scattering off magnetic fields in the ISM. The interaction

type depends on the density and ionization fraction of the ISM and the en-
ergy of the positron. Above 1 GeV, the dominant energy-loss processes for

positrons are inverse Compton scattering with cosmic microwave background
photons, synchrotron radiation near magnetic fields, and bremsstrahlung ra-
diation from interactions with ions, electrons and atoms (Blumenthal & Gould,
1970). At lower energies, the relevant range for the Galactic positrons consid-
ered here, Coulomb scattering is the dominant process in ionized media, and

the excitation and ionization of atoms, in addition to Ps formation by charge

exchange, dominate in a neutral media (Guessoum et al., 1991).

Coulomb scattering is elastic scatting of a charged particle in the Coulomb
field of a target particle. Coulomb scattering with free electrons is the dom-
inant energy-loss process for MeV positrons in ionized media (Jean et al.,
2009). The target electrons for scatters at these energies can be considered
at rest, and the energy loss rate of the positron can be determined by the col-
lision rate in a cold plasma (Prantzos et al., 2011). The energy loss rate from
Coulomb scattering and those from higher-energy processes are shown in
Figure 2.25.

In neutral phases, positrons lose energy through inelastic collisions with
ISM atoms and molecules, resulting in excitation or ionization, namely of H,
H,, and He (Guessoum et al., 2005). Additionally, charge exchange, which
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Figure 2.25: Energy loss rate in €V/s for the dominant processes as a function of
the positron energy from eV to TeV, assuming a fully ionized ISM with
T = 8000 K. The energy loss rate for synchrotron radiation assumes
B = 5uG, and the energy loss rate for inverse Compton scattering as-
sumes Uy, = 0.26 eV/cm®. For positrons with energy $1 MeV, the
dominant process is Coulomb scattering. Figure 1 of Jean et al. (2009).

occurs when a positron takes the electron from an atom forming positronium
and an ion, dominates at energies below ~30 eV (Bussard et al., 1979). In these
interactions, the positrons lose a substantial amount of their energy in one
interaction, unlike the continuous process of Coulomb interactions. Table 2.5
lists the ionization, excitation, and charge exchange interactions relevant for
Galactic positrons and their respective energy thresholds. Figure 2.26 shows
the cross section for the ionization, excitation, and positronium formation
through charge exchange on atomic hydrogen.

253 MAGNETOHYDRODYNAMIC WAVE SCATTERING

Under certain conditions, the plasma nature of the ISM allows for positrons to
interact through wave-particle resonance with magnetohydrodynamic (MHD)
waves (Lithwick & Goldreich, 2001). These collisionless processes are thought
to be an efficient energy-loss process for positrons (Petrosian & Bykov, 2008;
Higdon et al,, 2009). However, Jean et al. (2009) conclude that scattering
off MHD waves is only relevant for the warm ionized and hot phases, but
anisotropies in the magnetic field can significantly reduce the effects. The
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Process Threshold [eV ]
et+H-> Ps+H* 6.8
et+H-et+e +H 13.6
et+H- et +H* 10.2
et +H - et + H* 12.1
e"+H, - Ps+Hj 8.6
e"+Hy >e"+e +Hj 15.4
e"+Hy; »e"+H; 12.0
et + He » Ps + He* 17.8
et +He » et +e + He" 24.6
e* + He — e* + He* 21.2

Table 2.5: The energy loss of positrons in neutral media is dominated by charge ex-
change, ionization, and excitation. The thresholds for each interaction in
eV are listed. Table 1 from Guessoum et al. (2005).
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Figure 2.26: The relative cross section for positron interactions with atomic hydro-
gen, Figure 1 from Guessoum et al. (2005). Ionization and excitation
of hydrogen dominate for high energies, where positronium formation
through charge exchange dominates below ~30 eV.
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Figure 2.27: Fraction of positrons which form positronium in flight through charge
exchange with atomic hydrogen as a function of the ionization fraction.
The ionization fraction in the warm phases of the ISM is compared with
that in solar flares, which are hotter and denser. Figure 26 from Prantzos
etal. (2011).

scattering and transport along MHD waves will be further discussed in the
consideration of positron propagation in Section 2.6.

254 ANNIHILATION IN FLIGHT

Positrons can directly annihilate with free or bound electrons in flight. These
are continuous processes where the emitted photons will have an energy of
mec2/2 < Ey<E+ mc?/2; however, the fraction of positrons that annihilate
directly in flight is negligible for energies lower than 1 MeV (Prantzos et al.,
2011).

Positronium can form in flight through charge exchange with the electron
of H, Hp, and He atoms, as discussed in Section 2.5.2. Figure 2.27 shows
the fraction of positrons which form positronium through charge exchange
with H as a function of the ionization fraction of the medium. Once positro-
nium is formed, the non-zero kinetic energy of the bound state will result in
a Doppler-broadened 511 keV line from p-Ps annihilation.
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Figure 2.28: Positron reaction rates after thermalization as a function of ISM temper-
ature. Charge exchange is the dominant process for the warm phase; at
higher temperatures, few atoms remain neutral, and at lower tempera-
tures the positrons do not satisfy the threshold for charge exchange. Be-
low 10* K, radiative combination with free electrons is the main interac-
tion. Direct annihilation with electrons is only relevant for the highest
temperatures. Figure 3 from Guessoum et al. (2005).

255 ANNIHILATION AFTER THERMALIZATION

After the electrons have lost the majority of their energy, the positrons ther-
malize with the ISM and can be assumed to have a Maxwellian energy distribu-
tion before annihilation. Figure 2.28 shows the relative reaction rates for the
possible annihilation channels as a function of ISM temperature. The main in-
teraction for positron annihilation after thermalization in warm ISM phases
(T210% K) is charge exchange with H. In cold phases, radiative combination
with free electrons (e* + e~ - Ps + 7) dominates. Direct annihilation with
free electrons has a cross section an order of magnitude less than radiative
combination and is only relevant in hot ISM phases. Direction annihilation
with bound electrons has the lowest cross section of all positron processes,
and is only relevant in the coldest phases.
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2551 DUST GRAINS

Dust in the ISM is thought to play a role in the annihilation process of thermal-
ized positrons, especially in the warm ionized phases (Zurek, 1985). About
0.5-1% of interstellar matter is in the form of dust (Ferriére, 2001), and it is
spatially correlated with the ISM gas regions (Boulanger et al., 1996). These
dust particles range in size from 0.001-1 pm and are mostly made up of sili-
cate particles (Mg,SiOy4 or Fe;SiOy) (Kruegel, 2002).

Guessoum et al. (2005) have done the most thorough study of positron an-
nihilation in dust to date. The authors find that positron capture on dust
particles is negligible in all phases of the ISM except the warm ionized and
hot phases (Guessoum et al., 2005). In these phases, the positron with either
1) back-scattered or be re-emitted as a positron (15-20% of the time), 2) form
positronium within the grain and annihilate inside (65-80%), 3) form positro-
nium in the grain and be ejected (5-15%). The o-Ps that forms and annihilates
within the grain will result in a 2-7y decay since the briefly-bound positron
will most likely annihilate with a nearby electron in the dust grain, this pro-
cess is called “pick-off” annihilation (Guessoum et al., 2005).

256 DISCUSSION OF SPECTRAL SIGNATURES

Each of the processes discussed in the previous sections will result in different
annihilation signatures. A careful description of the ISM physical conditions,
the interaction cross sections, and estimates of the line-width and positro-
nium fractions from these interactions are needed to predict the resulting
spectrum.

Using the most recent cross section and annihilation information, Gues-
soum et al. (2005) used Monte-Carlo simulations to find the positron anni-
hilation spectra for each phase of the 1SM and for the ISM as a whole, using
the 1SM models of McKee & Ostriker (1977). See Figure 2.29 for a table list-
ing the calculated FWHM of the 511 keV line for each phase of the ISM and
the expected annihilation spectral shapes. By combining the spectra from
each phase of the ISM with their expected filling fractions, one can use the to-
tal spectra to fit the observed annihilation spectra from the GC, such as mea-
sured by INTEGRAL/SPI, and infer which phases have the largest contribution.
Analysis of this type has been performed by Jean et al. (2006) and Churazov
etal. (2005) and is discussed in Section 2.3.1. From their studies both authors
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Figure 2.29: (a) Predictions of the FWHM for the five different phases of the ISM, and
the total combined FWHM for the modeled ISM. Table 5 from Guessoum
et al. (2005). (b) Total annihilation spectra from each phase of the ISM,
with arbitrary scaling. Figure 28 from Prantzos et al. (2011).

found that the measured SPI spectra is best fit with positrons annihilating in
the warm neutral and warm ionized phases of the ISM.

26  POSITRON PROPAGATION IN THE ISM

Positrons are born with kinetic energies ~MeV, but from the observed o-Ps
fraction we know they annihilate at low energies < 10 eV. Therefore, the
positrons must decelerate and most likely travel some distance before annihi-
lation. There are many proposed sources of Galactic positrons that can pro-
duce a large enough rate but do not satisfy the observed morphology of the
511 keV emission, and some authors have proposed that positrons created
in these sources could propagate to fill the bulge (Higdon et al., 2009; Prant-
z0s, 2006). The big question is: How far do positrons propagate from their
point of production until annihilation? And equivalently, do we expect the
positron source distribution to match the annihilation emission?

To understand how far positrons can propagate, an accurate description of
the Galaxy is necessary. As a charged particle, the propagation of a positron
is affected by the Galactic magnetic field, and as collisions with particles in
the ISM contribute to positron energy-loss, as discussed in Section 2.5, the
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Figure 2.30: Schematic of the ISM phases and stellar distributions assumed in Higdon
et al. (2009) following Ferriere et al. (2007). Figure 1 from Higdon et al.
(2009).

density, temperature, and ionization fraction of the gas in different phases of
the 1SM will affect the propagation distance. All of the propagation simula-
tions and studies discussed here follow the Ferriere description, reviewed in
Section 2.5.1.

Higdon et al. (2009) were the first to do a thorough study of MeV positron
propagation in an attempt to understand the 511 keV observations. They
assumed a stellar population, with 8* decay from SNe products 20Al, 44Tj,
and %°Ni as the source of positrons, superimposed on a gas and plasma dis-
tribution in which the deceleration and annihilation occur. Figure 2.30 il-
lustrates the ISM model used in these simulations. The authors assume that
the propagation is dominated by scattering off MHD waves, discussed in Sec-
tion 2.5.3. Through propagation distance approximations, the authors con-
clude that positrons from B* decay of isotopes created in massive stars and
SNe can fully account for the spatial distribution, the 511 keV spectral line
width, and o-Ps fraction. Other papers, however, find issue with their analy-
sis (Prantzos et al,, 2011; Martin et al.,, 2012; Alexis et al., 2014). Jean et al.
(2009) argue that the positron mean free-path Higdon et al. (2009) derived is
only valid for interplanetary plasmas. Furthermore, Jean et al. find that col-
lisional interactions, discussed in Section 2.5.2, are more constraining to the
propagation distance than MHD scattering.

Jean et al. (2009) performed Monte-Carlo simulations to estimate the dis-
tances of positron propagation with different interaction processes: scatter-
ing off of magnetic turbulence (MHD waves) in ISM, scattering off of individual
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Figure 2.31: The simulated all-sky distribution of 511 keV emission from nucleosyn-
thesis positrons, assuming an escape fraction of 5% for %0Niand a dipo-
lar Galactic magnetic field. The emission along the disk can account for
the measured 511 keV Galactic disk emission, but cannot explain the
bugle emission. Figure 3 from Alexis et al. (2014).

particles in the ISM, and advection with large scale fluid motions of the ISM.
The authors find that propagation for MeV energy positrons is dominated by
collisions with gas particles, and the positrons can travel very large distances
up to ~30 kpc along magnetic field lines.

Alexis et al. (2014) have performed the most detailed analysis of positron
propagation to date. The authors developed a Monte-Carlo propagation code
of ~MeV positrons that takes into account the transport through collisional
interactions with the ISM. Their simulation, like the studies of Higdon et al.
(2009), includes only the B* decay of 26 A1, 44Ty, and 9°Ni (with several positron
escape fractions considered) as the source of positrons. They account for the
spatial distribution of the sources, the ISM phases, and three different mod-
els for the Galactic magnetic field. The authors derived 511 keV emission
sky maps, light curves, and spectra and they conclude that SN -decay prod-
ucts alone cannot explain the Galactic bulge emission observed by SPI. Fig-
ure 2.31 shows one of the derived sky maps with an assumed positron escape
fraction of °Ni of 5% and a dipole halo Galactic magnetic field. They find
that ~MeV positrons do not propagate far from their birth sites, traveling
on average $1 kpc, and conclude that the 511 keV emission should represent
the positron source distribution. Interestingly, the simulations show a sharp
intensity peak at the GC due to annihilation in the dense CMZ, which can ex-
plain the point source emission seen in the Skinner and Siegert spatial models,
discussed in Section 2.3.1.
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27 FURTHERING OUR UNDERSTANDING OF
GALACTIC POSITRONS

After almost 5 decades of scientific investigation, there are still big questions
about Galactic positrons. The 511 keV emission from the Galactic disk is
understood to be explained by nucleosynthesis B* decay, however, there is
no conclusion as to the source of positrons in the Galactic bulge region. The
spatial morphology of the emission has not been well constrained due to the
fact that the most detailed studies have been performed with SPI, an indirect
imaging telescope. The reported extent of the disk emission, which has a large
impact on the estimated number of annihilating positrons in the Galaxy, is
drastically different in the two most recent studies. Therefore, not even the
annihilation rate is well known.

It is not clear if the 511 keV emission should trace the distribution of
positron sources or if there is significant positron propagation. Both theo-
retical advancements in the understanding of positron interactions, the con-
stituents of the ISM, and the Galactic magnetic field, and a more accurate im-
age of the 511 keV emission are needed to further advance this discussion.
Another avenue of approach that would be available with a direct image of
the 511 keV emission is a comparison with the 26 Al 1.8 MeV map. Through
a detailed comparison study of the two spatial maps, not only can the con-
tribution of positrons from 26 Al be measured, the propagation of positrons
could be constrained.

Most of the current observational issues arise from the use of an indirect
imaging telescope. When observing an extended source with a coded-aperture
mask instrument, a model fitting approach must be taken and the true source
distribution remains unknown. A direct imaging telescope would be able to
determine the spatial morphology, conclusively determine the extent of the
disk emission, and measure the true annihilation rate from different regions
of the Galaxy. Additionally, spectral studies of various spatial components,
attempted with SPI data, would not have to rely on assuming an underlying
model. Furthermore, an improved sensitivity would allow for a possible de-
tection of individual sources of positron propagation, such as XRBs within the
Galaxy or emission from DM dominated dwarf galaxies.

The Compton Spectrometer and Imager (COSI) is a telescope that has been
developed with the goal of furthering our understanding of Galactic positrons.
With its direct imaging capabilities inherent to a Compton telescope, COSI
can answer some of the questions left open by SPI. The sensitivity of COSI
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is similar to that of SPI, even from a balloon platform; however a COSI-like
instrument onboard a satellite could be at least an order of magnitude more
sensitive, e.g.,, GRX. This is the ultimate goal of the COSI collaboration.
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2016 FLIGHT
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THE COMPTON SPECTROMETER AND IMAGER

The Compton Spectrometer and Imager (COSI) is a balloon-borne soft y-ray
telescope that is designed to perform novel polarization measurements of
compact sources, study stellar nucleosynthesis, and further our understand-
ing of Galactic positrons. The COSI mission has been in development for al-
most two decades; in collaboration with Taiwanese and French researchers,
a small team at University of California, Berkeley, has designed, built, tested,
and successfully flown the instrument.

In this chapter!, we first discuss y-ray astrophysics and the associated chal-
lenges in this energy range and then present an overview of the current tech-
nologies for MeV <y-ray telescopes in Section 3.1. The basics of Compton
telescopes, of which COSI is an example, are introduced in Section 3.2. Details
about the COSI instrument and the flight gondola will be given in Section 3.3,
and an overview of the history of the COSI project will be given in Section 3.4.
The MEGALib analysis tool used by the COSI collaboration will be discussed in
Section 3.5.

31 CAMMA-RAY ASTROPHYSICS

Gamma-rays are fantastic tools to explore astrophysical objects: they are emit-
ted by the most extreme objects in the universe; they travel long distances
without being absorbed or deviated; they probe further into objects than other
wavelengths; and -y-ray line measurements act as fingerprint-like probes into
sites of nucleosynthes is. However, the soft to medium <y-ray regime, from
about 100 keV to 100 MeV, is one of the least astrophysically explored energy
ranges, often referred to as the MeV Gap. The sensitivity of current instru-

Some of this chapter is based on a previous publication "Calibration of the Compton Spec-
trometer and Imager in preparation for the 2014 balloon campaign” by Kierans et al. (2014).
©2014, Society of Photo-Optical Instrumentation Engineers (SPIE). Reprinted with permis-
sion.
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Figure 3.1: The continuum sensitivity for present and past X-ray and -y-ray astro-
physics instruments. The continuum sensitivity is a measure of how faint
a source can be detected; a lower sensitivity is better. The segment with
the worst sensitivity from 100 keV to 100 MeV is referred to as the MeV

8ap-

ments in this energy range is orders of magnitude worse than the sensitivity
in neighboring bands, as illustrated in Figure 3.1. This is due to a few ma-
jor factors: low inherent interaction cross sections, high-instrumental back-
grounds, and technological constraints. There are many unanswered ques-
tions, including the true source of Galactic positrons, that arise from this lack
of exposure.

311 CHALLENGES IN ¢-RAY ASTROPHYSICS

The aspects that make y-rays fantastic tools for astrophysics also lead to tele-
scope instrumentation challenges. For example, the high-penetrating power
of y-rays make them difficult to focus with lenses and mirrors common in
telescopes apt for lower energies. Not only does the total photon-matter in-
teraction cross section reach minimum at a few MeV, as shown in Figure 3.2,
but in this energy range it is dominated by Compton scattering: an inelastic
collision of a photon and an electron. Instead of a single interaction in which
the photon will impart all of its energy, such as in photoelectric absorption,
Compton scattering results in a 7y-ray that “bounces” around in a large detec-
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Figure 3.2: Total mass attenuation as a function of energy for germanium. At 1 MeV,
the cross section is dominated by Compton scattering. The sharp edge
around 200 keV is a K-edge from the germanium electron shell structure.
Cross section information is from NIST XCOM (Berger et al., 2017).

tor volume. With an interaction depth of ~10 g/cm?, a few centimeters of
dense germanium are needed to fully stop MeV <y-rays.

The Earth’s atmosphere is opaque to y-rays, and therefore an instrument
must be above the atmosphere to perform astrophysical studies. This can be
done through three platforms: 1) satellites provide the best access to space
in low radiation environments for multi-year missions but come with a large
price tag; 2) rockets can achieve altitudes of 100’s of km, but the exposure time
of less than 10 minutes is much too short for cosmic sources of 7y-ray emission
(< 1073 y/cm?/s); and 3) sub-orbital balloons can attain altitudes of 30-40 km
for weeks of observations and allow for multiple flights of the same payload.
Balloon-platforms are often used as a stage in satellite development, as they
provide a convenient means of testing and modifying new technologies. The
eventual goal of the COSI mission is to fly on a satellite platform to achieve
years of exposure in a low-background environment; in the mean time, we
can still perform some interesting science from the balloon-platform.
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Background radiation dominates at these energies. Since there is no fo-
cusing element, the telescope aperture is the same as the size of the detector,
which means that the signal-to-noise ratio is small. Cosmic-ray interactions
with particles in the atmosphere will produce a broadband spectrum of -
rays that is orders of magnitude more intense than Galactic sources. This
atmospheric emission, referred to as albedo radiation, is strongest near the
horizon and below a balloon-borne instrument. Furthermore, the nuclear ac-
tivation lines that are produced in interesting cosmic sources can also plague
the instrument as background lines. After high-energy cosmic-ray collisions
occur within the instrument mass, which is inevitable at balloon-altitudes and
in satellite orbits, the material around the detector will become activated and
the radiation from these instrumental nuclear decays will become an addi-
tional background source.

A number of lessons about the reduction of background radiation, which
drives the sensitivity of most instruments, have been learned from previous
MeV telescope designs (Schonfelder, 2004): anti-coincidence shields (ACSs)
surrounding the detector can significantly reduce the background at balloon
altitudes; low-activation materials near the detector element will reduce in-
strumental background; and discrimination of neutrons and cosmic rays, ei-
ther in electronics (pulse-shape identifiers), through vetoing, or in the soft-
ware analysis chain can lower the dead-time and false identification of y-ray
signals. Additionally, detailed simulations for a proper benchmarking of the
instrument is essential to understand the source and background response of
the telescope.

The studies of the 511 keV emission over the past 50 years, reviewed in
Section 2.3, show the power of 7y-ray line astronomy, but also warn of the
difficulties in the analysis. Systematic uncertainties in the background can
swamp potential results or give a false signal of variability. Imaging is also
particularly difficult in this range, requiring complex iterative deconvolution
techniques with non-unique solutions to extract the source structure (Sec-
tion 3.2.4).

312 SOFT ¢-RAY IMAGING TELESCOPE TECHNOLOGIES
There are two telescope classes with high technology readiness levels (TRL)

that can be used to image soft 7y-rays: Compton telescopes and coded-aperture
mask telescopes. These two technologies utilize the two interaction types that

60



3.1 GAMMA-RAY ASTROPHYSICS

- Gamma-ray

source

L
L LT

Coded aperture mask

Detector plane

Figure 3.3: Schematic diagram of coded-mask imaging. The coded-aperture mask is
made with a high-Z material with a unique set of holes so that a different
shadow is created for every source sky position. (Figure adapted from B. J.
Mattson, L3/NASA/Goddard Space Flight Center.)

dominate in these energy ranges, namely Compton scattering and photoelec-
tric absorption (see Figure 3.2).

Compton telescopes use the energy and position of one or more Compton
scatters in the detector volume to determine the path of the 7y-ray and recon-
struct the original direction of the photon. A detailed overview of Compton
telescopes will be presented in Section 3.2.

Coded-aperture mask telescopes use a dense material with a unique set of
holes to cast shadows on a position-sensitive detector plane, and the shadows
can be used to determine the source direction. See Figure 3.3 for a schematic
diagram of the coded-aperture mask imaging concept. Coded mask telescopes
have been used widely in space environments. A related technology is Ro-
tated Modulation Collimators, where the front mask spins to create a tempo-
ral variation on the detector plane (Smith et al., 2004). These technologies
work well for point-source detection; however, the indirect imaging tech-
nique is difficult for diffuse emission and often requires model fitting. Coded-
aperture mask telescopes for 7y-ray astrophysics are reviewed in Caroli et al.
(1987).

An additional technology that has been in development over the past few
decades is a y-ray condenser called a Laue lens (Smither, 1982), named after
the physicist who discovered X-ray diffraction in crystalline structure. Laue
lenses use Bragg diffraction to focus y-rays onto a small detector plane; see
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Figure 3.4: A schematic of the y-ray condenser called a Laue lens. Gamma-rays of a
specific energy will Bragg diffract off of the crystalline structure within
the lens and be focused onto the small detector plane.

Figure 3.4 for the diffraction and focusing concept of Laue lenses. The main
advantages of Laue lenses are the low background due to the small detector
area and the achievement of arc-second angular resolutions (Frontera & von
Ballmoos, 2010); however, the technology is still very much in early develop-
mental stages.

The advantages and disadvantages of the three technologies for soft y-ray
imaging are summarized here (satellite-borne instruments which use the tech-
nology are listed):

+ Compton telescopes have large FOVs, have good background reduction
(with the help of software post-processing), are sensitive to polariza-
tion, and are a form of single-photon detection; however, they suffer
from an inherently poor angular resolution.

- CGRO/COMPTEL, Hitomi/SGD?

 Coded-aperture mask telescopes also have large FOVs and can have bet-
ter angular resolutions than Compton telescopes; however, they have
high instrumental backgrounds, limited efficiency, and only work as
indirect imagers.

— INTEGRAL/SPI, Swift/BAT, BeppoSAX/WFC, AstroSat/CZTI, etc.

Hitomi was launched by JaAXA in 17 February 2016; however, the satellite was lost on 26 March
2016 after an issue with the attitude control system. The Soft Gamma-ray Detector (SGD)
was a Compton telescope with an energy range of 40-600 keV and would have significantly
progressed the field of soft y-ray astrophysics (Watanabe et al., 2012).
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+ Laue lenses have low backgrounds, due to small detector planes, and
impressive angular resolutions; however, they have small FOVs, small
bandpasses, and the current focal lengths are 210 m.

— TRL4-5

32 COMPTON TELESCOPE BASICS

Compton telescopes use the interaction position and energy deposited in se-
quential Compton scatters to determine the initial photon’s energy and source
sky position (von Ballmoos et al., 1989; Boggs & Jean, 2000). The first Comp-
ton telescope to be launched on a satellite platform was COMPTEL aboard
CGROin 1991. COMPTEL is an example of a classic Compton telescope, which
uses two separated planes, one to scatter the 7y-ray and one to absorb it. The
time-of-flight information between the two planes determines the direction
of motion of the 7y-ray and helps to suppress the dominating atmospheric
background. After decades of technological advancements, compact Comp-
ton telescopes (CCTs) allow for higher efficiency in a small instrument volume.
In a CCT there is only one active volume that acts as the scattering and absorb-
ing material together.

The Compton scatter of a y-ray off an electron is described by the Klein-
Nishina differential cross section (Klein & Nishina, 1929):

do\ 12 Ef\*(Ef E » ,
()2 (2 Bramtpes).

where the initial and final energy of the y-ray is E; and Ey, respectively, 7,
is the classical electron radius, ¢ is the Compton scatter angle, and 7 is the
azimuthal scatter angle. From this equation it can be seen that higher energy
photons will, in general, have smaller Compton scatter angles, and lower en-
ergy photons will result in larger scatter angles. Additionally, if the incident
7y-rays have an initial linear polarization, the photons will predominantly
scatter at 90° relative to the the initial photon’s electric field vector, defined
as 1 = 0. Therefore, Compton telescopes can inherently detect polarization.
In Equation 3.1, the electron is assumed to be unbound and at rest, and con-
sequently this is only an approximation for interactions in a Compton tele-
scope.
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Figure 3.5: A schematic view of COMPTEL. A <y-ray will Compton scatter in the
low-Z top detector plane and photoabsorb in the high-Z bottom detector
plane. The direction of scatter is determined by the measured positions
within the detector planes, and the Compton angle of the scatter is deter-
mined by the measured energies. The direction of the incoming y-ray can
be reduced to a cone whose axis is defined by the scatter direction and the
opening angle is the Compton angle. Figure 2 of Schonfelder et al. (1993).

321  CLASSIC COMPTON TELESCOPES

The COMPTEL instrument consisted of two detector arrays: a plane of low-Z
liquid scintillators (NE 213A) placed 1.5 meters above a plane of high-Z Nal
scintillators (see Figure 3.5). All classic Compton telescopes use two separate
detector planes, the first as the scattering material and the second as the ab-
sorbing material, where they are spaced far enough away for time-of-flight
information to confirm downward-going events.

If a 7y-ray Compton scatters in the first layer and deposits its remaining en-
ergy in a photoabsorption interaction in the second layer, then the incoming
direction of the <y-ray can be constrained to a circle on the sky. The mea-
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sured position of the Compton scatter and the photoabsorption defines the
direction of the scattered photon, as shown in Figure 3.5. With an accurate
measure of the energy deposited in the scattering plane (E;) and the absorb-
ing plane (E;), the total energy of the y-ray can be obtained (E,, = E; + Ep),
and the angle of the Compton scatter ¢ can be determined with the Compton
equation:
Mec2  mpc?
Ea.  Ec+E,
The Compton scatter angle then defines the cone on the sky whose axis is
defined by the direction of the scattered y-ray. The cone is known as a Comp-

cosp=1- (3.2)

ton cone and its projection on the celestial sphere as an event circle. When
multiple photons from the same source interact in the detector, the resulting
event circles will overlap at the source sky position and iterative deconvolu-
tion techniques can be used to create an image (Wilderman et al., 1998); this
will be further discussed in Section 3.2.4.

Although COMPTEL was a hugely successful mission opening the MeV skies
for the first time, it suffered from many limitations. The segmented detector
modules had poor position resolution (~40 cm3) and the scintillator detectors
had poor energy resolution (5-10% FWHM). The separated planes restricted
the FOV and limited range of Compton scatter angles, which in turn limited
the efficiency to only ~1% (Schonfelder et al., 1993).

322 COMPACT COMPTON TELESCOPES

In a compact Compton telescope (CCT), the scattering and absorbing detec-
tor planes are reduced to a single active volume. A 7y-ray will typically scat-
ter a few times, the exact number depends on the photon energy and atomic
number of the detector material, and will lose energy with each scatter be-
fore finally stopping with a photoabsorption interaction. Figure 3.6 shows
a schematic of a typical event sequence in a CCT, where the blue rectangular
area depicts the active volume of a 3D position-sensitive detector.

The original energy of the photon is given by the sum of the deposited
energies, e.g, E, = Eq + Ep + E3 for a 3-site event as shown in Figure 3.6.
Unlike the classic Compton telescopes, the CCTs can track multiple scatters,
so the Compton scatter angle ¢ of the first scatter can be determined from
the kinematics of the interaction; specifically, for a 3-site event:

MeC? . MeC?
E2+E3 E1+E2+E3'

cosp=1- (3.3)
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2

Figure 3.6: A typical event in a CCT. The incoming -y-ray Compton scatters a num-
ber of times before ending with a photoabsorption event. If the event is
completely absorbed, the energy of each scatter can be summed to find
E. and the Compton scatter angle ¢ of the first interaction can be found.
The incoming <y-ray direction can then be constrained to a cone whose
axis is defined by the first scatter direction between r; and rp, and the
opening angle is the Compton scatter of the first interaction. The width
of the event circle is the angular resolution of the telescope.

The initial photon scatter direction, between sites 1 and 2, defines the axis
from which ¢ is taken, as described in Section 3.2.1 and depicted in Figure 3.6.

The major benefits of CCTs are that one can track 2+ site events and there
are no geometric limitations on the Compton scatter angle; both features in-
crease the efficiency of the instrument and its polarization capabilities. CCTs
can be solid-state detectors, like those used in COSI, or time projection cham-
bers, as long as a precise measure of the interaction position and energy can
be determined. There is a sub-class of Compton telescopes that are referred
to as tracking Compton telescopes when the recoil electron can be traced. If
the recoil direction from the Compton scatter is known, then the event circle
can be reduced to an arc, and the origin of the y-ray can be more accurately
determined which improves background rejection.

There is an added complication when dealing with compact Compton tele-
scopes: the time-of-flight between successive scatters in the instrument is
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a couple orders of magnitude less than the timing resolution achievable (in
GeDs, Atyes ~10 ns); therefore, the relative order of Compton scatters within
an event is unknown. Compton Kinematic Discrimination (CKD) uses redun-
dant information in the energy deposits and angles of 3+ site events to deter-
mine the most likely interaction sequence (Boggs & Jean, 2000). The process
of determining the most probable sequence of interactions is also referred to
as Compton reconstruction or event reconstruction and will be discussed further
in Section 3.2.3.

There are now several groups around the world developing compact Comp-
ton telescopes with the aim to fill the MeV sensitivity gap (Kurfess et al., 2000;
Takeda et al., 2007; O’Neill et al., 2003; Ueno et al., 2012). COSI remains one
of the furthest developed and most rigorously tested compact Compton tele-
scope to date.

323 COMPTON EVENT RECONSTRUCTION

In a CCT, all of the scatters from a single 7y-ray event occur “simultaneously”
since the time resolution of the detector is greater than the time its takes light
to cross the detector volume. Therefore, the true sequence of interactions
within the detector must be determined from physics principles and statistics
in a process called event reconstruction.

For events that consist of 3+ interactions, each of the N! possible combi-
nations of the interaction order is analyzed to determine the most probable
sequence. Since there is redundant information in the energies and positions,
the Compton scatter angle of the central interaction(s), denoted by [, can be
determined in two ways: kinematically with the Compton equation

MeC?  MeC?

kin
cos =1 , 3.4
4) E I+ E 1t El . ( )
and geometrically considering the scatter angles
cos p&%° = k31 (3.5)

18Kllg1]
For the central interaction /, E;, is the total energy of all the interactions af-
ter [, gk is the incoming ‘y-ray direction and g is the outgoing direction. See
Figure 3.7 for a schematic description of the variables used in these equations.

The two measures of cos ¢, from Equation 3.4 and 3.5, should be identical
for the correct order of interactions in an ideal instrument. In the classic
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Figure 3.7: An example 3-site interaction with labeled variables used in event recon-
struction. The Compton scatter angle ¢; of the central interaction can
be determined with redundant information, either kinematically with the
energies E or geometrically with the scatter directions ¢. Minimizing the
difference between these two measures for each Compton scatter leads to
the most probable sequence of interactions.

CKD approach, a x2 quality factor Q is assigned to each permutation of scat-
ters (Zoglauer, 2005)

N-1 (cos ¢kin — cos p5)?

Q=2

: 7
5 Acos? ¢kin + Acos? ¢F*

(3.6)

where A cos ¢; are the measurement errors and i is the interaction index. The
sequence with the lowest quality factor is the best estimate of the correct kine-
matic ordering of the event.

For 2-site events, with one Compton scatter and a photoabsorption, the
order of only a small fraction of events can be determine unambiguously. For
all other events, one can utilize the Klein-Nishina equation (Equation 3.1) to
determine which hit order is more probable. Additionally, the probability of
photoabsorption for a certain distance between interactions can be taken into
account.

One of the strengths of Compton reconstruction is that it allows for the
high background suppression necessary to attain reasonable sensitivities in
the MeV regime. Background events or incompletely absorbed events will
often result in poor quality factors; therefore, only selecting events with a low
quality factor will reject most of the background signal. Currently, the COSI
collaboration is developing new methods of event reconstruction involving
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machine learning algorithms that can more accurately determine the correct
sequence of interactions and better reject background events.

Once the true sequence has been determined, the position and energies
of the second and higher interactions are used to find the initial Compton
scatter angle and the total energy of the event, as described in Section 3.2.2.
These parameters can then be used as additional indicators of the quality of
the event, which will be further discussed in Section 3.5.5.

324 IMAGE RECONSTRUCTION

The Compton angle of the first interaction describes the circle on the sky
from which the photon is known to originate. If multiple y-rays are detected
from the same source, then the event circles will overlap at the source sky
position, if they are properly reconstructed. The source position can be seen
with a simple back projection of these event circles on the sky. See Figure 3.8
for an example of the back projection of event circles from a simulation of
40 y-ray events (a), and 200 events (b). The red hot spot in the center of the
image where the circles overlap reveals the simulated source location.

The data measured by a Compton telescope is generated by convolving
the sky distribution with the instrument response and the addition of back-
ground. Image reconstruction is the process of inverting the measurement
operation to recover the source distribution. Since there is no unique solu-
tion for these images, iterative deconvolution techniques are used.

The imaging data space for CCTs can contain a huge number of bins and is
sparsely populated, which make computation difficult. Therefore, most imag-
ing reconstruction for CCTs has been done with list-mode algorithms. Instead
of keeping the event information in a binned data-space, a list of events and
all of their parameters is stored and the size of the data space is proportional
to the number of events.

The major advantage of list-mode image reconstruction is that all of the
event information is kept with full precision. Additionally, information that
is not traditionally in the image data space, like the position of the first inter-
action, or the distance between two scatters, can be saved and used to further
select the quality of the events. The imaging algorithm used for COSI is the
list-mode maximum-likelihood expectation-maximization (LM-ML-EM) (Wil-
derman et al,, 1998; Zoglauer et al., 2011). See Figure 3.8 (c) for an example of
an image of a simulated point source after 5 iterations of the LM-ML-EM algo-
rithm where the point source is clearly recovered. List-mode imaging, how-
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(c) Image obtained after 5 iterations of the LM-ML-EM algorithm.

Figure 3.8: (a) The back projection of a 500 keV point source simulation with COSI
with only 40 events. The event circles overlap at the location of the source
in the center of the image shown with the red hot spot. (b) Same as in (a)
except with 200 events; the location of the source becomes much more
prominent. (c) After 5 iterations of the LM-ML-EM imaging algorithm on
the image in (b) the point source is reconstructed.

70



3.2 COMPTON TELESCOPE BASICS

2
S 15000
Q
(&)
10000~
N, source B
location 5000
A¢ L
0 R —
Aq)AHM (degrees)
(a) The ARM (A¢) defined for three (b) Histogram of ARM values.

event circles.

Figure 3.9: (a) The smallest angular distance between the known source location and
each Compton event circle is the ARM A¢. The ARM is defined as nega-
tive when the source is inside the event circle. (b) An example ARM his-
togram from a 2’Na calibration measurement with COSL The total ARM
histogram from a sample of Compton events is the effective point spread
function of telescope. The FWHM of the ARM distribution, which is 6°
here, defines the angular resolution of a Compton telescope and is a mea-
sure of the width of the event circle.

ever, has a few drawbacks: it is difficult to recover the true flux of the source,
and the ML-EM iterative deconvolution is optimized for point sources. Mo-
tivated by the 511 keV studies presented here, COSI is currently implement-
ing a binned-mode image reconstruction algorithm which can account for
exposure, give an accurate measure of flux, estimate background, and image
extended sources (Zoglauer et al., in prep).

325 ANGULAR RESOLUTION MEASURE

The angular resolution of a Compton telescope is described by the angular
resolution measure (ARM). The ARM (A¢) is the smallest angular distance be-
tween the known source location and the event circle for each event, as shown
in Figure 3.9 (a). The distribution of all ARM values from a sample of Comp-
ton events represents the effective width of the point spread function of a
Compton telescope; the FWHM of the ARM distribution defines the achiev-
able angular resolution after event reconstruction. For the calibration mea-
surement of the 511 keV line from 22Na shown in Figure 3.9 (b), for example,
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the ARM FWHM gives an angular resolution of 6°. A positive A¢ occurs when
the known source location is outside of the event circle, and this is generally
due to an incompletely absorbed recoil electron or incorrect path due to an
escaped photon. A negative A¢ occurs when the source location is inside the
event circle and results mostly from an incompletely absorbed y-ray.

More precise measurements of the energy and position will give a better
ARM; however, Compton telescopes have a fundamental limit on angular res-
olution. The use of the Compton scatter equation (Equation 3.3) assumes the
electron with which the y-ray interacts is free and at rest. If one takes into
account that the electron is bound and has some momentum, then the energy
distribution between the 7y-ray and recoil electron will change. This means
there will be a broadening in the measured Compton scattered 7y-ray energy
and in turn this limits the angular resolution. This limitation is referred to as
“Doppler broadening” and is dependent on the atomic number of the detector
material and the energy of the y-ray. For germanium, the angular resolution
is limited to 1.25° at 500 keV (Zoglauer & Kanbach, 2003).

33 THE COSI INSTRUMENT

The Compton Spectrometer and Imager mission has been in development
for the past decade through a collaboration between the Space Sciences Lab-
oratory (SSL) and the Lawrence Berkeley National Laboratory (LBNL) at the
University of California, Berkeley; IRAP in Toulouse; and several Taiwanese
universities led by the National Tsing Hua University. The instrument has
been designed with high sensitivity, excellent spectral resolution, and moder-
ate angular resolution, in an effort to perform novel studies of astrophysical
sources while testing the technologies and analysis techniques necessary for
future missions, e.g., COSI-X.

331 3-D POSITION-SENSITIVE GERMANIUM DETECTORS

The heart of COSI consists of twelve HPGe cross-strip detectors developed
using LBNL’s amorphous germanium contact technology (Luke et al., 1992;
Amman et al., 2007). Each GeD is fabricated by first depositing a thin layer
of amorphous germanium over the entire surface of an 8 x 8 x 1.5 cm HPGe
crystal. This layer has been shown to serve as an effective bipolar blocking
contact. The aluminum strip electrodes are then evaporated onto the sur-
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Figure 3.10: Single COSI GeD with detector boards and aluminum mounts. The 37
strips on the front face of the detector visible in the vertical direction
are orthogonal to the strips on the back face of the detector, which are
visible through the mirror.

face, as these give the detector its position sensitivity (Amman & Luke, 2000;
Coburn et al., 2003). Each of COST’s twelve GeDs has 37 strips with 2 mm strip
pitch deposited on the anode and cathode in an orthogonal orientation. Fig-
ure 3.10 is a photograph of a COSI GeD which shows the 37 vertical aluminum
electrodes on the front face, and the horizontal electrodes on the back face
are seen through a mirror.

Good angular resolution through Compton reconstruction requires high
energy resolution and precise 3D position measurements. Germanium in-
herently provides an excellent energy resolution; however, this can be sig-
nificantly degraded when using a detector with segmented electrodes. The
strip pitch and gap between neighboring strips have been optimized during
the development of these detectors to reduce the charge loss, one of the main
spectrum-degrading effects (Coburn et al.,, 2003). The position sensing oc-
curs in two ways: the X and Y positions are given by the intersection of the
activated anode and cathode electrodes, and the Z-positioning is obtained
from the difference in the arrival times of the electrons and the holes at their
respective electrodes (for details, see Section 4.5). A 2 mm wide guard ring
surrounds the 37 strips on each side and vetoes interactions close to the edge
of the detector, where fringes in the electric field and high leakage currents
can degrade the detector response. The COSI GeDs have demonstrated good
position resolution (2 mm3) while maintaining the excellent spectral resolu-
tion of germanium (~0.2-1%).
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Figure 3.11: Photograph of the COSI detector array before integration. All detectors
are individually mounted to an anodized U-shaped copper coldfinger
which is visibile between the detectors. The detectors together have a
total active volume of 972 cm®. Care has been taken in the design to
minimize the passive material between the individual GeDs.

Top layer: Middle layer: Botton layer:
Cryocooler Cryocooler Cryocooler
o [ 11 1 [ 10 2 [[ 9
1000 V 1000 V 1200V || 1000 V 1500V || 1200 V
41732-1 41742-1 50606-1 51050-2 41418-1 41737-1
5 6 4 7 3 8
1500V || 1000 V 1000V || 1500 V 1500 V || 1500 V
41421-1 I 41228-1 41419-1 I 50814-1 51052-1 I 41739-1

Figure 3.12: The position of each detector within the GeD array with the detector
operating voltage and crystal ID listed. The location of the coldfinger,
to which each of the GeDs is individually mounted, is shown in red.

The twelve GeDs are stacked in a 2 x 2 x 3 configuration and have a total
active volume of 972 cm3; see Figure 3.11 for a photograph of the twelve GeDs.
The detectors are fully depleted and operate at voltages ranging from 1000-
1500 V. The readout electronics on the high-voltage side of the detectors are
AC-coupled, and as such, the cathode is often referred to as the AC side and
the anode is referred to as the DC side. A list of the 14 detectors (2 spares)
developed for the COSI mission and some of their characteristics are listed in
Table 3.1. The relative detector positions are shown in Figure 3.12.
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3.3 THE COSI INSTRUMENT

Figure 3.13: Photograph of the COSI cryostat. The mechanical cryocooler is seen
on the right-hand side of the cryostat. No read-out electronics are
attached to the cryostat, but three rows of Kapton-manganin flex cir-
cuit feedthroughs are visible on each side. Six of the high-voltage
feedthroughs are seen on the front-left side of the cryostat.

332 CRYOSTAT AND CSI SHIELDS

The array of GeDs is housed in an anodized aluminum cryostat, as shown with-
out any of the readout electronics in Figure 3.13. Within the cryostat, the
twelve detectors are surrounded by a thin infrared shield and multi-layer in-
sulation. The cryostat is evacuated to ~ 107 Torr and is maintained at low
pressure through the use of activated charcoal.

One disadvantage of using germanium detectors is the low operation tem-
perature of < 100 K. Conventionally, liquid nitrogen (LN2) is used to cool
GeDs; however, the finite amount of LN2 that can realistically be launched on
a balloon payload greatly constrains the flight duration. To enable COSI to
fly on ultra-long duration balloon (ULDB) flights, the system was designed to
use a Sunpower CryoTel CT mechanical cryocooler, completely eliminating
the flight duration constraints: as long as the cryocooler has power, the de-
tectors can remain cold. The coldtip of the cryocooler is maintained at a con-
stant temperature of 77 K through a temperature-controlled feedback loop.
The detectors are individually bolted to a copper coldfinger, which is then
thermally coupled to the tip of the cryocooler. We observe a seven degree
temperature gradient between the tip of the cryocooler and the coldfinger,
and as such, the operation temperature of the GeDs is maintained at ~84 K.
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The cryostat is surrounded on five sides by Csl scintillator blocks instru-
mented with photomultiplier tubes (PMTs), as shown in Figure 3.14. The CsI
blocks, which are 30 Ib each, act as a passive shield by absorbing a large frac-
tion of the incident <y-rays originating from non-astrophysical sources, i.e.,
the earth’s albedo, effectively constraining the field-of-view to 25% of the sky.
The scintillators also function as an ACS: GeD events with a Csl coincidence
signal are vetoed to reject incompletely absorbed events. The CsI shields play
an important role in suppressing the background detected in COSI, which di-
rectly affects the sensitivity of the instrument.

The background radiation is further reduced through the use of a graded-
Z shield placed above the cryostat. Graded-Z shields, which are thin layers of
material with decreasing atomic number, have been shown to reduce the ef-
fects of ionizing radiation in space environments (Rojdev et al., 2009). The top
high-Z layer is efficient at blocking low-energy “y-rays, but produces X-ray
fluorescence. Each lower-Z layer absorbs the X-rays emitted in the previous
layer and produces X-rays of lower energy until an acceptable level is reached.
For COsJ, the graded-Z shield consists of a 0.22 mm thick layer of tin and a
0.4 mm layer of copper. In general, aluminum is included as a third layer,
but the aluminum top of the cryostat, with an average thickness of 0.75 mm,
serves as the final COSI graded-Z layer.

333 ELECTRONIC READOUT

Each strip of COSI (37 strips x 2 sides x 12 detectors = 888 strips) has an indi-
vidual readout channel consisting of amplifying and shaping analog electron-
ics. The strip electrode signals (AC-coupled at the cathode and DC-coupled
at the anode) are fed through the cryostat walls on Kapton-manganin flex
circuits and are coupled to low-power, low-noise preamplifiers (Fabris et al.,
1999), which are mounted on the side walls of the cryostat; see Figures 3.14 (b)
and 3.15 (a). The output from each preamplifier is fed into custom-made
pulse-shaping amplifier circuits that consist of two channels: a fast channel
for timing and a slow channel for energy. The fast-timing channel, with a
40 keV threshold, uses a bipolar shaper with a 170 ns rise time to accurately
define the interaction time. The slow-energy channel, with a 20 keV thresh-
old, uses a unipolar shaper with a slow 6 ys shaping time for noise reduction
and accurate pulse height determination. There is one “card cage,” shown
in Figure 3.15 (b), assigned to each detector that provides the high-voltage
power to the GeD, delivers the power for two preamplifier boxes, and con-
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Figure 3.14:

(a) Photograph of COSI cryostat with shields attached.

Cryostat shell

Vacuum/' 3 3

service tube HV feedthrus

Cryocooler Preamps

(b) SolidWorks drawing of COSI cryostat.

(a) Photograph of the cryostat with four surrounding shields. The PMTs
from the closest Csl shield are visible on the right side. The fan placed
on top of the cryostat is used for cooling the cryocooler during ground
operations before the liquid cooling system is installed. The graded-Z
shield has been removed in the photo. (b) Labeled SolidWorks model
of the cryostat in the same orientation as (a) with two of the side Csl
shields removed. The top of the cryostat is made transparent so the GeDs
are visible inside.
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Figure 3.15: (a) The low-noise, low-power preamplifier boxes, which are 1”7 thick,
mount directly to the COSI cryostat. The full preamp box is shown on
the left. The preamp boards (right) have 10 channels per board, and there
are four boards per box (middle). (b) The COSI card cages contain the ana-
logue pulse-shaping amplifier circuits, in addition to the high voltage
supply and DSP board. One of the analogue boards in this photograph
is pulled out of the box and shows the 10 channels per board. There is
one card cage per GeD.

tains the analog shaping electronics for each strip on that detector. The card
cages only trigger on events in which both an X and Y strip are activated.

A low-power, dual-core, single-board flight computer controls the basic
operations of the gondola. It communicates with the card cages via ether-
net, through which it receives science and housekeeping data, and sends out a
10 MHz clock signal for the event timing in the card cages. Raw data is stored
on three redundant 1 TB flash drives and the flight computer does a rudi-
mentary on-board analysis to parse out interesting science data, i.e. possible
Compton events or triggered gamma-ray bursts (GRBs), for real time teleme-
try. The flight computer communicates with the cryocooler controller, CsI
shield controller, GPS system, twelve card cages, and the rest of the gondola
sub-systems.
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334 GONDOLA AND OTHER SYSTEMS

The three-tiered aluminum frame structure of the COSI gondola is designed
to be lightweight and simple for ULDB flights; see Figure 3.16 for a labeled
picture of the entire gondola with the foam side panels removed. The cryo-
stat and Csl shields sit in the top layer, where the large FOV of COSI circum-
vents any pointing requirements. All of the flight electronics, including the
card cage electronics, flight computer, and power distribution, are mounted
in the thermally-insulated middle tier. Three aspect systems enable us to ac-
curately reconstruct our pointing throughout the flight. A Magellan ADU5
differential GPS is our main aspect system and a Trimble BX982 GPS and Ap-
plied Physics Systems Model 544 magnetometer are flown as backup systems
for redundancy.

The Columbia Scientific Ballooning Facility (CSBF) provides the power sys-
tem for the COSI flights. A peak power of 1500 W is provided by 15 SunCat
Solar panels, placed at 34° orientation for the Wanaka, New Zealand, latitude.
At a weight of ~600 1b, 24 Odyssey PC1100 batteries provide 480 Ah at 24V,
which, with our average power consumption of ~450 W during flight, allows
for 15+ hour night cycles. The power system is complete with a Charge Con-
troller from MPPT by Morningstar Corporation.

Three types of telemetry through the CSBF Support Instrument Package
(S1p) are used for in-flight commanding of the flight computer and data down-
link. Two line-of-sight (LOS) L-band transmitters with a rate of 512 kbps each
allow for high-throughput in the first few hours of flight. Two Iridium Pilot
antennae using the Iridium Openport Satellite relay network are the main
telemetry route for COSI with 130 kbps each. As a backup, the Iridium dial-
up network can be used at a rate of up to 2 kbps. See Figure 3.17 for the
placement of the flight antennae, highlighted in red, and the COSI GPS anten-
nae, as well as the placement of the CSBF cameras. To ensure a uninterrupted
data set, a program was developed to search the down-linked data and fetch
any dropped packets. The average COSI science data rate was ~ 60 kbps in
the 2016 flight, while count rates in the GeDs were on average ~50 cts/s.

3341 THERMAL DESIGN

Like any space environment, the thermal environment for a balloon flights
needs to be designed carefully. Through detailed thermal modeling of all gon-
dola subsystems, one can predict the temperatures in flight and thus design
insulation and thermal-links to keep all systems within their specified tem-
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perature range. The range of ambient temperature for a mid-latitude flight
can be between -100 to 80 °C, but most electronics operate at a minimum of
-40 °C and a maximum of 70 °C. See Table 3.2 for an overview of the tem-
perature limits for each of the COSI sub-systems. The COSI thermal design
consists of passive foam insulation, CHO-THERM pads and thermal grease
for better thermal conductivity, and heaters for critical components. There
are 68 LM335 temperature sensors positioned around the COSI gondola and
instrument to carefully monitor the temperature during operations.

The cryocooler dissipates a large amount of power and requires a more
sophisticated heat rejection scheme than the radiation that all other compo-
nents rely on. A liquid cooling system using 3M Novec HFE-7200 fluid is uti-
lized to actively cool the cryocooler. The fluid is pumped through a custom-
built crycooler collar and sleeve, shown in Figure 3.18 (a), and into a 1'x4’
copper radiator where the heat dissipates. The radiator is mounted at the
back of the gondola frame and is shown in Figure 3.18 (b). Mounted on the
radiator is a 1.8 L liquid reservoir, and the liquid is transported to and from
the cryocooler in flexible Tygon tubing. Two redundant Fluid-o-Tech FG200
pumps are mounted on the underside of the radiator and separated with a
check-valve. The pumps have a tunable pumping speed that allows for a tun-
ing of the heat-rejection efficiency. The performance of the active cooling
system and the thermal design will be discussed in Chapter 5, which gives an
overview of the 2016 COslI flight.

The top two tiers of the gondola are surrounded in Polystyrene insulat-
ing foam wrapped in aluminized mylar. The foam, which is 2” thick on the
front and back (where front is defined as the sun-pointing side) and 1” thick
on the sides and top of the gondola, entirely encloses the gondola frame. Be-
neath this foam, the gondola has powder-coated aluminum side panels that
provide further thermal insulation and radio-frequency isolation to the elec-
tronics bay. The GPS antennae, the radiator fluid reservoir, and pumps are
positioned outside of the gondola-enclosing foam box and have individual 1”
thick foam boxes surrounding them. To better insulate a few temperature-
sensitive components in the electronics bay, namely the flight computer and
the ADU5 GPS control box, a 1”7 piece of foam was placed on top of the indi-
vidual boxes, and additionally for the flight computer, a 1/4” layer of foam
was placed underneath.
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Component Nominal Temp. Limit Heater ~Thermostat
Power [W] Cold Hot[°C] (W] Temp. [°C]
Flight Computer 36 0 55 18 10/15
PDU 10 -40 60 - -
Ethernet Switch 6.4 -40 80 - -
GPS - Power Box 2 -40 90 - -
GPS - ADU5 6 -20 55 18 -30/-20
GPS - Trimble 3.8 -40 70 - -
Magnetometer 0.3 0 70 - -
Pump Box 9 -40 70 - -
Pump 0.02 -40 70 36 -40/-30
Heater Box 0 -40 100 - -
Cryocooler Plate 47 -40 70 - -
Cryocooler 100 -20 70 - -
Shield Box 11 -40 85 - -
Shields (6x0.35) -50 45 - -
Card Cages (12x18) -55 60 72 -35/-25
Preamps (24x1) -40 70 - -
Cryostat 126 -20 70 N/A

Table 3.2: Power estimates and temperature limits for the COSI systems. The shields,
card cages, and preamps have the number of units and individual power
consumption written in parentheses. The 126 W listed for the cryostat
is the sum of the power from the cryocooler, all of the preamps, and the
shields. Kapton heaters with the available listed power were put on compo-
nents that had high minimum temperature or were vital to the instrument
operations. These heaters were turned on/off at the temperatures listed,
with a thermostat-like software control.
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___ -— P A\

(b) Top of the cosI gondola showing the radiator and reservoir.

Figure 3.18: (a) Photograph of the cryocooler and cryostat immediately after integra-
tion. The copper sleeve and collar around the cryocooler have fluid lines
for the active cooling system. (b) The radiator and cryostat integrated
into the gondola before flight. The radiator mounts along the back of
the gondola with fluid lines running to the crycooler collar and sleeve
shown in (a). The reservoir is front and center, while the pumps control-
ling the liquid cooling system are mounted on the bottom of the radiator
and not visible here.
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34 PREVIOUS FLIGHTS WITH COSI AND NCT

COSTI’s precursor instrument, the Nuclear Compton Telescope (NCT), had two
successful flights from Fort Sumners, New Mexico, in 2005 and 2009. During
the 5.5 hour NCT prototype flight, in which only 2 GeDs were flown, the instru-
mental 7y-ray background was measured (Bowen et al., 2006; Bowen, 2009).
NCT was flown again in 2009 with 9 operational GeDs. The flight lasted 39
hours and resulted in a 4 ¢ detection of the Crab Nebula, the first detection
of an astrophysical source by a compact Compton telescope (Bandstra et al.,
2011; Zoglauer & Boggs, 2013).

A third flight of NCT was attempted in 2010, but the payload suffered a
launch mishap; while the detectors and most of the readout electronics were
unharmed, the gondola was completely destroyed. The NCT collaboration
used this opportunity to redesign the instrument and optimize it for ULDB
flights and polarization sensitivity. The upgraded design has twelve detec-
tors and a modified configuration to increase the effective area. A mechani-
cal cryocooler is now used to maintain low GeD temperatures instead of the
conventional consumable LN2. The old BGO scintillator shields were traded
in for Csl shields that were a better mechanical fit to the new cryostat design.
The gondola was simplified with a fixed-zenith design. And finally, with these
major upgrades came the new name: the Compton Spectrometer and Imager.

The newly designed COSI gondola was first flown from McMurdo Station,
Antarctica, in December 2014. NASA’s new Super Pressure Balloon (SPB) (Sec-
tion 5.1.1) has been in development for decades, and this was the first flight
that allowed a science instrument onboard as a Mission of Opportunity. It
was expected that the flight would last for weeks and that the instrument
would leave the continent and float north; however, a leak in the balloon
caused the flight to be terminated after just 43 hours. The quick termination
allowed for a recovery of the entire instrument before the end of the Antarc-
tic summer season, which enabled the COSI team to have a quick turn-around
before setting out on campaign again in early 2016.

35 MEGALIB ANALYSIS TOOLS

The analysis software used for COSJ, its precursor NCT, and a number of other
y-ray instruments, is the Medium Energy Gamma-ray Astronomy library
(MEGALib) (Zoglauer et al., 2006). MEGALlib contains a suite of tools: geomega
is used to create a realistic mass model of the instrument; nuclearizer con-

86



Raw Data (ADC,
timing, strip ID)

<4

Hits (energy
and position)

<4

Events (Compton,
single-site, etc.)

<4

Spectra,
images, etc.

Figure 3.19:

3.5 MEGALIB ANALYSIS TOOLS

Real Source Detector
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Geometry, detector, and .
trigger description Detector effects engine

Introduce realistic detector response (noise,
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Nuclearizer: Calibration

+ Convert measure parameters to energy and position
- Combine measurements into individual hits

Revan: Event reconstruction
* Analyze the individual hits and combine into reconstructed events
+ Define and qualify the events

Mimrec: High-level data analysis

- Event selection of all performance parameters of Compton telescopes
- List-mode likelihood image reconstruction

+ General Compton detector analysis

* ... and many more

The MEGAIib software package (C++, ROOT, Geant4)

Flowchart for the MEGALib software package (Zoglauer et al., 2006). The
simulations, based on Geant4, take the same path through the analysis
pipeline as the measured raw data. The programs are written in C++
using ROOT (Brun & Rademakers, 1997).
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3.5 MEGALIB ANALYSIS TOOLS

tains a detectors effects engine (DEE) that allows one to convert simulated
data into realistic events; cosima is used for simulations of the detector re-
sponse to arbitrarily complex 7y-ray sources; revan performs the Compton
event reconstruction of data and simulations alike; and mimrec allows for
image reconstruction and higher level analysis. In addition, an automated en-
ergy calibration programmelinator hasbeen recently developed and is used
for the energy calibrations discussed in Section 4.2. The analysis path is the
same for real and simulated data; see Figure 3.19 for a flowchart describing
how these programs fit together. These programs will be discussed in further
detail below.

351 GEOMECGA

The COSI mass model is built in the geomega program. The mass model is
a geometrical representation of the instrument to be used with MEGAIib sim-
ulations and analysis. In geomega, one defines the volume of each compo-
nent, the material composition, and whether the part is an active detector,
with given sensitivity and trigger criteria, or passive material. An accurate
representation of the material surrounding the detectors is necessary to for
accurate simulations and detector response matrices and the mass model is
based on the COSI SolidWorks model to confirm that the dimensions and
masses are correct. Figure 3.20 (a) shows the mass model of a single COSI
GeD created in geomega, and Figure 3.20 (c) shows the full cryostat, which in-
cludes the twelve GeDs, and the shields, PMTs, preamps, cryocooler, etc. There
is another version of the COSI mass model that includes the entire gondola
structure, but to save on simulation time, this is not often used.

352 COSIMA

The cosmic simulator for MEGAlib, cosima, is a simulation tool based on
Geant4 (Agostinelli et al., 2003), a Monte-Carlo tool developed by CERN that
tracks the passage of particles through matter. The input to cosima is a spec-
tral and spatial description of a source (photons or particles) and the program
preforms a simulation of how the particles will interact in the geomega mass
model. The simulation output contains the energy and positions of photon or
particle interactions within the detector. A wide range of spectral and spatial
models are included as predefined functions; however, the user can include a
file describing an arbitrary source.
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(a) geomega model of single GeD. (b) SolidWorks model of single GeD.

(c) geomega model of cryostat and shields. (d) SolidWorks model of cryostat and
shields.

Figure 3.20: (a) A single COSI GeD built in geomega based on Solidworks model
is shown in (b). In the geomega drawing, the germanium crystal is red
and the detector board and mechanical mounts are a variety of colors. (c)
The geomega model of the COSI cryostat and surrounding shields with
each component displayed as wire frames. All measurements are based
on the SolidWorks model, shown in (d).
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A recent addition to the cosima program is the inclusion of orientation. A
file containing the aspect information for an instrument can be loaded and
the source position can be defined in Galactic coordinates. The aspect infor-
mation can be used to determine where the source is in the instrument’s FOV
at all times, and the Galactic coordinates are modeled by a rotating celestial
sphere around the instrument mass model. cosima can also take into account
the atmospheric attenuation, where the effective column density is based on
the NRLMSISEOO model (Picone et al., 2002) and a simple Monte-Carlo sim-
ulation is used to “attenuate” the incident photons. With these two relatively
new additions, cosima is capable of performing simulations that are accurate
representations of flight conditions.

Instrument activation from the bombardment of cosmic-rays in space-like
environments can also be simulated in cosima. This will be discussed fur-
ther in Section 7.3.1 when we give a detailed description of the background
simulation performed to reproduce the emission detected in the 2016 COSI
flight.

353 NUCLEARIZER

nuclearizer is the detector calibration program. The raw data from COSI
is in the form of analog-to-digital converter (ADC) values for the peak height,
timing between the strips on the AC and DC side of the detector, in addition
to the Strip and Detector ID in which the pulses are measured. In order to
perform Compton event reconstruction, the energy and position of each in-
teraction must be determined. This is done through instrument calibrations.
The raw data from the flight computer is loaded in nuclearizer, and the
calibrations are applied to convert the ADC into energy and the timing into
depth of interaction. A flow chart showing the instrument calibrations in
nuclearizer is shown in Figure 3.21 and this will be discussed further in
Chapter 4.

To make the cosima simulations more realistic, a detectors effects engine
(DEE) has been included in nuclearizer. The DEE applies the inverse of the
instrument calibrations, converting the simulated energy into an ADC and the
depth of interaction into timing, so that after the DEE is applied, the simulated
data will look almost exactly like the raw data. The electronic thresholds and
any dead strips are also included in the DEE. When reading in a simulation
file in nuclearizer, first the DEE is applied and then the simulated data can
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Nuclearizer

raw data: ADC, timing,
Strip ID, Det. ID

( ADC to Energy )
( Strip Pairing )
@ross-talk CorreotioD
C Depth Calibration)
( Event Saver )

hits: energy and position

Figure 3.21: Flowchart for the nuclearizer calibration program implemented for
COSI. Each red block represents a seperate instrument calibration mod-
ule and the full process converts the measured raw data into hits, with
energy and position.

go through the same calibrations as shown in Figure 3.21. The rest of the
analysis pipeline is then identical for simulations and real data.

354 REVAN

revan is the real event analyzer for MEGAIib, which performs the event re-
construction. After nuclearizer, all interactions have an energy and inter-
action position, and revan matches coincident events and reconstructs the
Compton path, as discussed in Section 3.2.3. In general, revan also can han-
dle the event reconstruction of electron tracking Compton detectors and pair
conversion telescopes that are commonly used for detection of higher ener-

gies y-rays.

355 MIMREC

All higher-level analysis is done through the image reconstruction program
mimrec. mimrec is used to make images, spectra, ARM distributions, and light

91



3.5 MEGALIB ANALYSIS TOOLS

curves of observations. Additionally, there are a variety of useful analysis
tools contained in mimrec: histograms of the Compton scatter angle, distri-
butions of the distance between interactions, exposure maps, plots of the az-
imuthal scatter angle distribution for polarization analysis, and many more.
MEGAIib also allows for user-defined stand-alone programs that can be ex-
tended past the routines contained in mimrec.

3551 EVENT SELECTIONS

In Compton telescopes, a careful choice of event selections can significantly
improve detection sensitivity. The main event selections available inmimrec
are:

« total energy of 7y-ray - Selecting the range of allowable energies can con-
fine one’s analysis to a single 7y-ray line, or exclude specific background
lines, e.g., 511 keV.

« Compton scatter angle (¢) - The Compton scatter angle of the first inter-
action has a large effect on the quality of the event. Backscatters, with
¢ > 90°, are generally harder to reconstruct, so limiting ¢ to less than
90° can reject these lower-quality events.

« minimum distance between the first interactions - The distance, measured
in cm, between the first two interactions is the lever arm of the Comp-
ton cone; with alonger baseline, the direction of the y-ray can be more
accurately determined. For most analyses, this is chosen to be 0.5 cm.

« minimum distance between any two interactions - When the distance be-
tween two sequential interactions is small, it can be more difficult to
properly reconstruct the event. By limiting this distance to a minimum
of 0.3 cm, considering the width of the strips in COSI is 0.2 cm, poorer
quality events can be excluded.

o length of Compton sequence - The number of allowable interactions can
be selected, where a length of 2 corresponds to a 2-site event, i.e., one
Compton scatter followed by a photoabsorption interaction. For COS],
this is generally chosen to be 2-7, since very few events have more in-
teractions.

« earth horizon cut (EHC) - The EHC rejects any event whose Compton
circle overlaps with the horizon. This is the most rigorous method to
reduce the background from albedo radiation during flight.
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« origin cut selection - A selection can be made on alocation in image space,
within a given radius, which can be used when the source location is
known. Only the Compton circles which overlap with this origin se-
lection will be kept. This selection can be used in spherical, Cartesian,
or Galactic coordinates.

+ pointing selection - A pointing selection can be made for a certain Galac-
tic latitude and longitude and a certain radius, and only the events de-
tected when the instrument’s zenith is within this pointing cut are saved.
This is used for flight data (when the aspect information is known) to
exclude times when a source is outside of the FOV.

+ good time interval (GTI) - A GTI can be used to restrict the observation,
either set as a time range in UTC or by uploading a file including a list
of “good” time intervals. These intervals are used to reject times of low
altitude, high-background, or when the instrument is not in nominal
operation.

356 MELINATOR

melinator is MEGALib’s line calibrator, which performs an automated energy
calibration. This will be further discussed in Section 4.2.
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CALIBRATIONS OF THE COMPTON
SPECTROMETER AND IMAGER

Through instrument calibrations, we convert the measured detector parame-
ters into the physical parameters necessary for Compton event reconstruc-
tion, namely the energies and positions of interaction. The resolution to
which we can determine the positions and energies affects the accuracy of
the event reconstruction and, in turn, the sensitivity and angular resolution
of the telescope. Therefore, it is extremely important to properly calibrate a
Compton telescope to reach optimal performance.

In this chapter!, we will give an overview the COSI calibration pipeline in
Section 4.1 and discuss how the calibration models for each step have been
determined through laboratory measurements in Section 4.2-4.5. Once the
instrument has been calibrated, we can establish its higher-level performance
and we will conclude this chapter with an overview of angular resolution,
effective area, and polarization response in Section 4.6.

41 OVERVIEW OF INSTRUMENT CALIBRATIONS

The parameters available from the detector readout electronics are the peak
height, which is in ADC channel value, the pulse timing from the anode and
cathode strips, the Detector ID, and the Strip ID. By performing detector cal-
ibrations, we can determine the conversion between these parameters and
meaningful physical values: the interaction energy and position. The COSI
instrument calibration pipeline is a six step procedure in nuclearizer (Fig-
ure 3.21):

Some of this chapter is based on a previous publication "Calibration of the Compton Spec-
trometer and Imager in preparation for the 2014 balloon campaign” by Kierans et al. (2014).
©2014, Society of Photo-Optical Instrumentation Engineers (SPIE). Reprinted with permis-
sion.
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1. Load Data - the measured data for one event can contain multiple active
strips in multiple detectors; for each activated strip there is the Strip ID,
Detector ID, ADC, and timing information.

2. Energy Calibration - the ADC peak height measured from each activated
strip is converted to a measure of deposited energy in keV.

3. Strip Pairing - the activated strips on opposite sides of the detector are
“paired” after the correct combination is determined.

4. Cross-Talk Correction - the signal-enhancing effect for neighboring ac-
tivated strips is corrected.

5. Depth Calibration - the 3D position of the interaction is determined in
reference to the mass model from the Strip ID, Detector ID, and signal
timing.

6. Save Data - each event is saved. Single-site events will be described by
one energy deposit and one 3D position and multi-site events will con-
tain multiple energy deposits in multiple positions and even in multiple
detectors.

The calibration of the instrument predominately involves defining the cor-
rect conversion for energy-to-ADC and timing-to-depth. These conversions
are determined through thorough laboratory measurements. Additionally,
the results of the calibrations are used in the DEE of our simulation software,
which enables us to mimic the attributes of our detectors in simulations, thus
creating a more accurate instrument model.

In order for COSI to perform diffuse spectroscopic imaging in wide field
surveys, we need to fully understand the sensitivity and angular resolution
over the entire FOV of the instrument. Extensive measurements and simu-
lations of the integrated instrument are needed to properly benchmark the
simulations and understand the detector response. These higher-level instru-
ment tests are discussed in Section 4.6.

All laboratory calibration measurements are done with sealed Type D disk
y-ray sources from Eckert & Ziegler. A list of the COSI 7y-ray calibration
sources and relevant information is listed in Table 4.1.
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Source  Half-life Activity* [uCi] Energy [keV ] (BR)

2lAm  432yr 99.4 59.54 (0.36)
5Co 271d 2.18 122.06 (0.86)
136.47 (0.12)
18BBa 10.7yr 8.64 81.00 (0.33)
276.40 (0.07)

302.85(0.18)
356.01 (0.62)

383.85 (0.09)
2Na 2.6 yr 6.34 511.0 (0.90)
1274.54(1.0)
187Cs  302yr 91.0 661.66 (0.85)
8y 107d 18.7 898.04 (0.94)
1836.05 (0.99)
0Co 53yr 58.3 1173.23 (0.99)
1332.49 (0.99)

Table 4.1: The -y-ray sources used in the COSI instrument calibrations with the most
prominent “y-ray lines and branching ratios listed. The listed activity is
valid for 7 March 2016, which was the start of full instrument calibration
measurements during the COSI Wanaka campaign.

411 LABORATORY CALIBRATION STRUCTURE

In order to have accurate and reproducible placements of the laboratory cal-
ibration sources, an 80-20 frame structure was designed with translation in
the horizontal and vertical direction to cover the COSI FOV; see Figure 4.1.
The range of translations allows for virtually all positions in the FOV to be sam-
pled, except for a ~3 cm wide region in the corners of the structure. Clear plas-
tic holders for the y-ray sources, with an open window for the active region,
were designed to mount to the support structure. All calibrations were per-
formed with a fully integrated instrument with the -y-ray calibration sources
mounted in the 80-20 structure, unless noted otherwise.
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(a) SolidWorks model of 80-20 calibration structure. (b) Photograph of calibration
structure.

Figure 4.1: (a) SolidWorks model of the 80-20 calibration structure mounted on
top of the gondola. (b) Photograph of the calibration structure during
calibrations. Rulers with mm markings attached to each translation bar
are used for precise and reproducible source placement. The structure
allows for three sources to be accurately placed in the FOV simultaneously.

42 ENERGY CALIBRATION

When a 7y-ray scatters in a GeD, the recoil electron will create an equal num-
ber of electrons and holes, where the number of electron-hole pairs is directly
proportional to the initial energy of the recoil electron (2.96 €V per e-h pair).
Under the presence of an electric field, the electrons and holes will drift in
opposite directions along the field lines, and it is this motion that induces a
signal on the anode and the cathode segmented electrodes. Therefore, the out-
put of the slow shaping channel, an ADC channel value which corresponds to
the peak height of the induced signal, is approximately proportional to the en-
ergy deposited. Small deviations from linearity occur due to the response of
the germanium and the shaping electronics. To achieve a good understanding
of the conversion from ADC channel to energy, we sample the energy range
of the detectors with 10-15 nuclear lines of known energy (Table 4.1).

For the energy calibration measurements, radioactive sources are placed in
the 80-20 calibration structure ~50 cm above the cryostat to evenly illuminate
all detector strips. For the lower energy sources with 7y-ray lines < 400 keV,
ie., 241 Am, 57Co, and 133Ba, the mean free path of the radiation through ger-
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Figure 4.2: (a) Energy calibration data for DC strip 13 on Detector #0 from
melinator. The spectrum from each calibration measurement is super-
imposed and the photopeak lines are automatically found and fit. (b) With
the photopeak centroid of each <y-ray line found in (a), nelinator fits
the energy-ADC relation to determine the calibration model. The fit resid-
uals, which are less than 0.4 keV, are shown in the right.

manium is much smaller than the depth of a single HPGe crystal. We achieve il-
lumination of the bottom and middle detectors by positioning the low-energy
source at the edge of the cryostat aligned with the gap between the detector
planes. All measurements are taken for each source independently.

By measuring the ADC value for y-ray lines of known energy, we can find
the appropriate conversion between the two parameters for each detector
strip. Due to the large number of required line fits for this analysis (888 strips
with 2 10 lines each), the COSI team developed an automated line calibration
program within MEGAIlib. melinator parses the calibration measurement
files to find the spectrum of each source measured by each strip, automati-
cally finds and fits the lines, and determines the calibration model describ-
ing the conversion from ADC to energy for each strip. To precisely find the
centroid and FWHM of the measured energy lines, the spectra are fit with a
phenomenological model: a delta function plus an exponential tail convolved
with Gaussian noise (see Bandstra, 2010, Eq. 6.6).

Figure 4.2 (a) shows the raw ADC spectrum from the seven 7y-ray calibra-
tion sources superimposed inmelinator. Withatleast 10 nuclear lines within
the COSI single-strip energy range, melinator automatically fits the result-
ing ADC-energy relation, shown in Figure 4.2 (b), with an empirical model to
account for non-linear deviations; in the current implementation of the cali-
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Figure 4.3: (a) The single-strip energy resolution measured as the FWHM of the 13’Cs
line at 662 keV for all of the 888 strips in the twelve COSI GeDs. The AC
and DC strips have been plotted separately. The average single-site en-
ergy resolution of the COSI GeDs is 2.9 keV, or 0.4% at 662 keV. (b) The av-
eraged single-strip energy resolution as a function of energy as measured
by COSI. The error bars are (T/ \/N and the relation is fit with v = Axk,
where k is found to be -0.9.

bration we use a 3rd or 4th order polynomial. Although the program is auto-
mated, the calibration result for each strip is manually checked for poor line
tits which could degrade the calibration model. The output of melinator is
a file that contains the best-fit polynomial description of the energy calibra-
tion for each strip, which, used as an input into the energy calibration module
innuclearizer, allows for the energy to be evaluated at any measured ADC
value.

An important measure of strip and detector performance, and validation
of our energy calibration, is the measured energy resolution of each strip. A
histogram containing the energy resolutions of all 888 strips in the twelve
COSI GeDs is shown in Figure 4.3 (a), where the resolution is defined as the
FWHM of the melinator line fit at 662 keV. The AC and DC strips have
been plotted separately and a slight difference is seen in the two populations.
The average single-strip energy resolution of the DC strips is 2.86 keV, com-
pared to 2.95 keV for the AC strips. It is thought that the small degradation
of the AC strip resolution is due to electron trapping within the HPGe crystals.
Combining the AC and DC strips, the average single-strip energy resolution
of COSIis 2.9 keV FWHM, or 0.4%, at 662 keV, and the standard deviation is
0.6 keV. Figure 4.3 (b) shows the averaged single-strip energy resolution as
a function of the energy.
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Sources UTC Run Time Average Preamp Temp [°C]
137Cs & 21Am  April 23rd, 2016, 16:36-17:06 12.1
137Cs & 21Am  April 3rd, 2016, 17:43-18:23 14.6
137Cs & 21Am  April 1st, 2016, 18:40-19:40 26.2
137Cs & 2'Am  April 3rd, 2016, 12:50-13:30 18.7
187Cs & 21Am  April 23rd, 2016, 08:06-08:36 34.1

Table 4.2: Date and times for the preamp temperature dependence measurements.

421 TEMPERATURE DEPENDENCE

A surprising realization made shortly before the Wanaka campaign was that
the COSI preamplifier boards, which have been flown in three previous bal-
loon campaigns, are temperature sensitive. It was confirmed with bench-top
measurements that the preamp circuit could induced a peak shift of up to
0.5 keV/°C at 662 keV. Considering the temperature variations expected in
flight, it is vital that the temperature effect is well characterized to maintain
the excellent energy resolution necessary for the scientific success of COSI. To
properly record the temperatures so an accurate correction can be applied,
the COSI team added 24 new temperature sensors to the system so that each
preamp could be monitored individually.

As with the energy calibration, the temperature correction is determined
for each strip. To perform these calibration measurements in Wanaka, the
ambient temperature in the hangar was significantly reduced on three sep-
arate occasions once the instrument was fully integrated so all strips could
be calibrated simultaneously. We preformed the measurements with 137Cs
since the count rate and penetrating power of the source allow for a determi-
nation of the 662 keV peak position for each strip within ~30 min. We also
included the 241 Am source for these measurements to check the energy de-
pendence of the gain shift. Table 4.2 lists the five measurement times used for
this calibration and the average preamp temperature for each.

Preforming the line fits in melinator, we find a linear relation between
the preamp temperature and the ADC peak location. Figure 4.4 shows the
measured ADC peak centroid of the 662 keV line as a function of the preamp
temperature for the randomly chosen Strip 21 of Detector #0. Because of this
linearity, we can define our temperature correction to be a simple offset, as
measured as a percent of the energy, which depends on the preamp tempera-
ture. Within the energy calibration module in nuclearizer, we have added
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Figure 4.4: Measurements of the ADC shift for the 662 keV line of '*’Cs as a function
of temperature for each of the runs listed in Table 4.2. The linear fit to
the data gives the temperature correction for this one strip: DC strip 21
of Detector #0.

a correction that shifts the ADC to what the preamps would have measured
without any temperature sensitivity. One difficulty with this correction is
that it requires that all of the standard ADC-energy calibration measurements
be preformed at the same temperature. Since the temperature in the hangar
would naturally vary during day-night cycles, we used the hangar’s climate
control to keep the ambient temperature within a degree or two through long
night measurements for the energy calibrations.

Figure 4.5 shows the spectra for the 137Cs 662 keV line from a calibra-
tion run when the temperature varied from 11-20° within one hour. The full
spectrum is shown with and without the temperature correction in (a) and (b),
respectively. Without the temperature correction, a Gaussian fit to the line
gives a centroid at 665.160+0.002 keV and line width of o = 1.913+0.002 keV,
where the errors are from the fit function. This line is broadened and shifted
toahigher energy due to the lower temperatures of this calibration run. When
the correction is applied, as shown in Figure 4.5 (b), we now obtain a line cen-
troid at 661.046+0.002 keV with a width of o = 1.634+0.003 keV. Though
our corrected line is slightly lower than the expected 661.7 keV, it is a signif-
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Figure 4.5: (a) For an hour long calibration measurement where the ambient temper-
ature ranges between 11-20°, the line centroid is measured at 665.2 keV
due to the temperature-dependent preamplifiers. (b) When the tempera-
ture correction is applied, the line is narrower in width and the center is
shifted to 661.05 keV.

icant improvement upon the uncorrected value, reducing the relative differ-
ence from 0.5% to 0.1% of the correct line centroid.

43 STRIP PAIRING

The interaction location in cross-strip GeDs is determined by the activated
strips. The orthogonal strips allow for the position of the interaction to be
determined by the cross section of the strips, as Figure 4.6 (a) illustrates for a
single scatter. If two interactions occur simultaneously in the same detector,
there are two possible combinations of strip-pairs that could define the posi-
tions of the two interactions; see Figure 4.6 (b). The strip pairing calibration
module in nuclearizer determines which combination is more probable
to describe the interaction positions, which are then called “hits.” The most
straightforward way to do this is to compare the energy deposited on all of
the strips. An ideal interaction will result in the two corresponding strips
measuring the same amount of deposited energy. However, in a real detec-
tor it is not this simple. Dead strips, poor energy resolution, high thresholds,
cross-talk and charge sharing events can all affect the outcome of the pairing
algorithm.

Figure 4.7 shows the results after the strip pairing algorithm has been ap-
plied to a calibration measurement with a 22Na source. For a perfect pairing,
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(a) One interaction with a single GeD. (b) Two interactions within a single GeD.

Figure 4.6: (a) With one interaction in the detector volume, the cross section of the
two active strips, colored green, gives the interaction position which is de-
noted by the red square. (b) If two interactions occur in one detector, then
both the red and orange squares are possible combinations of interaction
positions that result in the same four activated strips. The true pairing is
determined by matching the energies of the activated strips which identi-
fies the red squares as the correct hit positions.
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Figure 4.7: The result of COSI’s strip pairing algorithm for a 22Na calibration source.
The n-side and p-side energy, corresponding to the anode and cathode
of the detector, should be equal for a correct pairing. This source has
two lines: at 511 keV and 1.27 MeV, which can be seen here as hot spots.
The horizontal and vertical lines originating from these energies are from
charge-loss. The offsets to the right and above the measured 1.27 MeV
point are due to cross-talk.
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4.4 CROSS-TALK AND CHARGE-LOSS

the measured energy on both sides of the detector, denoted here by n-side and
p-side, would be equal. In addition to showing that the strip pairing algorithm
performs well, this figure reveals much about the response of our instrument.
The 22Na source has two y-ray lines, at 511 keV and 1.27 MeV, and the hot
spots at these energies result from single photoabsorption events; everything
else along the n = p line is from a multi-site event when the full y-ray energy
in not deposited on a single interaction. The horizontal and vertical lines orig-
inating from the photoabsorption hot spots at 511 keV and 1.27 MeV are due
to charge-loss, whereas the offset points to the right and above the measured
single-site energies, especially obvious in the higher-energy hot spot, are due
to cross-talk. These two effects will be further discussed in the next section.

44 CROSS-TALK AND CHARGE-LOSS

More difficulties arise when dealing with the spectra of multi-strip events.
The energy spectrum is degraded primarily through two phenomena: cross-
talk between adjacent electronic channels and charge-loss in the 0.5 mm gap
between strips. Figure 4.8 shows the full instrument spectrum of the 662 keV
line of a 137Cs calibration source after the strip pairing algorithm. We expect
a single narrow Gaussian centered at 661.7 keV, which is indicated with the
vertical blue line; however, there is structure from cross-talk seen at higher
energies and a low-energy tail from charge-loss. These two effects are fairly
well understood and we have implemented the corrections developed for past
NCT calibrations (Bandstra, 2010).

We measure significant cross-talk when interactions occur on neighboring
strips of our GeDs. Due to the proximity of an activated strip, a neighboring
strip will measure an artificially enhanced energy. Often, the resulting en-
hancement in energy is not seen since it is below the threshold of the neigh-
boring strip, but when two neighboring strips have significant charge collec-
tion, then the effect becomes apparent. This is seen in the fully-reconstructed
Compton spectrum of a 137Cs source shown in Figure 4.8, where we expect
the emission peak to be centered at 661.7 keV. The bump at ~670 keV is due
to cross-talk. Cross-talk occurs for single-site and multi-site events regard-
less of the underlying interaction.

To determine the cross-talk correction factor we isolate only the multi-site
events that have two activated neighboring strips on one side of the detector
and two non-adjacent strips on the other side. Looking only at these events,
we find the enhanced measured energy is very well determined by the total
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Figure 4.8: Full multi-site energy spectrum after strip pairing algorithm.

energy deposited. By using the seven y-ray calibration sources, we can find
the energy enhancement as a function of line energy, and since it is fortunately
a linear effect, we can easily correct for this. The results of these calibration
measurements are a linear correction for each side of each detector, for both
neighboring and next-nearest-neighbor strips.

Figure 4.9 (a) shows the measured enhancement for the DC-side of Detec-
tor #6. Fitting a line to these two relations gives the expected cross-talk en-
hancement for any deposited energy. To recover the true energy of the inter-
action, we simply subtract off this known offset for any interaction measured
in the GeDs that results in two adjacent or near-adjacent activated strips. Fig-
ure 4.9 (b) shows the same spectrum as Figure 4.8 but now with the cross-talk
correction applied. A narrow Gaussian line at 662 keV is recovered.

The COSI GeDs do not show significant charge-loss on the DC side of the
detector. Although the reason for this is not entirely understood, to mitigate
the degradation of measured energy from charge-loss, the energy measured
on the DC side of the detector is used for every interaction. Therefore, even
though previous NCT calibrations have included a correction for charge-loss,
we find it unnecessary.

45 DEPTH CALIBRATION

The X and Y position of an interaction in the COSI GeDs is determined by
the intersection of the activated anode and cathode strips, as shown in Fig-
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Figure 4.9: (a) The measured cross-talk enhancement and linear correction for DC-
side of Detector #6. The cross-talk effect is largest for neighboring strips,
but still is detectable for Skip 1 neighbors. (b) The total multi-site energy
spectrum as in Figure 4.8 but now with the cross-talk correction applied.

ure 4.6 (a). From the strip width of 2 mm, this defines an X-Y pixel size of
4 mm2. The depth of the interaction, however, cannot be directly measured
and thus needs to be inferred from the timing of the signals deposited on the
anode and cathode. The signal collection time difference (CTD) is the differ-
ence between the time when the electrons arrive at the anode and the time
when holes arrive at the cathode. For example, if an interaction occurs near
the anode, the electrons have a much shorter distance to travel and will arrive
before the holes drift through the depth of the detector to be collected on the
cathode. An interaction that occurs within the center of the detector would
lead to an equal arrival time of electrons and holes, resulting in a CTD ~ 0.
This is illustrated in Figure 4.10.

The depth calibration consists of determining the relation between CTD
and the true depth of interaction for each pixel of each detector (372 x 12 =
16428 pixels). As each pixel will have a slightly different response due to the
timing electronics (resulting in a CTD offset) and electric field differences in
the detector (resulting in a scaling of measured CTD), each pixel of each detec-
tor must be individually calibrated. In general, an ideal depth-to-CTD conver-
sion is found for each detector through charge transport simulations; see Fig-
ure 4.11 (a). The detector mass model is used to simulate the expected depth
distribution, which is converted to an expected CTD distribution, or CTD tem-
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Figure 4.10: The measured signal from three interactions at different depths in a COSI
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GeD illustrating the definition of CTD. In the top panel, the interaction
occurs close to the cathode of the detector, and the signal from the holes
arrives before the signal from the electrons, resulting in a positive CTD.
In the middle panel, the interaction occurs near the center of the detec-
tor and CTD ~ 0. With the interaction occurring closest to the anode,
shown in the bottom panel, the electron collection signal arrives first
and a negative CTD is measured. Figure 2 from Coburn et al. (2003).
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Figure 4.11: (a) CTD to depth conversion from charge transport simulations for all

12 of COSIs detectors. Each detector has a slightly different curve due to
the measured thickness of the detector and the high-voltage applied. (b)
The measured CTD from a ¥ Cs source in a single pixel. The red curve is
the fit of the CTD template, which shows a good match to the measured
data. Figures 4 and 5 from Lowell et al. (2016).
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plate, through the ideal depth-to-CTD conversion. The conversion is then
fine-tuned for each pixel by fitting the CTD template to measured CTD data
to obtain the offset and scaling parameters for each pixel; see Figure 4.11 (b).
See Lowell et al. (2016) for a more detailed discussion of the depth calibration
for COSI.

46 HIGHER-LEVEL BENCHMARKING

After the energy and depth calibrations are complete, we can perform reli-
able Compton reconstruction and are able to explore the higher-level perfor-
mance of the telescope. An extensive characterization of the angular resolu-
tion and effective area over the entire FOV of the instrument is critical for the
success of the telescope. The COSI team performed extensive laboratory cali-
brations and simulations to characterize the instrument response and bench-
mark the DEE. The preliminary higher-level performance will be briefly dis-
cussed in Section 4.6.1 and 4.6.2. Additionally, the polarization response of
the instrument needs to be validated in the laboratory prior to launch, and
this will be briefly introduced in Section 4.6.3. See Sleator et al. (2016) for a
comparison of the efficiency and angular resolution from calibration data to
the simulations with the DEE, and see Lowell (2017) for a detailed overview
of the polarization response validation.

461 ANGULAR RESOLUTION

In Compton telescopes, the angular resolution is described by the FWHM of
the ARM distribution, introduced in Section 3.2.5. Understanding the ARM
response over the entire FOV of the instrument is crucial for the wide-field
survey operating mode of COSI. Furthermore, as the angular resolution is
limited by the accuracy of the energy and position determination within the
instrument, the ARM distribution offers a sensitive comparison between data
and simulations. After precise instrument calibrations, any differences seen
between the data and simulations should be accounted for in the DEE.

To preform the angular resolution calibration measurements, the COSI team
took over 20 observations of each 7y-ray calibration source in the COSI FOV,
with the precise location of the source known from the 80-20 structure. By
analyzing the ARM distribution from the -y-ray line sources, we can find the
energy dependence of the telescope angular resolution. We will only present
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Figure 4.12: The FWHM of the ARM distribution gives the angular resolution of the
telescope, which is plotted here as a function of the energy as measured
in calibrations. Two different levels of event selections are shown. The
green open circles show the angular resolution with open event selec-
tions. The angular resolution is dramatically improved wit a 1 cm dis-
tance cut and with the Compton scatter angle ¢ restricted to less than
90°, shown with the purple open squares. The COSI’s angular resolution
is a minimum of 4.5° at ~900 keV.

the preliminary on-axis data here, as the analysis of the full calibration set is
still a work in progress.

We follow a 3-step process to determine the ARM FWHM for each source:
1) fit the measured spectrum to find the Gaussian width of the y-ray line, 2)
apply an energy cut of 1.5 ¢ to select only the photopeak events. 3) make a
histogram of all ARM values and fit with a phenomenological model to find
the FWHM of the distribution. The angular resolution as a function of en-
ergy from on-axis calibration measurements is shown in Figure 4.12. There
are two curves corresponding to two different levels of event selections. The
green curve with open circles has no restrictions on the event selections other
than the £1.5 ¢ energy cut. The purple curve with open squares includes a
more stringent 1 cm first interaction distance cut, and a Compton scatter an-
gle restriction of < 90° (see Section 3.5.5.1 for an overview of the event selec-
tions inmimrec). With these more restrictive sections, the angular resolution
of the telescope is improved dramatically.
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4.6 HIGHER-LEVEL BENCHMARKING

With these event selections, the COSI angular resolution reaches a mini-
mum of 4.5° around 900 keV. At 511 keV, we find an optimized angular
resolution of 6.6° for this calibration run. More restrictive event selections
could reduce this further; however, this will in turn reduce the efficiency.

46.2 EFFECTIVE AREA

The effective area A,y is a measure of the efficiency of a telescope. It is de-
fined as the area that an ideal absorber needs to detect an equivalent number
of incident photons. The effective area is defined by:
Net

Aeff Astart Natort . (4.1)
For simulations, Agtsy+ is the simulated area surrounding the mass model,
Nstart is the number of photons that are initiated, and N,; is the number of
photons that pass given event selections. In calibration measurements, N+
is determined from the source activity and exposure time, and Ayt = 47TRZ,
where R is the nominal distance from the source to the detector. Not only is
the effective area an important qualifier for a telescope, but, just like the an-
gular resolution, it is a useful benchmarking parameter that can be used to
determine any issues with the analysis pipeline or DEE (Sleator et al., 2016).

The calibration measurements used for the ARM determination are also
used to calculated the A, £ and the event selections are the same except an
additional origin cut of +1 FWHM of the ARM distribution is used for the ef-
fective area measurement so as to select on events that are properly recon-
structed. Therefore, the ARM and A, ¢s measurements are closely related and
easily calculated together.

Figure 4.13 shows the preliminary calculated A, s effective area as a func-
tion of energy for on-axis calibrations sources. Again, two separate event
selections are shown: the blue triangles include all event within the photo-
peak with no origin selection. The green circles show the measured effective
area with the £1 FWHM ARM cut applied to each measurement. No error bars
are included in these measurements since the proper error propagation has
not yet been implemented, though we believe these measurements are domi-
nated by the error of the source activity. One would expect the effective area
to smoothly vary with the 7y-ray energy, and we are working to understand
the structure seen here. Currently, our measured effective area drops drasti-
cally at higher energies, and the COSI team is still investigating the reason for
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Figure 4.13: The preliminary effective area measurements as a function of energy for
calibration sources. The maximum effective areais observedat 511 keV.

this. As per design, the effective area is largest for the 511 keV calibration
line which is key to the science analysis considered here.

As with the angular resolution discussed in the previous section, a careful
choice of event selections can optimize the effective area; however, there is a
constant trade off between efficiency and quality of the event reconstruction.

463 POLARIZATION RESPONSE

Compton telescopes are inherently sensitive to polarization. According to
the Klein-Nishina scattering cross section (Equation 3.1), if the incident pho-
tons are linearly polarized, we expect to see a sinusoidal modulation of counts
as a function of the azimuthal angle in a Compton telescope (Lei et al., 1997).
However, the polarization response is fairly difficult to validate in the labo-
ratory setting, as we cannot easily modify the source polarization. Ideally,
we would use a 100% polarized source; however, for these calibrations we
are restricted to using Compton scattering to produce a partially polarized
beam. Figure 4.14 shows the resulting azimuthal scatter distribution from
one of these laboratory validation measurements. See Lowell (2017) for a dis-
cussion of the polarization response of COSI and measurements prior to the
2016 flight.
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Figure 4.14: Azimuthal scatter distribution measured in COSI due to a ~50% polar-

ized source. The polarized signal is normalized by a corresponding un-
polarized source to minimize false modulations due to the geometry of
the instrument. Figure 5.7 from Lowell (2017).
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THE 2016 COSI BALLOON CAMPAIGN

The COSI 2016 flight was the first science flight from NASA’s new launch loca-
tion in Wanaka, New Zealand, and the first mid-latitude Mission of Oppor-
tunity with NASA’s new Super Pressure Balloon (SPB) technology. The COSI
team arrived in Wanaka on February 7th, 2016, and the instrument was flight
ready on April 1st, 2016. The team then waited six weeks for the low surface
winds that are crucial for a safe SPB launch. In this chapter!, we will give a
summary of the 2016 flight and an overview of the preliminary results.

51 FLIGHT OVERVIEW

COSI was launched from Wanaka (45° S, 169° E), New Zealand, on May 17,
2016 (23:3506/16/16 UTC). See Figure 5.1 for a photograph of the COSI and
SPB flight train after inflation of the balloon. Initially after the launch, the bal-
loon floated westwards towards Australia, flying almost directly over Sydney,
before shifting to lower latitudes and heading with the prevailing winds to
the east. COSI underwent a full circumnavigation within 14 days, and then
spent much of the remaining flight fairly stagnant above the South Pacific
Ocean. The altitude drops during cold nights, the concern for the health of
the balloon, and the aim to recover COSI and the balloon cut the flight short,
and COSI was terminated above land 200 km north-west of Arequipa, Peru,
on July 2 (19:5407/02/16 UTC; 16° S, 72° W). See Figure 5.2 for the full path
of the 2016 fight during its 46-day journey. The COSI instrument was success-
fully recovered on July 14th and showed no major damage. Figure 5.3 shows
a photograph of the gondola at its landing site in Peru.

Some of this chapter is based on a previous publication "The 2016 Super Pressure Balloon
flight of the Compton Spectrometer and Imager” by Kierans et al. (2016). Copyright owned
by the authors under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).
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Figure 5.1: Photograph after the Super Pressure balloon has been inflated and im-
mediately before launch on May 17th, 2016, in Wanaka, New Zealand.
COSl, hanging from the launch vehicle, is visible on the left side of the
photograph, the orange parachute is in the middle, and the balloon is on
the right. Only partially inflated on the ground, once the balloon reaches
float altitudes it becomes fully expanded with a diameter of over 100 m.
The Wanaka Airport can be seen in the background, which includes the
hangar within which all integration occurred.

Figure 5.2: COSI was launched from Wanaka, NZ, on May 17th, 2016, circumnavi-
gated the globe, and landed in Peru 46 days later. The first circumnaviga-
tion, completed in 14 days, is depicted in green. There is no steering avail-
able for high-altitude balloons, so the prevailing winds carry the balloon
and the only trajectory choice the ground crew has is when to terminate
the flight.
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Figure 5.3: The instrument was located in the desert north of Arequipa, Peru, on July
7, 2016, just 5 days after termination. Although the gondola frame was
bent and the antenna booms and some solar panels were destroyed, all of
the COSI instrument systems have been tested after flight and are opera-
tional.

Within the initial weeks of the flight, COSI was at high southern latitudes,
which increased the instrument background but introduced some interesting
electron precipitation events (see Section 5.2.1). During one such event on
May 30th, COSI detected a bright GRB. The flight path gave excellent exposure
of the Galactic Center and a few bright compact y-ray sources. The sources
detected in the 2016 flight will be discussed in Section 5.3.

Two of the systems operated by CSBF had issues during the flight. One of
the Openport antennas failed on June 11th; however, the bandwidth of the
other alone was enough for the real-time telemetry. The rotator, which is
required to keep the solar panels pointed at the sun, was not tracking properly
for two days at the end of May, which led to an incomplete charge on the
batteries; however, we mitigated any problems by going into a lower power
mode for one night. CSBF was able to fix the issue and there were no further
concerns.

The minimum success requirement for the COSI/SPB 2016 campaign was
14 days afloat. With 9 out of 12 of COSI’s GeDs operating (see Section 5.1.3)
for 46 days, the flight was declared a mission success.
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Figure 5.4: A day time photograph of the SPB from the on-board camera in the 2016
cosI flight.

511 SUPER PRESSURE BALLOON

NASA has recently developed the new SPB platform designed to fly at near
constant altitude through day-night cycles by maintaining a positive differ-
ential pressure. Conventional scientific helium balloons are referred to as
“zero-pressure” balloons since they maintain the same pressure as the ambi-
ent atmosphere through a small opening in the bottom of the balloon. This
means that during the cold nights when the temperature drops, the balloon
also drops in altitude, and it never quite recovers the same altitude the fol-
lowing day. In contrast, the SPB is a closed system that is slightly pressurized
compared to the ambient pressure. With a maximum differential pressure of
180 Pa, this small difference is enough to keep the balloon at the same altitude
through the temperature range of day-night cycles, and thus the balloon can
maintain altitude for a much longer duration.

The SPB is impressive; the current design weighs 5240 Ib and has a price
tag of over one million dollars. Once it is fully inflated with helium, the di-
ameter of the balloon is 100 m. The thickness of the polyethylene film that
makes up the balloon is only 0.04 mm. There are 280 gores, which are long,
light-weight but high-strength tendons that run from the top to bottom of the
balloon to support the large stresses on the material; each tendon can main-
tain a force of ~7000 N. The capabilities of the SPB are groundbreaking for
scientific ballooning.
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The volume of the current SPB design is 18 million ft3 (MCF) balloonand
it can support a maximum suspended weight of 5000 lb. COSI is the first in-
strument specifically designed for 18 MCF SPB flights: it is light-weight with
no consumables, has autonomous observing, and has the ability to telemeter
all science data in real time. Without the realization of the SPB giving bal-
loon payloads long-duration access to the mid-latitude skies, COSI would be
unable to achieve many of its science goals.

512  ALTITUDE VARIATIONS

The SPB promises constant altitudes with a goal of 100-day flights; however,
the technology is still in development. The 2016 COSI flight was only the
second SPB flight at mid-latitudes. COSI was accepted as the Mission of Op-
portunity on-board the SPB, but with this acceptance came the agreement that
everything might not go smoothly. The 2016 flight was viewed, first and fore-
most, as a test flight of the SPB.

The balloon started showing signs of a problem in early June. It was ex-
pected that the balloon would lose a little altitude during very cold nights
over ocean storms, which were experienced a few times within the first week
of flight, but in June the altitude was dropping farther than the meteorologists
had predicted. It was quickly apparent that the balloon had somehow devel-
oped a small leak. After mid-June, the balloon lost a few km of altitude every
night, even at moderate temperatures. See Figure 5.5 for the altitude profile
of the 2016 flight. Once the instrument flew over solid land, the flight was
terminated to ensure recovery of COSI and the balloon for further testing.
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Figure 5.5: The altitude profile during the COSI 2016 flight. The nominal altitude
was 34 km. After June 4th, 2016, the balloon started to drop in altitude
more than the meteorologists had predicted and it was apparent that the
balloon had developed a leak.
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Unfortunately, for the science discussed here, the GC was in the COSI FOV
only during the night hours. A decrease in altitude increases the atmospheric
depth, which lowers the transmission of Galactic 7y-rays through the atmo-
sphere. The effect of this will be discussed more in Chapter 6.

513 HIGH VOLTAGE ISSUES DURING FLIGHT

While nine of the GeD detectors worked flawlessly, three failed at different
times during flight. Detector #8, in the bottom layer of the array, failed within
the first 12 hours, and Detector #5 in the top layer failed 24 hours later. Both
had similar modes of failure. Detector #0 failed on June 6th, but exhibited
a different behavior. We believe these three failures are related to the high
voltage (HV), but the cause of the first two failures is not yet clear.

Detector #0 had its high voltage reading suddenly drop to zero on June
6th, 2016, and the preamps responded as if the high voltage had been ramped
down, as shown in Figure 5.6 (a). Even with our limited monitoring in flight,
it was clear that the HV supply had stopped working. After flight, the failure of
the Detector #0 HV supply was reproduced in the laboratory vacuum chamber
at SSL. The issue was traced to a flaw in the design that resulted in too much
current in a critical resistor, but now the circuit has been modified and the
board has been vacuum tested with no further issues.
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Figure 5.6: (a) The HV on Detector #0 dropped suddenly to zero on June 6th, 2016.
Since the preamp currents usually saturate when the HV ramps down, it
was confirmed that this was a true change in voltage.. (b) The preamps on
Detector #5 started to go in and out of saturation during the second day of
flight; however, the HV monitor showed no issues. Detector #8 displayed
the same behavior.
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For Detector #5 and #8, the card cage HV monitor showed no signs of
a problem, but the current monitor for the preamps displayed spontaneous
high values. Figure 5.6 (b) shows the time-series of the HV monitor and preamp
currents measured during the failure of Detector #5. The fast, recurrent im-
pulses in the preamp currents had not been observed before. The detector
was behaving as if the HV was being turned off and on very quickly. After the
issue was detected, the card cages were turned off since the detectors were
inoperable. Laboratory vacuum tests of the card cages and HV cables were
done after the failures in flight, but the observed behavior could not be repro-
duced. The current theory as to the cause of the issue is HV breakdown in the
cryostat HV feedthrough.

514 PHOSPHORESCENCE IN CSI

Once COSI reached float altitude, significant and frequent spikes in the CsI
shield count-rate were observed. Figure 5.7 shows the CsI count-rate for a 1-
hour segment of flight. These spikes, which are believed to be phosphorescent
states induced by cosmic rays (Hurley, 1978), were also seen in the CsI detector
PICSIT (Segreto et al.,, 2003) on INTEGRAL. For COSI, these rate spikes were
initially problematic since the CsI shields were being used as the primary GRB
trigger mechanism. However, this was averted quickly after launch with a
slight change to the trigger algorithm by implementing a three-bin median
filter that smoothed out the short duration spikes.
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Figure 5.7: The count rate in the CsI shield detectors during one hour of flight on June
6th, 2016. The high-amplitude short-duration spikes are phosphorescent
states in the CsI detectors induced by cosmic rays.
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5.1 FLIGHT OVERVIEW

515 THERMAL PERFORMANCE

The COSI thermal environment was well within operating range for all sys-
tems. Most notably, the mechanical cryocooler operated efficiently with the
thermal stabilization of the cooling system, with no detectable loss in cooling
fluid. Once the instrument reached float altitude, it was quickly apparent that
the liquid cooling system was actually too efficient. If the pump was kept on,
then the cryocooler would get colder than its performance specification. This
was resolved by defining an ideal temperature range for the cryocooler collar,
between 30° and 40 °C, which automatically turned on and off the pump so
that the cryocooler collar would stay within this range. Figure 5.8 shows the
temperature of the crycooler collar for one hour in flight; the fast drops in
temperature correspond to the times that the pump is on and the slow rise
is when the pump is off. Figure 5.9 shows the temperature of the cryocooler
collar and the fluid input and output temperature of the copper radiator for
a 24-hour day-night cycle.

The passive insulation around the gondola kept the electronics bay at a
comfortable temperature for the COSI subsystems. See Figure 5.10 for the
temperatures of some of the subsystems during a 24-hour day-night cycle.
For the elements that had more stringent temperature constraints (see Ta-
ble 3.2), Kapton heaters were toggled on and off in the flight computer code,
mimicking a thermostat. The flight computer CPU is one of these tempera-
ture sensitive parts, and the profile in Figure 5.10 shows the up-tick in tem-
perature when the associated heater was turned on around 19:00 hr.

516 MONITORING

With the expectation of a 100-day flight, the COSI team developed a sophisti-
cated monitoring system. An interactive real-time monitor, written in python,
acted as the ground support electronics (GSE), both in flight and during cali-
brations. The real-time monitor allows one to send commands to the instru-
ment and receive the detector count rates and the housekeeping data; how-
ever, one needs to be connected to the local data distributor. For a higher-
level of monitoring also accessible to all COSI team members, time profiles of
the housekeeping data were posted on a Web GSE, which allowed for a quick
overview of the instrument’s health. To mitigate the necessity of staring at a
computer for 100 days, text message alerts were sent to members of the flight
operations team if a parameter went out of range, if there were unexpected
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Figure 5.8: Cryocooler collar temperature over one hour of flight. The liquid cooling

system was toggled on and off to keep the collar temperature between 30°

and 40 °C. The pump would turn on for ~2 min to allow the flow of cold

liquid to cool the collar. Then with the pump off, it would take the system

~8 min to warm up.
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Figure 5.9: A 24-hour day-night cycle showing the temperature of the cryocooler col-

lar, the radiator fluid input, and radiator fluid output. During the warmer

parts of the day, the frequency at which the pump was turned on and off

was higher than during the colder nights.
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Figure 5.10: The temperature of a few of the COSI subsystems and gondola parts dur-

ing a 24-hour day-night cycle. The most extreme temperatures seen

were on the sun-facing front panel, shown in black. The flight computer
had a 18 W heater that was turned on when the temperature of the CPU
reached 10°C, which occurred around 19:00.
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Figure 5.11: Two of the monitoring programs developed for the COSI 2016 flight. (a)
Text message alerts were sent to the team if any monitored value ex-
ceeded its limit, if there were gaps in the data, or if a possible GRB was
detected. (b) Real-time analysis for GRB detections allowed for the re-
port of GRB 160530A, the first GRB reported to the GCN from a balloon.

drops in data, or if there was a potential GRB trigger. See Figure 5.11 (a) for
examples of a few text messages that were sent from COSI. A real-time auto-
mated GRB analysis program was also developed that produced light curves
and images of a possible triggered GRB; see Figure 5.11 (b). It was through
this automated monitoring program that COSI was able to be the first balloon
telescope to submit a Gamma-ray Coordination Network (GCN) Notice (Sec-
tion 5.3).

52 COSI OBSERVATIONS OVERVIEW

The COsI 2016 flight was record-breaking. Not only was this the first mid-
latitude science flight with NASA’s new SPB, but also it was the longest mid-
latitude balloon flight for a large scientific balloon. Although the altitude
drops and the three lost detectors affected the quality of observing, the data
from the 2016 flight hold the promise of interesting scientific results. COSI
had excellent exposure of the GC and the Galactic plane, and when the instru-
ment floated close to the equator in mid-June, COSI had a few days of good
exposure of Cygnus X-1 (Cyg X-1) and the Crab Nebula (see Section 5.3). Fig-
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Figure 5.12: Exposure map from the 2016 COSI flight assuming an energy-

2. cosI had excellent exposure of

independent effective area of 20 cm
the GC and Galactic plane, as well as some of the brighter 7y-ray com-

pact objects in the sky, labeled here.

ure 5.12 shows the exposure map from the entire flight, where the effective
area is assumed to be 20 cm2. The count rate for a top GeD, which gets the best
exposure, is shown in Figure 5.13. There are a number of different features
that can be seen in the count-rate profile. In the first 15 days of flight, the slow
modulation shows the change in background radiation levels due to changes
in latitude, and the largest count-rate spikes are from electron precipitation
events when the instrument was closest to the South Magnetic Pole. In the
latter half of the flight, the count rate increased when the altitude dropped
at night. The effect of the latitude and altitude changes and the impact on
background radiation will be further discussed in Section 6.1.1.

The total integrated spectrum from the entire flight is shown in Figure 5.14.
Instrument activation lines and the prominent (mostly) background line at
511 keV from B*-decay in the atmosphere are labeled.

521 RELATIVISTIC ELECTRON PRECIPITATION EVENTS
COSI observed several relativistic electron precipitation (REP) events, which

are caused by high-energy electrons from the Earth’s radiation belts that pre-
cipitate into the atmosphere after a geomagnetic storm. The electrons collide

123



5.2 COSI OBSERVATIONS OVERVIEW

2
T |II_L|||

10?

Count Rate (cts/s)

10

bl " 1 N . . N 1 . . . " 1 . . . " 1
05/17 05/24 06/04 06/15 06/26

Date

Figure 5.13: Detector rates of one of the top GeDs over the duration of the flight. The
initial slow variations are due to changes in latitude, and the sharper
variations in the latter half of the flight are from altitude drops at night.
Multiple intense REP events are seen at the highest latitudes when back-
ground was largest; GRB 160530A was observed during the second of
these events.
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Figure 5.14: Total integrated energy spectrum, including single-site and multi-site
events, from the duration of the flight. The intense 511 keV atmo-

spheric background line and known activation lines have been identi-
fied.
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Figure 5.15: The light curve of one of the microburst events, characterized by short
bursts, detected with COSI. This event shows a transition to a phase with
longer timescales. GRB 160530A was detected during this transition
phase.

with atoms in the atmosphere and emit <y-rays and X-rays through brems-
strahlung radiation (Millan et al., 2002). This marks the first time these events
have been detected with a wide-FOV imaging 7y-ray detector. REP events are
divided into two main categories: duskside relativistic electron precipitation
(DREP) and microburst precipitation. DREP events, as obvious from the name,
occur mostly during dusk hours and are characterized by ultra-low frequency
flux changes. Microbursts are rapid, intense bursts lasting ~250 ms; see Fig-
ure 5.15 for one such event observed by COSI. There are still many open ques-
tions regarding REP events. The mechanism responsible is not well under-
stood, and the scale size and relative importance of these events to radiation
belt depletion are still unknown. COSI’s time resolution, spectral resolution,
imaging and polarization capabilities, unprecedented in previous REP detec-
tions, are promising for further understanding these events. See Millan &
Thorne (2007) for a review of REP events.

53 COSI 2016 DETECTED SOURCES

Long-duration GRB 160530A was detected by COSI on May 30th, 2016, co-
inciding with an REP event. See Figure 5.16 for the COSI image and the light
curve of this GRB. The real-time automated GRB analysis program was trig-
gered (Figure 5.11) and minutes later the COSI team recognized the event as
a GRB candidate. Within 4 hours, the COSI team sent out a Swift Target of
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Opportunity for X-ray and optical followup. Unfortunately, no afterglow
was found. The COSI team sent out a GCN circular for the GRB 15 hours
after the initial trigger (Tomsick & the COSI team, 2016), marking COSI as
the first balloon payload to do so. The GRB was later reported by Konus-
Wind, INTEGRAL/ACS, and Astrosat/CzT1, which allowed for an absolute tim-
ing calibration of the COSI data and a comparison of the measured spectrum.
Throughout the flight, a number of other GRBs were detected in the COSI Csl
shields, but none other than GRB 160530A were bright enough for detatiled
analysis in the GeDs.

One of the main science goals for COSI is to perform “y-ray polarization
measurements of GRBs. Polarization measurements offer unique information
about the emission mechanism, the magnetic field, and the outflow geometry,
and a sample of measurements of 7y-ray polarization could help distinguish
between competing GRB models (Toma et al., 2009). Only a limited number of
GRB “y-ray polarization measurements exist to date (McConnell, 2017). Low-
ell et al. (2017a) developed a Maximum Likelihood Method (MLM) analysis
to increase the sensitivity of polarization measurements with COSI. Apply-
ing this new technique to GRB 1605304, Lowell et al. (2017a) report a 90%
upper limit on the polarization level of 46%, as shown in Figure 5.17. COSI
is the only balloon-borne instrument to have reported a GRB polarization re-
sult, and this strong upper-limit is a significant addition to the small number
of measurements currently available.

Three compact “y-ray sources were detected during the 2016 flight: the
Crab Nebula, a SNR that is the brightest X-ray and soft y-ray compact source
in the sky; Cyg X-1, an HMXB classified as a microquasar and known to be per-
sistently bright; and Centaurus A (Cen A), also known as NGC 5128, one of
the closest and brightest AGN in the sky. All three of these objects have been
extensively studied by other telescopes, so they are good benchmarking tools
for COSI to prove its detection abilities. Even though the Crab was only high
in COSI’'s FOV for a few days, as it is the brightest of these sources, it has been
the test case for developing the COSI analysis tools. Work is ongoing to build
the tools to perform an accurate background subtraction and to enable polar-
ization measurements for compact objects (Sleator et al., in prep). Once the
pipeline has been developed for the Crab data, it will be applied to the other
detected sources. The main scientific goal of these studies will be to produce
polarization measurements of these three compact objects.

The Galactic positron annihilation emission detected during the 2016 COSI
flight will be discussed in Part III.
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Figure 5.16: The image and light curve for GRB 160530A as detected by COSI dur-
ing the 2016 flight. The image is obtained after 10 iterations of the
LM-ML-EM algorithm. The GRB had a duration of ~16 s, and it was 43.5°
off-axis in COSI's FOV. The detection was coincident with an REP event.
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Figure 5.17: Confidence contours for the polarization of GRB 160530A derived from

the new MLM technique developed for COSI polarization analysis (Low-
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Figure 5.18: Image of the Crab Nebula from the 2016 COSI flight after 40 iterations of
the LM-ML-EM algorithm. Only the two days when the Crab was highest
in COSI’s FOV, June 12th and 13th, were used. This image was produced
with y-ray energies from 0-480 keV and 530-1500 keV to cut out the
large 511 keV background line. All of the point sources detected by COSI
are offset from the true position by a few degrees, perhaps due to the lack
of exposure correction in the LM-ML-EM imaging.
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(a) Cyg X-1 image. (b) Cen A image.

Figure 5.19: Images of the two other compact objects detected in the COSI 2016 flight:
CygX-1 and Cen A. The event selections used for these images are the
same for the Crab image above; however, both of these images were
made after 60 iterations of the LM-ML-EM algorithm.
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ANALYSIS OF THE GALACTIC POSITRON
ANNIHILATION SIGNAL BY COSI
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OBSERVATION OF THE GALACTIC CENTER
REGION

The southern latitudes provide the excellent exposure of the GC region that
is necessary for Galactic 511 keV studies. From the 2016 flight, COSI had a
total of 1.6 Ms of exposure of the GC region, considering times when the GC
was within 40° of COSI’s zenith. Figure 6.1 shows the elevation of the GC for
the duration of the flight, where 90° corresponds to COSI’s zenith, i.e., directly
overhead, and 0° represents the horizon. Also indicated on this plot are the
times that the altitude of the payload descended below 32 km, depicted in red.
The GC was in COSI's FOV only during the night hours when the altitude would
drop due to the lower temperatures. At lower altitudes, there is more attenu-
ation of the 7y-rays in the atmosphere and this degrades the observations; at
the expected float altitude of 33 km, the nominal transmission probability at
500 keV is 49%, but at 27 km the transmission probability is only 18%. The
total GC exposure time when the altitude was above 33 km was only 610 ks,
and we estimate that the altitude drops correspond to an additional loss of
15% of 511 keV -y-rays from the GC compared to the nominal altitude.
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Figure 6.1: Elevation of the GC in COSI's FOV during the 2016 flight. An elevation of
90° degrees occurs when the GC is directly overhead and consistent with
COSI'’s zenith. The times in which the altitude dropped below 32 km are
indicated in red.
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An LM-ML-EM image of 511 keV emission from the Galaxy can be easily
obtained frommimrec. Figure 6.2 shows the COSI image of the 511 keV emis-
sion after 40 iterations of the ML-EM algorithm. Specific event selections were
chosen to make the central emission more prominent; see Table 6.1 for a list
of the event selections used to create this image.

There are a number of caveats regarding this image. As discussed in Sec-
tion 3.2.4, the LM-ML-EM algorithm can not be corrected for exposure. There-
fore, the bright, ring-like emission seen to the right and bottom of the GC is
potentially due to a difference of exposure over this region. This could also be
the explanation for the offset of the emission peak from the GC. Furthermore,
the iteration algorithm is optimized for point source distributions, so with
enough iterations, an extended source will be reduced into a point-source-
like object. Therefore, one can not determine the true spatial distribution of
the emission from this image. Recent work by Zoglauer et al. (in prep) has
been to develop a binned-mode imaging algorithm for COSI analysis to ad-
dress these issues. This will be further discussed in Chapter 9. Regardless, it
is clear from this image that the 2016 COsI flight resulted in a strong detection
of the 511 keV emission from the GC region.

The studies presented in Part I11 will focus on obtaining the Galactic positron
annihilation spectrum and measuring the morphology of the emission through
the ARM distribution. To extract the spectrum of the Galactic emission, sig-
nificant background subtraction must be done.

61  SUMMARY OF THE BACKGROUND RADIATION ENVIRON-
MENT

One of the difficulties of MeV <y-ray astrophysics is the large background
radiation involved, especially at balloon altitudes. Figure 5.14 shows the total
accumulated spectrum from the COSI 2016 flight. The majority of photons in
this spectrum are from atmospheric emissions, i.e., y-rays from cosmic-ray
interactions in the atmosphere. The intensity of this background emission
is dependent on atmospheric depth, geomagnetic cutoff rigidity, and zenith
angle.

In Figure 6.3 (a), the total count rate in the CsI shields is plotted for the
entire flight; this serves as a measure of the background radiation intensity.
Figure 6.3 (b) shows the altitude, and relatedly, the atmospheric depth, during
the flight. The atmospheric depth x, or interaction depth, is a measure of how
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Figure 6.2: LM-ML-EM of the 511 keV emission from the GC during the 2016 COSI
flight, after 40 iterations. Although the emission is very prominent, this
image is not exposure-corrected, and due to the iteration algorithm used,
the spatial distribution here is not truly representative of the emission.

Parameter Allowed Range
Pointing selection < 60 degrees of GC
Altitude >31km
Photon energy 507-514 keV
Number of interactions 2-7
Compton scatter angle 10-35
Distance between >0.5cm

first 2 interactions

Distance between any > 0.0 cm
interaction
Earth horizon cut Reject if 99% of Compton

circle is below horizon

Table 6.1: Event selections for the LM-ML-EM 511 keV image shown in Figure 6.2.
Refer to Section 3.5.5.1 for an overview of the mimrec event selections.
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Figure 6.3: (a) Csl shield count rate for the entire flight, in one-hour averaged incre-
ments. The slow modulations at the beginning of flight are due to changes
in the latitude, and the more frequent increases in flux during the latter
half of flight are due to altitude drops at night. (b) The altitude and at-
mospheric depth for the duration of the flight, averaged over one-hour
increments. CSBF provided the pressure measurements included in the
atmospheric depth calculation. (c) Geographic latitude and geomagnetic
cutoff rigidity for the duration of the flight. When the latitude is close
to the South Magnetic Pole, the cutoff rigidity is the low, and the back-
ground radiation from cosmic-ray interactions in the atmosphere is large.
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much material the y-rays must pass through. It can be calculated from the
altitude, but can be found more simply from the pressure P in the atmosphere
x = P/g, where g is the acceleration due to gravity. A larger atmospheric
depth will cause more absorption and also gives more material for the cosmic
rays to interact with. Figure 6.3 (c) shows the geographical latitude of COSI
throughout the flight, and the related geomagnetic cutoff rigidity. The cutoff
rigidity is a measure of the magnetic shielding of the Earth from cosmic rays.
The geomagnetic cutoff rigidity, estimated here as only the vertical arrival
direction, is given by

14.27 cos* A

Rcv =
r2

, (6.1)
where A is the geomagnetic latitude and r is the radius in units of the Earth’s
radii. This is a measure of the minimum rigidity, or momentum, that a parti-
cle must have to reach that given position. At higher latitudes, i.e., closer to
the South Magnetic Pole, the cutoff rigidity is lower and therefore the back-
ground from cosmic rays is higher. Both the atmospheric depth and the cutoff
rigidity affect the background environment, and the consequence of both can
be seen in the Csl shield rates shown in Figure 6.3 (a).

Another component that affects the background environment is activa-
tion. When the instrument is bombarded with protons, neutrons and other
cosmic-ray particles in the upper atmosphere, nuclear reactions will be in-
duced within the instrument material and the radioactive isotopes that are
produced will then decay. Decay products from isotopes with a half-life that
is less than the timing resolution of the detector will most likely be vetoed by
the Csl since the high-energy cosmic-rays are likely to pass through the GeDs
and interact in the shields. Isotopes that have a half-life longer than the tim-
ing resolution of the detector, but less than the flight duration, will eventually
decay, and if the emitted y-ray is detected in the GeD, the decay could appear
as a Compton event. Some of these activation lines, which are mostly from
germanium, are labeled in Figure 5.14. For B*-unstable isotopes, the emitted
positron will quickly annihilate within the instrument material and produce
two 511 keV <y-rays. If one of these 511 keV photons escapes the detector
without interacting in the CsI shields, and the other is absorbed in the GeDs,
then the signal will be indistinguishable from a cosmic 511 keV photon.
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611  OVERVIEW OF BACKGROUND SUBTRACTION

The goal of background subtraction is to obtain the true spectrum of the
source. Since MeV observations are dominated by background radiation,
one must first determine the spectral signature of the background underly-
ing the observation so that it can be accurately subtracted off to reveal the
spectrum of the source. One of the simplest ways to achieve this would be to
determine the total spectrum when the source is within the FOV and subtract
off the accumulated spectrum when the source is not within the FOV, after a
normalization to account for different levels of exposure. However, for the
dynamic background radiation observed in COST’s flight, as discussed in the
previous section, this method proved to have unquenchable systematics. It
became apparent that the background and source spectrum needed to be de-
termined simultaneously.

With COSI’s imaging abilities, the next most straightforward method is to
select two regions in the sky concurrently, obtain the spectrum from each one,
and perform an image-space background subtraction. Since the background
emission depends on the zenith angle, it is more appropriate to choose a back-
ground region that has the same zenith angle as the source in COSI’s FOV, as
opposed to a background region that is separated from the source region by
a certain degree in Galactic coordinates. Once an appropriate background
region is selected, the spectra from the source region and the background re-
gion can be subtracted to obtain the emission from the source. To reduce the
statistical uncertainty in the subtracted spectrum, a large background region
is chosen.

Figure 6.4 is a schematic illustrating the choice of background regions used
for the COSI image-space background subtraction. The red region represents
the position of the GC with a origin selection of 16°, meaning any event whose
Compton circle is within 16° of the GC location will be included in the spec-
trum for this region. The blue regions represent the 9 positions that have the
same zenith angle as the source region. The spectra data from these 9 regions
are averaged to get an accurate representation of the background radiation.
The sky position that these background regions survey is constantly changing
as the source region moves through the FOV of the telescope. The separation
of each background region is azimuthally 30°, and the two regions separated
by +30° from the source position are not included to reduce the overlap be-
tween the source and background regions. As will be shown in the next few
sections, this has not been the best option for Compton telescopes. Chapter 7
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& *T

Figure 6.4: Schematic of the image-space background subtraction method. The red
region in the sky represents the position of the GC, and the blue re-
gions are the chosen background regions. All selected regions have the
same zenith angle in COSI detector coordinates and are each separated
azimuthally by 30°, except for the region on either side of the GC where
there is a 60° gap. The regions, which have a radius of 16°, have not been
drawn to scale.

will introduce the COMPTEL Data Space, which we will show is a much more
appropriate method for Compton telescope background subtraction, but to
motivate that choice, the image-space subtraction will be discussed below.

6.2 IMAGE-SPACE BACKGROUND-SUBTRACTED GC 511 KEV
SPECTRUM

For every Compton event detected by COSI when the GC was within 40° of
COSTI’s zenith, the reconstructed Compton circle was checked for consistency
with each of the 10 regions shown in Figure 6.4. If consistent, the energy
of the event would be added to the spectrum of that region. As the GC loca-
tion changed in COSI’s FOV, the background regions would change appropri-
ately so as to always have the same zenith angle as the source region. After
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the spectra for each region were accumulated from the full flight dataset, the
background spectra were averaged to get a low-variance single background
spectrum.

Figure 6.5 is the image-space background-subtracted spectrum of the Galac
tic positron annihilation measured in flight for a 16° radius around the GC.
The 16° radius of the source and background regions were chosen to opti-

mize the significance of the signal, though it is larger than the modeled FWHM
from SPI analyses. Additional event selections were used to make the 511 keV
line feature more prominent; see Table 6.2 for a list of these selections. The
gray histogram in Figure 6.5 is the total spectrum within the 16° origin se-
lection around the GC, before the spectrum subtraction. The number of pho-
tons between 506-516 keV in the background spectrum shown in gray is
20.8 x 103 cts, and after subtraction we recover 458+138 photons from the
same region around the GC. This corresponds to a ~3.3 ¢ detection of the
positron annihilation signal, where the signal-to-noise is ~2%.

We can estimate the number of 511 keV y-rays we expect to detect in the
2016 flight by:

Ns11 = Flux x transmission probability x A, ¢ x Exposure time. (6.2)

Assuming a 511 keV flux of 1x10~3 from the GC region, an effective area of
1.5 cm? (Section 4.6.2), an exposure time of 1.6 Ms, and an average transmis-
sion probability of 50%, we would expect to detect ~1200 photons. Although
there is a clear line signature at 511 keV in the subtracted spectrum, it seems
as if we are not seeing the entire signal.

The subtracted spectrum is fit with a single Gaussian, and the fit gives a line
centroid at 511+1 keV, with a width of 3.1+0.8 keV ¢. The reduced x?2 of
this fit is 0.7. There is no significant detection of the o-Ps flux below 511 keV.
The method for estimating the error bars is discussed below.

The Compton circle from a single event can be consistent with the 16° re-
gion around the GC, in addition to one or more of the background regions,
and therefore the energy from a single event can be counted in multiple spec-
tra. This “double-counting” needs to be taken into account in the error pro-
jection. Following the discussion in Bandstra et al. (2011), we calculate the
error on each bin of the subtracted spectrum considering that the events in
the source and background spectra are not independent Poisson processes.
We define the label GC + k for an event which intersects the GC region as
well as k background regions, and GC + k for an event which intersects k
background regions and not the GC region, where k, ranging from 0 to 9, is
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Figure 6.5: Image-space background-subtracted 511 keV spectrum from a 16° re-

gion around the GC. The gray histogram is the spectrum of the 16° region

around the GC before background subtraction, which has been scaled by

%. The error bars are determined through the Ngc method as discussed
in the text. The significance of the 511 keV line is 3.3 0.

Parameter

Allowed Range

Pointing selection
Altitude

Origin selection
Photon energy
Number of interactions
Compton scatter angle
Distance between

first 2 interactions

Distance between any
interaction

Earth horizon cut

< 40 degrees of GC
> 27 km
16°
N/A
3-7
10 - 45
>0.4cm

> 0.0 cm

Reject if 99% of Compton
circle is below horizon

Table 6.2: Event selections for the image-space background-subtracted spectrum

shown in Figure 6.5. Refer to Section 3.5.5.1 for an overview of the

mimrec event selections.
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the number of background regions considered. The number of excess counts
can be written:

Nexcess = Ngc - kag

1 9
“Nec- =N,
79 ; : 6.3)

9 k 1 9
~Nocio+ 3 (1-5) Nacek— 5 2 kNgzy
k=1 9 9 k=1

for each of the i background regions and considering an event is counted in
k regions. The statistical uncertainty for the excess counts is then

2 2

9 9
ngcess = Ngc+o + Z (1 - g) Neck + Z (g) NGe, g (6.4)
k=1 k=1

See Bandstra et al. (2011) for a more detailed derivation of these equations.

For each bin in the subtracted spectrum, Neycess is determined from Equa-
tion 6.3 and the error is calculated with Equation 6.4, where Ngc . and N, .
values are determined for each energy bin. An example of the countsin Ngc,
and Nz, for one error bar calculation is shown in Figure 6.6. These his-
tograms include all events which satisfy the selections shown in Table 6.2, but
only for the selected energy range of 510-511 keV. Similar histograms were
obtained for all bins in the subtracted spectrum. For this particular example,
there are only 114 events which are consistent with the only GC, while there
are 474 events which are consistent with all 10 regions. This figure conveys
some of the drawbacks of the image-space background subtraction, as will be
discussed in the next section.

6.3 DRAWBACKS OF IMAGE-SPACE SUBTRACTION

After looking at Figure 6.4 and the numbers in Figure 6.6, one major draw-
back of the image-space background subtraction may already be clear; that is,
there are times when the GC is close to COSI’s zenith and the background re-
gions start to overlap with the chosen source region. Since the regions are 16°
in radius, this starts to occurs when the elevation of the GC is above ~60°, and
there is a complete overlap when the source is at COSI’s zenith. This makes the
differentiability of the source and background events effectively impossible.
An attempt was made to use fixed background regions that are separated in
Galactic coordinates during the times when the GC had the highest elevation,
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Figure 6.6: The number of events consistent with k background regions, but not the
GC region, is shown in red, while the number consistent with the GC and
k background regions is displayed in blue. These are all of the events from
flight with E, between 510-511 keV that satisfy the selections listed in
Table 6.2. Similar histograms were obtained for every 1 keV bin to calcu-
late the error in the subtracted spectrum shown in Figure 6.5.

but the zenith dependence of the background made this difficult. Ultimately,
many of the events were counted in both the source region and background
region; therefore, a significant number of good events were lost.

In general, since each event is represented by its projected event circle
in image-space, the same event will often be consistent with multiple back-
ground regions, even when the regions do not overlap with the source lo-
cation. Choosing 9 regions for the background had the added advantage of
reducing the variance in the background spectrum, but it increased the like-
lihood that the event circle from a good source photon would overlap with a
background region, and thus decreased the significance of the detection.

To prove that this choice of background subtraction method was limit-
ing the number of detected 511 keV photons from the GC region, a simple
GC source simulation was performed. The source spatial distribution was
based on the Skinner Model, which included the two Gaussian bulge compo-
nents and the point source but not the disk component (see Table 2.1). The
source spectrum was chosen to be a Gaussian line at 511 keV with a width
of 0 = 2 keV. The simulation was performed using the aspect information
from the flight and no background radiation was included. The output of
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Figure 6.7: Image-space background-subtraction of a simulated Gaussian source at
the GC with FWHM of 16° and a mono-energetic spectrum at 511 keV.
The GC spectrum includes all events consistent with a 16° origin cut
around the GC source location. Since there is no simulation of the back-
ground radiation, any event in the background spectrum, shown in red,
is actually from the simulated GC source.

the simulation was then analyzed with the same program that produced Fig-
ure 6.5. Figure 6.7 shows the background-subtraction result from this GC
source simulation. The spectrum from a 16° origin cut around the GC is plot-
ted in black, along with the averaged spectrum from the 9 background regions
in red, which are defined in the same way as discussed above. As there is only
a source at the location of the GC and no background radiation in this simu-
lation, any counts in the background spectra are source events whose event
circles are consistent with one or more of the background regions. Only 37%
of events from the simulated source are recovered in the subtracted spectrum.
Therefore, we can conclude that the image-space subtracted spectrum from
the 2016 flight shown in Figure 6.5 is only recovering approximately one-
third of the available 511 keV y-rays from the Galactic positron annihilation.
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The COMPTEL collaboration pioneered the analysis tools for Compton tele-
scopes. In particular, they performed the majority of their analysis in a three-
dimensional data space, referred to here as the COMPTEL Data Space (CDS).
The CDS is introduced in Section 7.1. First, we will show how events are
defined in the CDS relative to the familiar image-space. We will then walk
through the simplified case of an on-axis source where the CDS can be re-
duced to 2D. And finally, we will demonstrate that the analysis of a source at
any location can be simplified by transforming each event into the 2D CDS
with a known rotation matrix.

The motivation for using the CDS is that it allows for accurate background
subtraction since each event is represented as a point instead of the event
circle in image-space. The background subtraction routine developed here
for the positron annihilation spectral analysis is outlined in 7.2. The method
is validated with detailed background simulations and the recovery of the
correct flux of a simulated Galactic point source, described in Section 7.3.
Through this background subtraction, we can also get a measure of the spa-
tial distribution of the source, detailed in Section 7.4. Furthermore, the CDS
leads naturally to a binned-mode imaging algorithm, as will be discussed in
Section 7.5.

71 INTRODUCTION TO THE COMPTEL DATA SPACE

The three orthogonal axes of the CDS are defined by the polar and azimuthal
angles, x and 1, respectively, of the first Compton scatter direction cfg in
detector coordinates, and the Compton scatter angle ¢ of the first interaction.
The total energy of the y-ray can be considered the fourth dimension of this
data space, though this will not be explicitly written here. In Figure 7.1 (a), a
schematic illustrates the definition of the three CDS angles for a single event.
In contrast to the projected event circle in image-space, each Compton event
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Figure 7.1: (a) Schematic diagram of the first two interactions of a Compton event
showing the CDS angles. The source is at (X0, ¢0), and in the far field,
the radius of the Compton circle in image-space is equal to the Compton
scatter angle ¢, which defines one of the axes of the CDS. The polar and
azimuthal angles, x and 1, of the Compton-scattered 7y-ray direction d, g
define the two other axes of the CDS. (b) Once many photons from the
same source are accumulated, with each event represented as a point at
(X, ¥, ¢), the source is mapped as a cone in the CDS with its apex at the

source position ()Xo, Po).

is a point in the CDS at (X, ¥, ¢). The accumulation of Compton events from
point-source emission in the instrument’s FOV, depicted by the yellow star at
(X0, o) in Figure 7.1 (a), fills the CDS as a 3D cone. The CDS cone has its apex
at the source position ()Xo, o) in detector polar coordinates because in the
limit that ¢ — O, d, ¢ will point towards the source location. The opening angle
of the cone is 90° since the Compton scatter angle and polar scatter direction
increase at the same rate; see Figure 7.1 (b) for a drawing of this cone shape in
the CDS. It is important to note that although only the scatter direction and
Compton scatter angle are needed to describe the CDS, all other parameters
of each Compton event are stored for event selections, such as the total y-ray
energy, the distance between interactions, and the aspect information.
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7117 ON-AXIS SOURCE IN THE CDS

When a far-field source is at the instrument’s zenith (0, 0), the apex of the CDS
cone is at the origin of the data space and the cone shape is transformed into
a 2D plane at 45°, as illustrated in Figure 7.2 (c). The azimuthal scatter direc-
tion ¥ in detector coordinates is now equal to the Klein-Nishina azimuthal
scatter angle, 77 from Equation 3.1, and therefore 1 encodes the polarization.
For a polarized source, the sinusoidal modulation would be visible along this
axis, as discussed in Section 4.6.3, which makes the CDS a powerful tool for
polarization analysis; however, the Galactic positron annihilation emission
is not polarized and this will not be further explored. For an unpolarized
source, by ignoring the azimuthal scatter angle ¢, the CDS can be projected
into 2D defined by x and ¢, as shown in the drawing Figure 7.2 (d). Any on-
axis source in this 2D space will be mapped to a line at ¥ = ¢. Since this 2D
space is geometrically simpler than the 3D cone and there is no loss of infor-
mation for unpolarized sources, in this analysis we apply a rotation matrix so
we can always work in the x-¢ 2D CDS; this will be detailed in Section 7.1.2.

We will walk through a few simple illustrations of how the CDS is populated
for an on-axis source at (0, 0), with a comparison to the familiar image-space
event circles. Figure 7.2 (a) shows a y-ray interaction that results in a small
Compton scatter angle ¢. The direction of the scattered photon jg defines
the axis of the image-space event circle, and the polar angle of the scattered
photon X1 will be equal to ¢ since they are both measured relative to the
z-axis. This event is mapped to ()(1, ¢1) near the origin of the 2D CDS shown
in Figure 7.2 (d). For a slightly larger Compton scatter angle ¢y, shown in
Figure 7.2 (b), again, the polar scatter angle > and the Compton scatter angle
are equivalent. This event is also added at (X2, ¢2) to the CDS in Figure 7.2 (d).
Each event from the zenith source will ideally land on the X = ¢ line and the
CDS source distribution will be filled in, drawn as the blurred blue line in
Figure 7.2 (d).

A simulation of a point source at COSI’s zenith is shown in Figure 7.3 (a).
As in Figure 7.2 (d), we have drawn the CDS in 2D, defined by X and ¢, by
integrating along . Due to the finite energy and position resolution in our
detectors and Doppler broadening, there is a spread to this distribution. The
deviation from the ideal x = ¢ line is equivalent to the ARM distribution, i.e.,
the effective width of the point spread function. Now that each event is repre-
sented by a point in the CDS space instead of a circle in image-space, the ARM
definition in Section 3.2.5 is no longer the correct parameter of each event to
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Figure 7.2: (a) An example Compton event from an on-axis source shown in detector

coordinates. The Compton angle ¢; is equal to the polar scatter angle X1

(see text) and the event is represented as a point at (X1, ¢1 ) in the 2D CDS

shown in (d). (b) Another event from the same on-axis source position

with a larger Compton scatter angle ¢ and polar angle x>. (c) When a

source is on-axis, the CDS cone is transformed into a plane along x = ¢.

(d) For an unpolarized, on-axis source, the CDS is projected down to 2D.
The blue shaded line at x = ¢ will be the distribution of events as the CDS
is filled, where the width represents the measurement uncertainty.
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Figure 7.3: (a) Simulation of a 511 keV point source at (0, 0) mapped in the CDS. Only
total y-ray energies between 506516 keV are included so as to select on
the fully absorbed and properly reconstructed events to best represent the
angular resolution. (b) The deviation of events from the true source loca-
tion line at ¥ = ¢, given by the distribution of (} — ¢) shown here for the
point-source simulation, defines the angular resolution of the telescope.
This is referred to as the CDS-ARM and is equivalent to the ARM distribu-
tion defined previously in image-space.

define the angular resolution. In the CDS, a histogram of the deviation from
the X = ¢ line is equivalent to the ARM distribution. We define the distance of
each event from the x = ¢ line as (X — ¢), as opposed to the closest distance
to the line, given by ()x — ¢)/\/2 for reasons that will become apparent. We
will refer to this angular distance as the CDS-ARM. The CDS-ARM histogram of
the on-axis point source simulation in Figure 7.3 (a) is shown in Figure 7.3 (b).
As the equivalent to the standard ARM distribution, the FWHM of the (x — ¢)
distribution is the achievable angular resolution.

712 ROTATION OF THE CDS FOR OFF-AXIS SOURCES

To simplify the analyses by working in 2D instead of 3D, we rotate any off-
axis source into the origin of the CDS by using Rodrigues’ rotation formula
(Rodriguez, 1840). Consider a source with position defined by vector ¢ and
polar angles (®, ®). One can rotate ¥ to the origin (0, 0) in detector coordi-
nates with a rotation matrix Ry defined by:

Rroo = I+ (sina)K + (1 -cosa)K?, (7.1)
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Figure 7.4: Rotation of an off-axis source position at (o, ¢o) to the origin of the
CDS, transforming the cone into a plane along x = ¢. With the rotation
Rry0, any source location can be reduced to the 2D x-¢ CDS to simplify
the analysis.

where
0 sin®@sin® cos®
K= |-sin®sin® 0 0 |, (7.2)
-cos® 0 0

and « = arccos(sin © cos P) is the angle between ¥ and 2. This rotation
matrix is multiplied by the scatter direction

dgy = Rroo * dg (7.3)

for each event in the observation. The polar and azimuthal angle of the ro-
tated scatter direction d, ¢ fill the CDS for any source position. An illustration
of the rotation with Ry that transforms the CDS cone into a plane is shown
in Figure 7.4. Once the planar distribution is achieved, then the 2D CDS can
be used by integrating along the 1 axis.

713 CDS IN GALACTIC COORDINATES

For flight observations, we convert the CDS to Galactic coordinates. The rela-
tive rotation between COSI’s detector coordinates and Galactic coordinates is
given by the Galactic Pointing Rotation Matrix Ry, calculated from COSI’s
aspect information and already assigned to every event in MEGAlib. The 7y-
ray scatter direction d, ¢ is rotated into Galactic coordinates by dZ’ = Rga * d, g
Again, we prefer to work in the 2D CDS, so the same Ry rotation from Equa-
tion 7.2 can be defined in Galactic coordinates, where (© = 5 -1, ® = b) for
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Figure 7.5: The CDS populated after a single day of flight, June 16th, 2016. The blue
points show all of the Compton events from this single day. With the EHC
applied to this data set, which then reduces to the green points, any event
with a Compton circle that intersects the horizon is rejected. When a 40°
pointing selection is applied, only events that occur when COST’s zenith
is within 40° of the GC are included; these events are shown in red. Only
2.4% of the total events from this day pass the EHC and pointing selection.
The black diagonal lines on this plot represent the region around the GC
with a 10° origin cut, meaning any event that has |y — ¢| < 10°.

the Galactic latitude and longitude coordinates (/,b) of the Galactic source
position. In Galactic coordinates, the rotated scatter direction is

dy = Ryoo * (Raa * dg). (7.4)

For a source at the GC, which is the origin of the Galactic CDS at (I = 0,b = 0),
a = 0. and from Equation 7.1, Ry is reduced to the identity matrix.

714 BACKGROUND IN THE CDS

Since COSI observations are dominated by background radiation, it is impor-
tant to understand what the background distribution ng()x, ¥, ¢) in the CDS
looks like. Figure 7.5 shows the accumulated background events from one
day of flight (June 16th, 2016), after the rotations in Equation 7.4 have been
applied with the GC chosen as the source location. The photons from the GC
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region will be within a spread of the x = ¢ line; however, they are not visible
here due to the dominance of the background radiation. The equivalent of
the origin cut is now a selection on (X — ¢), and the boundaries for events
that are consistent within a 10° region around the GC are indicated with the
diagonal black lines.

There are three different data sets overlaid in Figure 7.5. All of the Comp-
ton events from the full day, with no restriction on the event selections (refer
to Section 3.5.5.1 for an overview of mimrec event selections), are shown in
blue. This is without the EHC and background emissions come from every di-
rection through atmospheric 7y-rays or activation within the instrument. The
total number of Compton events in this one day of flight is 1.7x10° cts. When
the EHC is applied any event with a Compton circle that intersects the horizon
is rejected, the events that remain are shown with the green points. With the
EHC, the background radiation is significantly reduced and, as a by-product,
the middle Compton scatter angles from ~60-120° are suppressed due to the
limited effective area when the elevation is $60°. The total number of events
is now reduced to 10% of the original. When a 40° pointing selection is ap-
plied, only events that occur when the GC is within 40° of COSI’s zenith are
included; these events are depicted in red. The number of events which have
passed these two selections is 4.2x 10%, which corresponds to only 2.4% of the
original events. As can be seen in Figure 7.5, these two event selections signifi-
cantly reduce the background emission; the EHC is used in all COSI flight anal-
yses since it is the best reduction of background emission, and the pointing
selection limits observations to only when the source is within the FOV. Even
with this reduction, the background still dominates, and the -y-rays from the
GC, which will be within the boundary region shown in Figure 7.5, will not
be isolated except when background subtraction is employed.

72 BACKGROUND SUBTRACTION IN THE CDS

The number of counts in each bin 11 (X, {, ¢) of the CDS for a Galactic source
with intensity distribution I(/,b) is

nGop.9) = msCu b 9)+ | [ AUy, Il b) cosbalde

=np(x, l/J,Qb) +ns(x, ll)’gb)/
(7.5)
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where the integral is taken over the Galactic longitude and latitude, / and b,
respectively. The average integrated effective area of the telescope is A(I,b),
f(x, ¢, $|l,b) is the point spread function, and 15 (X, i, ¢) is the source con-
tribution in each bin obtained from the integral of the source intensity distri-
bution. The goal of background subtraction is to determine ng(x, {, ¢) by
first finding ng(x, ¥, ¢).

For the positron annihilation emission from the GC, limiting our analysis
to the 2D CDS, we expect the source photons to be within a spread of the x = ¢
line, depending on the spatial extent of the annihilation emission. We expect
approximately a 16° origin cut will be an appropriate first estimate for the
Galactic 511 keV distribution from the analysis presented in Section 6.2. We
will refer to the region defined by |x — ¢| < A as the source region SR, where
A is the origin cut. We can find the spectrum of all events that are consistent
with this region NSR(E) in the CDS:

NS}(E) = SS(E)+B®(E) = )" )" ns(x, ¢, E) +np(x, ¢, E).
¢ X ljx-gl<a
(7.6)

We are now explicitly including the total 7y-ray energy E as a dimension in
the CDS, and the superscript SR defines the region of the CDS from which the
spectrum is taken. N (E) is the measured spectrum with both the source and
background contributions, S(E) and B(E), respectively. The source spec-
trum S(E) can be isolated through an inversion of Equation 7.6:

SSR(E) = N}(E) - B3*(E)

= ZZ [n(XI¢/E)_nB(XI¢rE)].

P M x-plea

(7.7)

To find SSR(E), we need to determine the spectrum of the underlying back-
ground emission BSR(E) within the source region.

To reduce potential systematics, a background region BR from which we
can extract a background spectrum is chosen to be two concentric cones: one
that closely surrounds and one that lies within the source cone in the CDS. Or,
in our reduced 2D CDS, this would be represented by two line regions that are
adjacent to the source region, as shown in Figure 7.6. We will refer to these
two separate background regions as BRoyt and BRj,, where the subscript
refers to the position of the cone in the 3D CDS. It is from these background
regions that the background spectrum BSR(E) ~ NBR(E) can be determined.
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Figure 7.6: Schematic of the 2D X-¢ CDs showing the source and background re-
gions, which are defined by an origin cut of A. In the 3D CDS, the back-
ground regions are chosen as concentric cones that surround and sit
within the source cone. In 2D, these cones are transformed into lines
that lie adjacent to the source line at x = ¢. Only BRyy¢ is used in the
positron annihilation emission analysis, as discussed in the text.

If there is no difference in exposure between the SR and BR regions, then
spectral background subtraction can be done without further complications:

SSR(E) = NSR(E) - %NBR(E), (7.8)
where the % is included since the sum of the two background regions should
be approximately twice the area of SR. However, as can be seen from Fig-
ure 7.5, the source region and background region will not be uniformly pop-
ulated, especially if a large origin cut is used with the EHC, so we will need
to scale the spectra from the background regions NBR(E) to get an accurate
representation of the total spectrum of background photons within SR. As
we know the GC positron annihilation source will have emission at 511 keV
and below, we can scale the two background region spectra by normalizing
the total counts in a higher energy interval (e.g., 520-720 keV) where there
will be no positron annihilation contribution in the spectrum from the GC
region. The details of this, considering the energy dependencies of the CDS,
will be discussed in the next section.

The population of the background regions depends on ¢. As can been seen
in Figure 7.6, the BRj, region does not begin to be populated until the Comp-
ton scatter angle ¢ = A, where A is the origin cut, i.e., the boundary line be-
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tween SR and the background regions. For an origin cut of A = 16°, this
means that no events will fill the BR;,, region with ¢ < 16°. For the analysis
routine presented in Section 7.2.2, only the BR gyt region is used to determine
the background spectrum.

721  ENERGY DEPENDENCIES

The Compton scatter angle ¢ is energy dependent, as one can see in Equa-
tion 3.3. Higher energy y-rays will, on average, result in smaller ¢ interac-
tions, and lower energy 7y-rays will have larger scatter angles, on average. The
¢ dependence on energy is illustrated in Figure 7.7 (a). For four different en-
ergy ranges, the distribution of Compton scatter angles is plotted using only
the green events from the data shown in Figure 7.5, after the EHC has been
applied. Figure 7.7 (a) is an integration of Figure 7.5 along ) for the different
energy ranges. Again, events with ¢ between 60-120° are suppressed with
the EHC. These separate energy ranges have not been scaled, so the relative
amplitude is representative of the energy-dependent effective area. This ¢-
energy dependence will need to be taken into account when attempting the
spectral background subtraction.

Smaller energy y-rays are more likely to have a backscatter event, with
¢ > 90°. The 200-400 keV range histogram in Figure 7.7 (a) shows a second
peak at large ¢ angles, but there is very little contribution of large ¢ at the
higher energies. In general, these backscatter events are more difficult to re-
construct, and some ambiguous two-site events will be improperly labeled as
backscatter interactions. Due to the difficulties reconstructing these events,
they will on average be of lesser quality, so we will exclude ¢ > 90° from our
analysis.

The other CDS parameter, X, is independent of energy. Figure 7.7 (b) shows
the distribution of ) for the same four energy ranges as displayed in Fig-
ure 7.7 (a). Analogous to the ¢ histograms, these distributions are obtained by
integrating Figure 7.5 along the ¢ dimension. The overall shape, with fewer
counts in the highest and lowest ) bins, comes from the integration along
the azimuthal scatter angle ¢ direction and our choice of binning. The dif-
ference in amplitude of the four histograms can be attributed to the energy-
dependence of the effective area, but their overall shape is relatively the same,
and this will be confirmed with a statistical test in the next section. For back-
ground subtraction, we can therefore use an energy range that contains no
source contribution (e.g., 520-720 keV for the positron annihilation emis-
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Figure 7.7: (a) Compton scatter angle distribution for four different energy ranges
using 1 day of flight data and the EHC selection. The histograms have not
been scaled, so their relative amplitudes reflect the effective area for the
different energies. (b) The polar scatter angle distribution is energy inde-
pendent, as can be seen with the same 1 day of flight data. The difference
in the relative amplitude of each scatter angle distribution is a result of
the energy-dependent effective area, but the overall shape is the same.
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sion), as a proxy for the ) shape of the underlying background distribution in
the CDS

722 CDS BACKGROUND SUBTRACTION ROUTINE FOR GC POSITRON
ANNIHILATION

The energy dependencies presented in Section 7.2.1 led to the background
subtraction routine developed by COMPTEL and modified here for COSI and
the 511 keV analysis. To mitigate the energy dependence of ¢, we slice up
the data space for each ¢ bin and find the ¢-dependent spectrum from the
source and background regions, NSR(¢, E) and NBR(¢, E), respectively. We
can then scale NBR(¢, E)) such that the total number of counts within a high-
energy range is equal to the number of counts in NSR(¢p, E) for that same
energy range. This is equivalent to finding the relative number of counts con-
sistent with SR and BR in the ) distribution for each ¢ slice. The COMPTEL
collaboration describe this routine another way in Knodlseder et al. (1996):
“normalize the data space distribution of events taken from adjacent energy
intervals so that their ¢-profile equals that of the line interval.”

The spectral background subtraction routine we developed for the positron
annihilation emission analysis with the CDS is a four-step process:

1. Fill the CDS with all events using no energy selection. Split up the data
into 1° slices in ¢ and find the total spectrum for SR and BR for each
Compton scatter angle. For an origin cut of A, the ¢-dependent spec-
trum for the region consistent with SR for Compton scatter angle ¢ is

P+A

NSR(¢p,E)= > n(x ¢,E). (7.9)

x=¢-4

The ¢-dependent spectrum for the outer background region BRoyt is

¢+3A

NP (p,E)= > n(x, ¢, E). (7.10)

X=¢+A

2. Find the scaling factor for the background spectra NBR(¢, E) so that
the number of counts in a higher-energy range, 520-720 keV for these
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studies, equals that in NSR(¢, E) within the same range. The scaling
factor for each Compton scatter angle is:

_ NSR(¢, E|520 < E < 720)
- NBR(¢, E|520 < E < 720)

ng (7.11)

3. For each ¢ slice, scale the background region spectrum NBR(¢, E) by
Fyp,

BR(¢, E) = F;N®*(¢, E). (7.12)

4. Subtract the scaled background spectrum from NSR(¢, E) to find the
total source spectrum:

SSR(E) = > [NR(¢,E) - BS}(¢,E)]. (7.13)
¢

The CDS background subtraction routine is illustrated in Figure 7.8. Fig-
ure 7.8 (a) and Figure 7.8 (b) show the flight SR spectrum in red for two dif-
ferent Compton scatter ranges, ¢ = 20-21° and ¢ = 40-41°. The difference
seen in these two spectral shapes results from the ¢ energy-dependence and
clearly demonstrates the need to perform a spectral subtraction for each ¢
angle. The background spectrum from BR is plotted in blue after it has been
scaled so that the number of counts within 520-720 keV is equal to that in the
SR spectrum. For each Compton scatter range, there is a very good match
between the source region spectrum and the scaled background region spec-
trum.

By using the energy range from 520-720 keV to scale the background
¢-dependent spectra, we are relying on the energy-independence of x. Fig-
ure 7.8 (c) and (d) show the x distribution from simulations for two different
energy ranges above and below the 511 keV line emission: 300-500 keV is
shown in green, and 520-720 keV is shown in black. Simulation data is used
since the positron annihilation spectrum is known to ave contribution below
511 keV. The x histograms have been normalized, and though the shape vi-
sually appears consistent, a chi-square statistical test was used to determine if
the distributions from the two energy ranges are statistically different. Based
on the P-values from these tests, ranging from 0.01-0.99 with an average of
P =0.53 for ¢ between 15° and 60°, it can be concluded that there is no statis-
tical difference between the ) distributions for the two energy ranges in the
simulation data. Therefore, our method of scaling the ¢-dependent spectra is
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Figure 7.8: (a) Spectrum of the measured flight data in the source region SR with
Compton scatter angle ¢p = 20-21°. The spectrum from the background
region BR, shown in blue, has been scaled so that the number of counts
between 520-720 keV is equal to that in the SR spectrum. (b) Same as (a)
except for Compton scatter angle ¢ = 40-41°. (c) Using simulation data,
the ) distribution is compared for two energy ranges: 520-720 keV and
300-500 keV. We performed a chi-square test to confirm there are no
statistical differences in the two X distributions and the resulting P-value
is listed on the figure. The red and blue regions signify the location of
the SR and BR, respectively. (d) Same as (c) except for Compton scatter
angle ¢ = 40-41°.
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valid. The results from the statistical tests for the two Compton scatter angles
shown in Figure 7.8 (c) and (d) are listed on the plot as ChiSq.

Overlaid on the ) histograms in Figure 7.8 (c) and (d) are the locations of
the source region and the background regions, shaded in red and blue, respec-
tively. For each ¢ value, we know the polar scatter angles that are consistent
with the source region satisfy |[x — ¢| < A, where we define our origin cut to
be +A. The ) values that are consistent with the GC with a A = 16° origin cut
are shaded in red. Alternatively, the x values that are consistent with the two
background regions are shaded in blue. The total number of counts within
the red SR of the 520-720 keV y distribution is the same as what is obtained
by integrating the SR spectrum within 520-720 keV. The is also true for the
BR. In essence, we are taking advantage of the x energy independence for
our background subtraction routine.

The BRj, region is to the left of the source region in the X histograms,
and for ¢ = 20-21° it is hardly populated. Even for ¢p = 40-41°, the number
of counts in the inner background region are significantly fewer than in the
source region and outer background region. This lack of statistics is the main
reason we only use BRgyt as the background region for this analysis. If the
origin cut was smaller, this would be less of an issue.

The background subtraction procedure will be further illustrated in Sec-
tion 7.3, where we first validate this method by using a background simula-
tion, then we recover the correct flux of a simulated point source.

73 SPECTRAL BACKGROUND SUBTRACTION VALIDATION

The CDS background-subtraction routine described in Section 7.2.2 has been
developed for the analysis presented here, so it is important to validate the
method with simulations before applying it to flight data. In Section 7.3.1, we
will describe a detailed background simulation that closely matches the emis-
sion measured in flight. With this simulation, we can perform the CDS back-
ground subtraction described above, and with no source present we would
expect to recover a flat spectrum. This will allow us to check for potential
systematics induced in the subtraction procedure. Similarly, it is important
to show that we can recover the correct flux of a simulated source. A simula-
tion of a GC point source that takes into account the atmospheric absorption
and aspect information from flight will be discussed in Section 7.3.2.
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731 BACKGROUND SIMULATION

The verification of the CDS background subtraction will be shown with a sim-
ulation of background radiation, and with that aim, we will describe the de-
tailed background simulation with a comparison to the measured flight data.
Two background components need to be simulated: 1) the atmospheric -
ray emission that comes predominantly from bremsstrahlung radiation of
secondary electrons produced in cosmic-ray interactions in the atmosphere,
and 2) the internal activation of the telescope when the instrument material
is bombarded by cosmic-rays.

7311 BACKGROUND MODEL

We define the atmospheric 7y-ray emission with the model from Ling (1975),
an empirical model derived from the measured flux from a balloon-borne
germanium detector. The Ling Model describes the angular and depth depen-
dence of 7y-rays within 0.3-10 MeV. From Ling (1975), the differential y-ray
flux at an angle 6 from the zenith, for a detector at an atmospheric depth of
h (g/cm?), is given by

ED - s xpwrexp|- [ uEpir] o
dF.(E')

+

P exp[— A ooy(E')p(r)dr]')//cmZ/s/sr/MeV. (7.14)

The production of /y-rays in a unit of air mass is given by S(E’, x), the isotropic
source function, and is defined in Ling (1975). Also given in Ling (1975) is the

intensity of cosmic y-rays incident at the top of the atmosphere, F.(E’). The

other parameters, the density of air p(x) at depth x and the mass absorption

coefficient y(E’), are determined from a physical model of the atmosphere.
The Ling Model also defines a separate source function for line emissions,

and we can therefore include the contribution of the atmospheric “y-rays at

511 keV from B* decay in the atmosphere.

To describe the interaction depth X, density p, and mass absorption co-
efficient ¢ within the atmosphere at balloon altitudes, which are inputs to
the Ling Model, we use the NRLMSISE-00 model (Picone et al., 2002). This
model allows for the computation of the density of molecular oxygen (O5)
and nitrogen (N»), and atomic argon (Ar), which are the three most abundant
components of the atmosphere, as a function of altitude, geographic location,
and time of the year. For our input we used June 13th, 2016, at 19:00 hr, with
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a geographic location of -6° latitude and 254° longitude. These values were
chosen since they corresponded to the best times of the Crab Nebula obser-
vations, which is a separate analysis being performed for COSI, but the aver-
aged parameters need not be precise since the full background spectrum can
normalized. From the NRLMSISE model, we obtain the density of the three
molecules for a range of altitudes relevant to COSI, 26-34 km, and the mass
absorption coefficients are obtained from the NIST XCOM library (Berger
et al,, 2017). To confirm our implementation of the Ling Model, we have cal-
culated the <y-ray flux as a function of the zenith angle for an atmospheric
depth of 2.2 g/cm? to compare to Figure 6 from Ling (1975); our results are
shown in Figure 7.9 and are correct to within 2%. The strength of the 511 keV
atmospheric line is included in this plot.

Once the differential atmospheric 7y-ray flux has been determined, we sim-
ulate the energy- and zenith-dependent emission in detector coordinates. A
cosima orientation file was included in the simulation so that the flight as-
pect information is taken into account and the simulation can be analyzed
in Galactic coordinates. The atmospheric y-ray simulation assumes an alti-
tude of 33.5 km. Altitude drops and changes in geographical location were
not taken into account; instead, the simulated flux is scaled so that the back-
ground spectrum from the 46 day simulation matches the total accumulated
spectrum from flight data.

In addition to the atmospheric photon emission, activation within the in-
strument is simulated. When high-energy cosmic rays bombard the telescope,
radioactive isotopes are created within the passive and active material. The
main cosmic ray contributors to activation are protons, neutrons, positrons,
and « particles. With a proper description of the flux and energy of the cos-
mic rays, the resulting prompt emission and long-lived isotopes can be simu-
lated. Activation simulations in cosima are a three-step process: 1) simulate
the incoming cosmic ray particles to save the prompt component and a list of
isotopes produced, 2) from the isotope list generated in Step 1, calculate the
activation per isotope per volume after a certain time of irradiation, and 3)
using the output of Step 2, simulate the decay products and save the delayed
emission. For these simulations, we use an irradiation time of 40 days. The
detector timing resolution of 5 yis separates the prompt emission from the
delayed activation component.

The differential fluxes of the cosmic ray particles for the activation sim-
ulation are obtained from the EXPACS model (Sato, 2015), where we have
used a date of June 1st, 2016, a geographic position of -30° latitude and -100°
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Figure 7.9: The Ling Model for 7y-ray flux as a function of zenith angle at balloon
altitudes. For this plot, an atmospheric depth of 2.2 g/cm? is used so as to
compare to the values published in Figure 6 from Ling (1975). Both the
atmospheric and cosmic-ray ‘y-rays are included, where the dashed line
shows the atmospheric contribution, and the solid line includes the cos-
mic y-rays. The 511 keV atmospheric background component is shown
as the solid black curve. A zenith angle of 0° corresponds to downward
going radiation. Figure from A. Lowell (private communication, 2017).

longitude, and an atmospheric depth of 6 g/cm? as input parameters. The
detector response for each incident particle is split into two separate compo-
nents, the prompt emission and the delayed decay emission, which are the
outputs of Step 1 and 3 from the cosmia simulation description above. The
prompt emission occurs within the timing resolution of the detector and can
be from inelastic scatters of the incident particle or a decay of an activated
isotope with a half-life shorter than the timing resolution. The delayed emis-
sion is any detected interactions from the byproducts of isotopes that have a
long half-life, e.g., positrons or y-rays from B+ decay.

The vast majority of prompt activation events are vetoed by the CsI shields,
since most of these high-energy particles will not be fully stopped in the GeDs
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and will therefore interact with the scintillators. In addition to producing
radioactive isotopes, these cosmic-ray particles will often result in a large
number inelastic scatters within the GeDs, which will be rejected in the revan
event reconstruction. In the prompt neutron simulation, for example, 8.5x107
of the simulated particles interact in the COSI GeDs and ~98% of these are ve-
toed by the shields or rejected in the event reconstruction. The remaining 2%
of events are then improperly tagged as Compton events. When the EHC se-
lection is included, this contribution is further reduced and only 0.2% of the
original interactions are falsely registered as valid events in mimrec.

The delayed decay events are rejected in much the same way as the prompt
emission. Most radioactive decays result in the emission of both a particle and
y-ray, and the subsequent interactions of these byproducts in the detector
will produce positions and energy deposits that will not conform to the Comp-
ton event reconstruction algorithm and thus will be rejected. In additional, a
fraction of the decay byproducts will interact within the Csl shields, which
will veto the event. A relevant example would be a delayed B* decay, which
would produce a positron that would immediately decay into two 511 keV
photons. If both 511 keV photons interact within the GeD, then the event is
unlikely to pass the revan event reconstruction, since the interactions will
not be consistent with a single photon event. If one of the 511 keV photons
is detected in the GeDs and the other interacts in the Csl shields, which is likely
since they surround the majority of the cryostat, then the event will be vetoed
by the shields. However, if one 511 keV photon interacts with the GeDs and
the other does not interact in COSI at all, then this event will be indistinguish-
able from a cosmic 511 keV <y-ray. However, the EHC can potentially reject
the event if the incoming direction of the 7y-ray was found to be consistent
with below the horizon.

Even with all of COSI’s background reducing techniques, some activation
emission can still be detected. Figure 7.10 shows the resulting activation spec-
trum, split into the prompt and delayed components, from the four simulated
cosmic ray particles. The contribution from comic ray muons and electrons
was also simulated, but the emission was negligible. Activation has not been
previously simulated for the COSI instrument, but since there is a strong acti-
vation line at 511 keV, we need to confirm that this emission does not affect
the CDS background subtraction routine.

A comparison of the total background spectra from flight and simulations
is shown in Figure 7.11. The activation and ‘y-ray atmospheric components,
combined and plotted in red, have been separately scaled before combination
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Figure 7.11:
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The total simulated multi-site background spectrum in comparison
with the measured total integrated flight data, where both include the
EHC. The simulated atmospheric y-ray emission and activation spectra,
combined and shown in red, are separately normalized such that the to-
tal spectrum matches the measured flight spectrum, shown in blue.
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so that the overall shape of the spectrum and size of the activation lines match
the total measured spectrum from flight, shown in blue. Although the match
is not perfect, for our purposes of confirming the CDS background subtrac-
tion routine, the simulated background spectrum is adequate.

7312  CDS BACKGROUND SUBTRACTION WITH BACKGROUND SIMU-
LATION

Now that we have a fairly accurate representation of the background emis-
sions during the flight, we can use our CDS background subtraction routine,
described in Section 7.2.2, to confirm we can obtain a flat spectrum free of
systematics around 511 keV. The analysis performed here will be the same
as for the flight data, which is presented in Chapter 9. The DEE has been ap-
plied to the simulations to better mimic the true detector response.

Since the aspect information from flight was added to the background sim-
ulation, we can analyze the data in Galactic coordinates. The source region is
chosen to be the GC to most closely match the flight data analysis; however, as
further validation we will test other Galactic positions. For this analysis, we
use a 16° origin cut, since this is our first guess as to the extent of the spatial
distribution based on preliminary analysis. We are particularly interested to
see if there is any detectable excess between 506-516 keV in the subtracted
spectrum, which would imply that the atmospheric or activation component
of the background is not properly subtracted and could potentially influence
our measured flight spectrum.

Figure 7.12 shows the resulting CDS background-subtracted spectrum for
the background simulation, assuming the GC as the source location. The spec-
trum is visually consistent with a flat spectrum and the number of counts be-
tween 506-516 keV is 38+286 cts. However, on closer inspection, a slight
negative excess can be seen between ~250-350 keV. The reduced x?2 of this
distribution compared to a flat line at O counts/keV is 0.92 for the range 400-
1000 keV, but 1.3 between 250-350 keV, for 50 and 300 degrees of freedom,
respectively. The significance of this negative excess at low energies depends
on the event selections, most notably the Compton scatter angle range, and
seems to be a function of the exposure of the GC region, as will be illustrated
when we choose different Galactic positions for our analysis.

The event selections for this analysis are listed in Table 7.1. The accepted
Compton scatter angle range is 16—60°, which may seem arbitrary at first;
however, this corresponds to most of the full range of angles allowable for
energies close to 511 keV. Figure 7.13 shows the distribution of Compton
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Figure 7.12: CDS background-subtracted spectrum of the background simulation,
where a red line is draw along Counts/keV = 0 to represent the flat
distribution we expect. The number of counts within 506-516 keV is
38+286 cts, which confirms a proper background subtraction of the at-
mospheric background and instrumental activation at 511 keV.

Parameter Allowed Range
Pointing selection None
Altitude N/A
Origin selection 16°
Photon energy N/A
Number of interactions 2-7
Compton scatter angle 16 -60°
Distance between first 2 >0.3 cm
interactions

Distance between any >0.0cm

interaction

Earth horizon cut

Reject if 99% of Compton circle is
below horizon

Table 7.1:

Event selections for the CDS background-subtracted spectrum for the back-
ground simulation shown in Figure 7.12. Refer to Section 3.5.5.1 for an
overview of the mimrec event selections.
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Figure 7.13: The distribution of Compton scatter angles for event with E, = 506-
516 keV from the background simulation. The dotted vertical lines
show the event selections used in this analysis, which is the majority of
events.

scatter angle for the full background simulation of events with E, = 506
516 keV. The dotted vertical lines indicate the range used for this back-
ground analysis. For now, our goal is to show that we can achieve the ex-
pected distribution with selections that are fairly representative of the final
analysis, but it is important to note that further limiting the event selections
could allow for a more sensitive background subtraction.

To further test the background subtraction procedure, we have chosen three
random positions in Galactic coordinates and repeated the CDS background
subtraction with our simulated data. We have ensured these positions had
exposure during the COSI flight. For each of these locations, we want to con-
firm that there is no detected significance, particularly around the 511 keV
line. Figure 7.14 shows the resulting spectrum for the chosen source locations
of (-150, 30), (120, -6), and (180, -90), in (a)-(c), respectively. All event selec-
tions are the same as was used in the GC subtraction, as listed in Table 7.1. The
number of counts between 506-516 keV for these three spectra are 49+200,
-244+237,and 40+287 cts, respectively. All are consistent with zero. The neg-
ative excess seen at low energies in Figure 7.12 is not apparent here, though a
slight positive excess is seen in the spectrum from (30, -150). This effect can
be attributed to how the CDS is populated, since the data being used for these
tests are identical.
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Figure 7.14: Background-subtracted spectra obtained for three different source lo-
cations in the background simulation. The Galactic coordinates were
selected randomly from the flight exposure map: (-150, 30), (120, -60),
and (180, -90) for (a)—(c). The number of counts between 506-516 keV
for these spectra are all consistent with no source.
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732 POINT SOURCE SIMULATION

The background-minus-background spectra are fairly free of systematics, but
a more definite proof of concept of the CDS background subtraction algo-
rithm would be an accurate extraction of a simulated source spectrum. To
this end, we have simulated a point source at the GC to be combined with
the background simulation described in the previous section. Again, we have
used all aspect information from the flight, but now will take into account the
absorption of the source y-rays in the atmosphere, which will be more severe
for the altitude drops at night; our method will be explained in Section 7.3.2.1.

We have performed the point source and background simulations sepa-
rately, and we can analyze them by combining them together, which would
closely represent flight-like conditions, or we can analyze the point source
simulation alone to determine the expected number of counts and spectral
shape without the background contribution. The simulated source is a single
Gaussian line at 511 keV with a width of 2 keV and a flux of 0.0023 «y/cm?/s.

Figures 7.15 (a) and (b) show an image of the combined background and
point source simulation in Galactic coordinates. The image in (a) is a simple
back projection of all events that have E, = 506-516 keV. Since the emis-
sion is dominated by the background radiation, this back projection closely
represents the exposure of the region around the GC. Considering that the
pointing information from flight was used for these simulations, this should
be identical to the exposure map from flight for this region. Figure 7.15 (b)
shows the same image after 5 iterations of the LM-ML-EM algorithm, and the
point source emission at the GC becomes clearly visible. In Figure 7.15 (c),
we have plotted the full spectrum with a 6° origin cut around the GC, which
includes both the atmospheric y-ray and activation background, as well as
the point source contribution at 511 keV. This is the SR spectrum. We can
analyze the source simulation separately, and Figure 7.15 (d) shows the ARM
distribution obtained in mimrec for events with E,, = 506-516 keV. When
fit with the ARM distribution fit function, a double Lorentzian and an asym-
metric Gaussian, shown in red, the FWHM is found to be 6.5°. This is close to
what we have achieved from calibration sources (Chapter 4) and affirms the
choice for an origin cut of 6° for this point source simulation.

7321 SIMULATING ATMOSPHERIC TRANSMISSION

To produce a realistic simulation of a GC point source to better compare with
the flight data, we simulate the affects of y-ray absorption in the atmosphere,
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Figure 7.15: (a) Back-projection of the GC point source and background simulation.
The hot spot in the lower right of the image shows the peak of the ex-
posure. (b) The point source emission is visible in the image after 5 iter-
ations of the LM-ML-EM algorithm. (c) The total spectrum of the point
source and background simulation with a 6° pointing cut around the GC.
This is SR. (d) The ARM distribution of the GC point source, without the
background simulation, to show the expected angular distribution.
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Altitude Exposure time [s]
range [km] 2 dead dets 3 dead dets
27-28 5306 54401
28-29 23334 41172
29-30 35545 92187
30-31 29347 144653
31-32 34878 106156
32-33 164006 136563
>33 1312948 901394

Total time = 3081890 s

Table 7.2: The total COSI flight time has been divided into different altitude ranges.
For each altitude listed, the time has been further split into the number
of dead detectors, i.e., before or after June 6th. Each altitude and detec-
tor combination corresponds to a different simulation. The total simu-
lated time of 3.08x10° s is less than the entire flight duration of 46 days
=3.98x10° s, since there are a number of bad-time intervals have already
been removed from the flight data.

taking into account the drops in altitude. This was done by creating 14 dif-
ferent cosmia orientation files with seven different altitude ranges and two
mass models, including: the two dead detectors (Det #5 and Det #8) before
June 6th, and the three dead detectors (Dets #5, #8, and #0) after June 6th. Ta-
ble 7.2 lists the different simulation times for each of these orientation files,
where these values are obtained from the flight data. A separate simulation
was performed for each of these 14 different orientation files; the number of
dead detectors determines the mass model, and the altitude range selects the
different absorption file to use in the simulation.

The absorption files are created by using the NRLMSISE-00 model (Picone
et al,, 2002), which was also used to determine the density in the atmosphere
for the Ling background model. From the densities of O, Np, and Ar, we
use the NIST XCOM library (Berger et al.,, 2017) to find the cross-section
of interaction as a function of y-ray energy. Then, by integrating along the
line-of-site through the atmosphere, we calculate the transmission probabil-
ity for 18 different off-axis angles between 0-90° and 25 different energies
between 50 keV-10 MeV. The altitude is kept as a independent parameter in
the model. The transmission probabilities for two different altitudes and two
different off-axis angles calculated from this model are shown in Figure 7.16.
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Figure 7.16: The calculated atmospheric transmission probability as a function of -
ray energy. The probability of transmission is highest for downward-
going, high-energy 7y-rays. The black curve shows the transmission
probability at an altitude of 33 km for downward-going 7y-rays. When
a Galactic source is off-axis or the instrument has a lower altitude, there
is more atmosphere for the y-rays to pass through and the transmission
probability is reduced. This is shown for a 40° off-axis angle at an alti-
tude of 33 km, and downward-going events at an altitude of 27 km.

The results illustrate the detrimental effects of the nightly altitude drops; at
500 keV the transmission probability decreases from 0.49 to 0.18 at zenith,
for an altitude of 33 km compared to 27 km. The transmission probability is
lower for off-axis sources because there is more atmosphere to affect trans-
mission between the source and the instrument.

In cosima, the absorption is simulated with a simple Monte-Carlo using
the probabilities from the transmission model. This is only done for Galactic
sources, since the absorption of the background radiation within the atmo-
sphere is already taken into account in the Ling Model.

7322 CDS BACKGROUND SUBTRACTION WITH GC POINT SOURCE

To perform the CDS background subtraction of the GC point source we use an
origin cut of 6°. Figure 7.17 shows the results of the background subtraction,
where the event selections are listed in Table 7.3. The total number of counts
within 506-516 keV is 1167+194 cts, where the expected number from the
point source simulation is 1218 cts. For comparison, the point source spec-
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trum obtained through mimrec with the same event selections is plotted in
blue in Figure 7.17. We are able to extract the correct number of simulated
photons from this point source. The total number of counts between 506—
516 keV in the unsubtracted spectrum shown in Figure 7.15 (c) is 1.9x 104,
and the signal-to-noise ratio is therefore 6%, which is similar to what we ex-
pect to see for the Galactic positron annihilation emission. Though the error
bars are large due to the strong background, this proves the CDS background-
subtraction routine can recover the spectrum of a simulated source.

It is also important to confirm that we can find the correct spectral pa-
rameters in the CDS background-subtracted spectrum. When the spectrum
shown in Figure 7.17 is fit with a single Gaussian, we obtain a line centroid at
511.5+0.5 keV, with a width of ¢ = 3.0+0.6 keV. The fit of the source-only
spectrum in mimrec gives a mean energy of 510.54+0.05 keV, and a width
of 0 =2.9+0.4 keV. Though the line centroid is slightly shifted, the Gaus-
sian line width of the subtracted spectrum is consistent with the source-only
spectrum.

We can retrieve the initial simulated flux from the point source simulation
by first calculating the effective area, making sure to use the same event selec-
tions. The simulated flux was 0.0023 ’)//cmZ/ s, and the total exposure time
was 3.08x10° s; therefore, with 1218 cts measured between 506-516 keV in
the point source spectrum, this gives a flight-averaged effective area of

N, det _ Ndet
Nstart  Flux x time

~ 1218 cts

~0.0023 7y/cm?2/s x 3.08 x 106 s
This value includes the atmospheric absorption, an accurate representation
of the dead detectors in flight, and the event selections listed in Table 7.3. In

addition, this flight-averaged effective area calculation also includes the time
when the source is not within the FOV, which is why the value is so much

ZEff = Astart
(7.15)
=0.175 cm?.

lower than the effective area reported in Section 4.6.2. The GC is within 40°
of COSI’s zenith for only 20% of the total flight time, however the full flight
path was simulated without a pointing cut since no selection is used in the CDS
analysis. We can work from the subtracted spectrum to convert the measured
number of counts back into a source flux:

FIUX = _L

AEff X time

~ 1167 £ 194 cts
©0.175cm2 x 3.08 x 106 s

(7.16)
= 0.0022 + 0.0004 /cm?/s,
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Figure 7.17: CDS background subtraction for the GC point source and background
simulation. The number of counts within 506-516 keV is 1167+194,
which corresponds to a ~6 ¢ detection. The spectrum of the GC point
source with out background is shown in blue, and the number of counts

in the same energy range is 1218 cts.

Parameter Allowed Range
Pointing selection None

Altitude 27000 m

Origin selection 6° (if applicable)
Photon energy 506 — 516 keV (if applicable)
Number of interactions 2-7

Compton scatter angle 16 -60°

Distance between first 2 >0.3 cm
interactions

Distance between any >0.0cm

interaction

Earth horizon cut

Reject if 99% of Compton circle is
below horizon

Table 7.3:

Event selections for the CDS background-subtracted spectrum for the
point source and background simulation shown in Figure 7.17. The ori-
gin selection is only applied for the spectral subtraction and the photon
energy restriction is only applied for the CDS-ARM subtraction; refer to
Section 3.5.5.1 for an overview of the mimrec event selections.
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which is in agreement with the initial simulated flux of 0.0023 7y/cm?/s. To
perform a flux conversion for the flight data, the effective area is obtained
through simulations, as demonstrated here.

74 BACKGROUND-SUBTRACTED CDS-ARM DISTRIBUTION

After we find an excess in the subtracted spectrum, we can determine the spa-
tial distribution of the emission by performing a CDS-ARM background sub-
traction. Analogous to the spectral subtraction, we want to subtract off the
underlying CDS-ARM distribution from the background emission to recover
the angular distribution of the source. To do this, we need to find an appro-
priate estimate of the background distribution.

Before getting into the details, it is prudent to emphasis the importance
of this measure; obtaining a background-subtracted CDS-ARM distribution
of the Galactic positron annihilation emission would be a direct measure of
the spatial extent of the source. For example, if the emission is from a point
source, then we would expect to recover a CDS-ARM distribution with a FWHM
~6°, as shown in Figure 7.3 (b). If the emission has an inherent width, then
the measured CDS-ARM will be a convolution of the instrument point spread
function and the spatial distribution of the source.

741 ENERGY DEPENDENCES OF CDS-ARM

The CDS-ARM is defined for each event as (x — ¢). We have previously shown
there is no statistically significant energy dependence of the polar scatter an-
gle x (Figure 7.8); therefore, if we split up the CDS-ARM distribution into sep-
arate ¢ bins, the CDS-ARM distribution for each ¢ bin will be energy indepen-
dent. We can find the CDS-ARM for each ¢ bin for E,, = 520-720 keV and the
shape should be the same as the underlying distribution at 506-516 keV.
Figure 7.18 shows the total CDS-ARM distribution from the full COSI flight,
where the majority of events in this histogram is from the background radi-
ation. For this distribution, the GC is chosen as the source location; there-
fore, a CDS-ARM of 0 corresponds to the GC, and photons from the region
around the GC would be within a few degrees of the origin of the CDS-ARM
plot. The asymmetric distribution seen in Figure 7.18, with predominantly
positive CDS-ARM values, results from the varying off-axis exposure of the
GC. Events with ()} — ¢) < 0 occur when the source location is inside the
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Figure 7.18: The total CDS-ARM histogram from the full COSI flight, with the GC cho-
sen as the source location. For each event, the CDS-ARM is given by
(X — ¢), and the prevalence of the positive CDS-ARM values is due to the
majority of times when the GC is outside of the FOV. This is illustrated
when a 40° pointing selection on the GC is used on the data, as shown in
green; a large fraction of the positive CDS-ARM values are suppressed.

projected event circle in image-space; therefore, when the EHC selection is
applied, only negative ARM values are possible when the GC is within COSI’s
FOV. Figure 7.19 (a) illustrates an example of an event for an on-axis source
which has a negative CDS-ARM. When the GC is outside of the FOV, only posi-
tive ARM values are possible, since the source location will always be outside
the projected event circles. See Figure 7.19 (b) for an example of an event
with a positive CDS-ARM value. The green histogram in Figure 7.18 shows
the CDS-ARM distribution when a 40° pointing selection on the GC is applied;
the majority of the large positive CDS-ARM events are suppressed.

Figure 7.20 shows the CDS-ARM distribution for two different ranges of
Compton scatter angle: 20-25° and 50-55°. This is the (mostly) background
distribution from one day of flight data with the EHC applied. The shape for
these two distributions is very different. The larger Compton scatter angle
range, shown with the blue-dotted line, is much flatter and extends to larger
negative CDS-ARM values. This is because with a larger Compton scatter an-
gle there is more probability that the source location will be within the large
event circle as opposed to outside of it, as shown in Figure 7.19 (a). This is the
opposite for smaller Compton scatter angles. The largest negative CDS-ARM
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Figure 7.19: (a) Schematic showing an event with a negative CDS-ARM. The image-
space event circle does not intersect the source position at (0, 0) since the
Compton scatter is larger than the polar scatter angle. (b) Event with a
positive CDS-ARM value since the Compton scatter angle is smaller than
the polar scatter angle.

value for the 20-25° range of angles is -25°, because this is the maximum ra-
dius of the event circle and therefore the largest possible distance the source
location can be from the circle while also being within the circle. The differ-
ence in distributions for the two Compton scatter ranges confirms the need
to split up the CDS-ARM distribution into separate ¢ bins.

To determine the morphology at 511 keV, we can find the CDS-ARM dis-
tribution for each ¢ in the interval 506-516 keV. The CDS-ARM distribution
from our standard high-energy range, 520-720 keV, can be used to describe
the shape of the underlying background, but we will need to find an appro-
priate scaling factor. From the CDS spectral background subtraction, we have
an accurate spectrum defining the background emission for each Compton
scatter angle, BSR (¢, E). We can therefore use the relative number of counts
in the 506-516 keV and 520-720 keV range in this scaled background spec-
trum to give the correct normalization for the background CDS-ARM distri-
bution.
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Figure 7.20: CDS-ARM distribution for two Compton scatter ranges, 20-25° and 50-
55°, from one day of flight data with the GC as the source location.

742 CDS-ARM BACKGROUND SUBTRACTION ROUTINE

The CDS-ARM background subtraction procedure relies on the results from
the spectral subtraction and is a three-step process:

1. Find a separate CDS-ARM distribution for each ¢ for two different en-
ergy ranges: the line interval n,p0(¢p, E[506 < E < 516) and our
higher-energy range naxm (¢, E|520 < E < 720).

2. Use the scaled background spectrum BSR(¢p, E) from the third step
in the spectral subtraction to determine the normalize factor for the
higher-energy CDS-ARM:

_ YEs0s B¥(¢,E)
S F %0 BSR(¢, E)

p (7.17)

3. Scale and subtract off the higher-energy CDS-ARM distribution to find
the source CDS-ARM distribution Spu:

Sart = 3 [Mar (¢, E|506 < E < 516) — Agnar(¢p, E|520 < E < 720)].

¢
(7.18)
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Figure 7.21: The CDS-ARM distribution from the background simulation for events
with Compton scatter angles 16-17° and 59-60°, in (a) and (b), respec-
tively. Events with E, = 506-516 keV are plotted in red. The events
from the 520-720 keV interval have been scaled using BS* (¢, E).

Figure 7.21 shows the CDS-ARM distribution from the full background sim-
ulation (Section 7.3.1) for the line interval 506-516 keV in red. The events
with Compton scatter angle 16—17° are shown in (a), and events with ¢p = 59—
60° are shown in (b). The distribution from the higher-energy range, 520-
720 keV, has been scaled using the background spectra BSR(¢, E), and is
shown in blue. This scaled higher-energy CDS-ARM serves as our background
distribution and closely matches the line interval distribution.

743 CDS-ARM BACKGROUND SUBTRACTION VALIDATION

Again, we will use the full background and GC point source simulations to
validate the subtraction routine. Figure 7.22 shows the results from the back-
ground subtraction for the background emission, shown in (a), and the GC
point source with background, in (b). For the background-only simulation,
we retrieve the expected flat CDS-ARM distribution. There is no excess de-
tected at the origin. When fit with a flat line along the axis, the reduced
X2 is 0.91. As in the spectral subtraction, we can compare the subtracted
point source distribution to the ARM histogram from mimrec, shown in Fig-
ure 7.15 (d) and again as the blue curve in Figure 7.22 (b). There is a close
match between the subtracted CDS-ARM and the mimrec ARM distribution.
Fitting the subtracted CDS-ARM distribution with a single Gaussian, with its
centroid fixed at 0, gives a FWHM of 6+1°. This can be compared to the FWHM
of the ARM distribution of the point source only, which is 6.5°. The CDS-ARM
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background-subtraction routine can therefore extract the correct spatial dis-
tribution of a simulated source at the GC.

75 MAXIMUM-ENTROPY BINNED-MODE IMAGING

The three dimensions of the CDS (X, 1, ¢), in addition to the two image-space
dimensions (I, b) in Galactic coordinates, define the 5D imaging response of
COSI that can be used for binned-mode imaging. The COMPTEL collaboration
used the Maximum Entropy Method (MEM) for image deconvolution with
the CDS for their principal imaging technique (Strong et al., 1990). The COSI
collaboration is working on implementing a similar technique for a CCT for
the first time (Zoglauer et al., in prep).

The 5D imaging response is created from a large simulation data set which
is noised using the fully benchmarked COSI DEE. The advantages of this binned-
mode imaging technique for the positron annihilation studies is that it will
allow for an accurate measure of the flux and extended spatial distribution of
the emission, and allow for background estimation and exposure correction;
however, the success of the algorithm depends critically on an accurate de-
scription of the detector response and background radiation (Strong & Diehl,
1989). The preliminary results of the COSI implementation of the MEM with
the CDS for the Galactic 511 keV imaging will be presented in Section 9.3.

76 SUMMARY

The CDS spectral and spatial background subtraction relies on the energy in-
dependence of the polar scatter direction and uses a high-energy range to de-
termine the underlying background distribution in the CDS. The high-energy
range that is used to find the background CDS distribution cannot have a
source contribution; therefore, the routine developed here for the Galactic
positron annihilation emission is not valid for broadband sources, though the
COsI collaboration is currently developing such a CDS background-subtraction
method (Sleator et al., in prep). We have shown the background-subtracted
spectrum is flat when analyzing a background simulation, and we were able
to recover the simulated flux of a point source, with the correct line width and
spatial distribution. This is the first time this analysis has been performed for
a CCT, and the routine employed here is a variant of the methods the COMPTEL
collaboration published in Knodlseder et al. (1996).

178



7.6 SUMMARY

= N
o
o

o !
o

Counts/degree

)]
o O
T T T I
—e—
—e—
e —
4
v .
———i
e
———
——e——
e —
—

2!

of

-50
-100
-150

T TT T[T TTTH
—o—
—e—
—
—e—i
————
———
»—§
—————
7

_20%1 111 ‘ L1 ‘ L1 ‘ L1l ‘ L1 ‘ L1 ‘ L1l ‘ L1 ‘ L1 ‘ L1l
-50 -40 -30 -20 -10 O 10 20 30 40 50
CDS-ARM (degrees)

(a) CDS-ARM distribution of background simulation.

(]
O 200 —e— CDS Subtraction
8’ : — Source Only
o
S
(2]
-
c
> 100
@]
@)
0
-100

CDS-ARM (degrees)

(b) cDS-ARM distribution of point source simulation.

Figure 7.22: (a) Background-subtracted CDS-ARM distribution of the background
simulation. A red line is drawn along 0 Counts/deg, since this is the ex-
pected distribution. (b) Background-subtracted CDS-ARM distribution
of the point source simulation with background. When fit with a single
Gaussian, the point source distribution gives a width of 0 = 6+1°. The
expected ARM distribution, as obtained for the point source in mimrec,

is shown in blue.
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GALACTIC POSITRON ANNIHILATION
SIMULATIONS

We have developed a background subtraction routine using the CDS to detect
the Galactic positron annihilation emission with COSI. The method was intro-
duced in Chapter 7 and validated for the simple case of point source emission.
In this chapter, we will described detailed simulations of the GC positron anni-
hilation emission that were preformed to allow for a better comparison with
the flight data. It is important to confirm that the o-Ps continuum can be de-
tected in the spectral subtraction, and that the spatial distribution of the emis-
sion can be determined from the CDS-ARM subtraction. After an overview of
the preformed simulations in Section 8.1, we will do a thorough analysis of
the spectral and spatial parameters of these simulations given the COSI de-
tector response. In Section 8.2 and 8.3, we will analyze the CDS subtracted
spectra and ARM distributions from these simulations.

81 OVERVIEW OF SIMULATIONS

The positron annihilation emission from the Galaxy is characterized by two
spectral signatures: the annihilation line at 511 keV and the o-Ps continuum
below 511 keV. Spatially, the emission is measured to be strongest in the
center of the Galaxy, in what is referred to as the bulge emission, and there is a
low surface-brightness emission associated with the Galactic disk, though the
spatial extent of this component is not well constrained. The total flux of the
annihilation line is ~1x1073 7/cm?/s, where this value is dependent on the
assumed spatial distribution. The leading descriptions for the morphology of
the emission are phenomenological models derived from SPI data, namely the
Skinner et al. (2014) and Siegert et al. (2016a) models.

To better understand the 2016 COSI flight measurements, we have per-
formed detailed simulations of the Skinner and Siegert emission models. Both
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8.1 OVERVIEW OF SIMULATIONS

of these models have the same three components to describe the central GC
emission: a broad Gaussian bulge with FWHM = 20.5°, an offset narrow Gaus-
sian bulge with FWHM = 5.9°, and a point source at the location of Sgr A*. The
major difference between the two models is the spatial extent of the fourth
model component: the disk emission. The Skinner model has a thin disk
component with latitudinal FWHM of 7°, whereas Siegert et al. (2016a) have
found a width of 25° best fits the SPI data. The 511 keV flux and spatial details
of the two models can be found in Tables 2.1 and 2.2, and Figure 8.1 shows
the Galactic images of the models in mimrec. When these distributions are
run through our analysis pipeline, where we include the aspect information
from flight, we will only be sensitive to measurements from areas within the
COSI exposure map (Figure 5.12), i.e., positive Galactic longitudes.

The simulations presented in this chapter take into account COSI’s detector
response and source attenuation in the atmosphere so that our results repre-
sent what COSI would have measured in the 2016 flight if either of the models
correctly describe the emission. The three components within the bulge re-
gion, the narrow and broad Gaussian bulge and point source, are simulated
together; however, the disk emission is separated to better understand the ef-
fects of this faint extended emission within the CDS background subtraction.

The spectral parameters in these models are assumed to be the same. For
each spatial component, a 511 keV line is simulated with a Gaussian width of
o =2 keV, and separately, the o-Ps continuum is simulated. Combining the
Gaussian and o-Ps component gives a 4-parameter spectral fit function:

_ 2
F(E) :Aexp(—%)+BPops(E), 8.1)

where A and B are amplitude scaling factors for each spectral component,
and y and 0 are the Gaussian mean and width, respectively. The o-Ps spectrum
F,ps(E) is given by
m [E(m-E) 2m(m-E)2, m-E
Fons(E)= [ " 2 - 1
ops(E) m-E [(Zm—E)2 Qm-Ep ' m
+2m—E +2m(m—E) lnm—E

E E2 m |
with m = 511 keV. From the relative flux of the o-Ps continuum and the
511keV line, denoted by I3,/ I5,, one can calculate the positronium fraction:

(8.2)

813,/1>,

= . 8.3
9+ 6137/121}, ( )

Ps
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(b) Galactic distribution of Siegert model.

Figure 8.1: The spatial distribution of the two simulated positron annihilation emis-
sion models in Galactic coordinates. The only difference between the
models is the size of the Galactic disk emission, which has a latitudinal
FWHM of 7° for the Skinner model shown in (a) and 25° for the Siegert
model in (b).

It will be important to confirm that the positronium fraction is preserved in
the background subtraction. The modeled positronium fraction is fps = 1
and the flux values are the same as those listed in Table 2.1. For the spectral
discussions presented in the following section, we will only consider the Skin-
ner distribution since the bulge description is the same for both models and
we restrict our analysis to the 16° region around the GC.

To probe the emission morphology, we look at the CDS-ARM distribution.
For a point source, the CDS-ARM gives the effective point spread function of
the telescope, as seen previously. For a source that has extended emission, the
ARM distribution, which is a measure of the angular separation of each event
from the center of the source location, will be extended as well. The ARM
distribution is effectively a measure of the average radial distribution of the

source.
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(a) Point source. (b) FWHM = 20.5° Gaussian. (c) FWHM = 47° Gaussian.

Figure 8.2: The ARM distributions of three simulations after ideal reconstruction
with a 47T FOV detector.

The ARM distribution is fit with a phenomenological model consisting of
the combination of a double Lorentzian and an asymmetric Gaussian, which
gives an 8-parameter fit function:

It
I3+ (x—p)?

F% Aexp( (x- V)), forx > u
F%*(X_P‘)2+ Aexp(( F)), for x < u,

C(x) =11

+ ILZ (8.4)

whereI'q,I'p, I11, and I} 5 are the widths and amplitudes of the two Lorentzian
distributions, A is the Gaussian scaling factor, y is the mean, and ¢ and 0«
are the Gaussian widths for the distribution above and below the mean, re-
spectively. It is the FWHM of this fit function that gives the width of the ARM
distribution. If the fit function does not describe the ARM distribution well,
then the FWHM can be approximated graphically from the binned data.

To better understand how the ARM represents the radial extension of a
source, we will look at a few quick examples. Figure 8.2 shows the ARM dis-
tributions for a point source in (a) and two extended Gaussian distributions
with a FWHM of 20.5° and 47° in (b) and (c), respectively. These distributions
are made from simulations with an idealized high resolution imaging detec-
tor with a 47T FOV to get a true measure of the ARM distribution without a
complicated detector response. With open event selections, the FWHM of the
point source simulation is 2.4°, shown with the blue curve in Figure 8.2 (a).
When the Compton scatter angle range is restricted to 15-55°, which is done
to match our selections in the flight analysis (Chapter 9), the ARM FWHM is re-
duced to 1.2° and the number of counts is much lower, as shown in green. Al-
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though this is a much smaller resolution than what we can achieve with COSI,
it is useful to compare the point source distribution with that from extended
emission. Figure 8.2 (b) shows the ARM distribution for a simulated Gaussian
with a FWHM of 20.5°. When this distribution is fit with Equation 8.4, the
FWHM is found to be 23.4°. With a restriction of the Compton scatter angle
to ¢ = 15-55°, the ARM FWHM is reduced to 20.3°; however, the distribu-
tion is now skewed to the right by 2.4°. Figure 8.2 (c) shows the measured
ARM distribution from a 47° FWHM Gaussian simulation. The FWHM of the
fit with open event selections gives 49°. When the Compton scatter angle is
restricted, the ARM distribution is more skewed with a peak at 13° and the
FWHM is 56°.

The restriction in the Compton scatter angle allows for a better reduction
of background, which will be important for the flight data, but it skews the
measured radial distribution of extended sources. The measured ARM distri-
bution no longer matches the simulated emission. Therefore, it will be eas-
ier to make a statistical comparison of the measured CDS-ARM distribution
to the simulated Skinner and Siegert ARM distributions with the same event
selections, as opposed to attempting a deconvolution to extract the original
emission.

As described for the point source simulation in Section 7.3.2.1, the aspect
information from flight is included in the Skinner and Siegert simulations,
as well as the atmospheric absorption. The background simulation described
in Section 7.3.1 is used to reproduce flight-like conditions for the CDS sub-
traction, which will be discussed in Section 8.2 and 8.3. For the discussions
that follow, the event selections listed in Table 8.1 are used unless otherwise
noted.

811  SPECTRAL ANALYSIS OF GC POSITRON ANNIHILATION SIMULATIONS

First, we will analyze the two simulated spectral components, the 511 keV
line and o-Ps continuum, separately to determine the expected measured pa-
rameters. We will confirm that we obtain the same fit parameters when the
two components are combined and fit simultaneously with Equation 8.1. In
Section 8.2, we will include the <y-ray background emission to make sure
we find consistent parameters with the CDS background subtraction. The
nuclearizer DEE has been applied to all of these simulations, so the detec-
tor response should be fairly accurate.
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Parameter Allowed Range
Pointing selection None
Altitude 27000 m

Origin selection

16° (if applicable)

Photon energy 506 — 516 keV (if applicable)
Number of interactions 2-7

Compton scatter angle 15 - 55°

Distance between first 2 >0.5cm
interactions

Distance between any >0.3 cm

interaction

Earth horizon cut Reject if 99% of Compton circle is

below horizon

Table 8.1: Event selections for the CDS background subtraction of Galactic positron
annihilation simulations. The origin selection is used only for the spec-
tral subtraction, and the photon energy cut is only used for the CDS-ARM
subtraction. Refer to Section 3.5.5.1 for an overview of the mimrec event
selections, and see Appendix A for how these values were chosen for the
analysis of the COSI flight data.

We can analyze the separate spectral components inmimrec, without back-
ground, and we do this for a strong simulated source to get enough statistics
for a proper description of the spectral shape. We restrict our multi-site event
data with a 16° origin cut on the GC so we can later compare our results with
the CDS background subtraction with the same cut. For a strong simulation
of the Skinner model, which is set to be 10 times the Galactic strength, the
total 511 keV flux from a 16° region around the GC is 0.0133 y/s (including
the disk contribution).

The 511 keV line component, shown in Figure 8.3 (a), is fit with a Gaussian
to describe the line shape. The spectral fit also includes a second Gaussian
component to account for the small bump below 511 keV, which is due to
charge loss in our DEE; this component is fixed to have a relative height of
6% compared to the 511 keV line, a centroid at 501 keV, and 0 = 8 keV.
The spectral fit of the 511 keV line shown in Figure 8.3 (a) gives a mean at
510.68+0.02 keV, and a width of o = 2.76+0.02 keV. By subtracting the
fit line width in quadrature with the measured COSI energy resolution of
1.85keV at 511 keV, we find a line width of 2.1+0.3 keV, which is consistent

185



8.1 OVERVIEW OF SIMULATIONS

£ > E
E, 2200 — gimylation Spectrum 2 300 — Simulation Spectrum W
< 2000E s F — -Ps Fi )
2 FE —— Gaussian Fit = E Ortho-Ps Fit ! H
g 1800? § 250: ------ Extrapolated Ortho-Ps J |
Q 16001 O ,nnF 'hh I
o 1400 2001 "WWM
1200F 1500 Wﬁ:fﬂ* ‘
1000c i N
800} 100 W
600 E ’ v"w
400F 500 o
200 F ‘m”’ L
E L I Bl ™
9567360 470 480 490 500 510 520 530 540 % 100 200 300 400 500 600
Energy (keV) Energy (keV)
a eV line component. o-Ps continuum.
(@) 511 keV1 p t (b) o-P t
E) 2200? —— Simulated Spectrum Parameter Value
% 2000 Total Fit - -
£ 18005 ... Gaussian Gaussian Fit p 510.75+0.02 keV
3 1600F - Ortho-Ps
O 1400E I 2.74+0.02 keV
o A 1906+16 cts/keV
800 o-Ps Fit B 164.8+0.7 cts/keV
600
4005 511 keV Integral 15440+100 cts
200 o i
et I ) o-Ps Integral 72860+310 cts
800 250 300 350 400 450 500 550
Energy (keV) fps 1.012+0.002

(c) Combined positron annihlation spec-
trum with fpg = 1.
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Figure 8.3: Spectral components of the simulated Galactic positron emission mea-
sured in the COSI detector. The 511 keV line component is shown in (a),
the o-Ps continuum is shown in (b), and the combined spectrum is shown
in (c). The table in (d) lists the fit parameters and the calculated flux from
the separate components for the combined spectrum.

with the simulated 2 keV. The integrated flux of the line component for this
simulation is 1.54x10% cts.

The o-Ps spectrum extending down to 0 keV is more difficult to analyze due
to the energy-dependent efficiency of COSI, which drops to zero for Comp-
ton events at low energies. When fitting the spectrum with Equation 8.2 with
only the amplitude as a free parameter, we find we can recover the simulated
o-Ps flux, and more importantly, the relative ratio between the 511 keV line
and o-Ps components, by restricting the fit range to 400-520 keV. The o-Ps
continuum component is shown in Figure 8.3 (b), and the dotted green line
shows the full o-Ps spectrum that is consistent with the fit from 400-520 keV,
shown in red. The deviation of the measured events and the dotted-green line
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8.1 OVERVIEW OF SIMULATIONS

is due to the reduced efficiency at lower energies, where our threshold energy
for Compton events is ~150 keV. It is the integral of this extrapolated spec-
trum that gives the o-Ps flux, which is 7.29x 104 cts for this fit, which includes
only multi-site events.

The combined 511 keV line and o-Ps spectrum is shown in Figure 8.3 (c).
Fitting the combined spectrum with Equation 8.1, we are able to obtain con-
sistent 511 keV line and o-Ps flux values to within a few percent of the val-
ues from the individual fits, and the I3,, / I ratio gives the correct simulated
positronium fraction of fp; = 1. The parameters of the fit, as well as the
calculated integrals of each component and the fp;, are included in the table
in Figure 8.3 (d). This confirms that we can perform a fit of the combined
spectrum and get the correct flux for each component with the correct fp;.

812  SPATIAL ANALYSIS OF GC POSITRON ANNIHILATION SIMULATIONS

As with the spectral analysis, we will first look at the spatial distribution of the
separate components of the simulation, i.e., the bulge and disk components,
in mimrec before analyzing the combined emission. Each ARM distribution
shown here only includes events with E., = 506-516 keV, in addition to the
event selections listed in Table 8.1, unless otherwise specified.

Figure 8.4 (a) shows the ARM distribution of the simulated bulge compo-
nent for the Skinner model from mimrec, which includes the narrow and
broad bulge and GC point source components. The measured FWHM of this
distribution is 12.2° when fit with the ARM fit function in Equation 8.4. Since
this is the combined distribution from the point source and narrow bulge, in
addition to the broader bulge, the distribution is more strongly peaked than
the single Gaussian distributions presented in Figure 8.2.

The measured ARM distribution for the disk component of the Skinner
model is shown in Figure 8.4 (b). The distribution is not symmetric since
the negative ARM values are suppressed with the EHC, as discussed in Sec-
tion 7.4.1, and with the restriction on Compton scatter angle the distribution
is skewed. The extent of the disk emission is therefore mostly apparent in the
positive ARM values. We cannot separate out the latitudinal or longitudinal
extent since the ARM gives only the average radial distribution; therefore, it is
not easy to extract the true shape or width of the emission for large extended
sources in this way.

Figure 8.4 (c) shows the ARM distribution for the total Skinner model, which
combines the bulge and the disk components. The ARM fit gives a FWHM of
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Figure 8.4: (a) The ARM distribution of the bulge component in the Skinner model,
which includes the narrow and broad bulge, with a model FWHM of 5.9°
and 20.5°, respectively, and the point source component at the GC. (b)

The Skinner model disk component, which is modeled as a 2D Gaussian
with a latitude FWHM of 7° and a longitude FWHM of 212°, shows a much
broader ARM distribution that is skewed due to the EHC and restriction
on Compton scatter angle. (c) The total ARM distribution of the Skinner

model, which combines the distribution in (a) and (b), is dominated by

the bulge component. (d) The ARM distribution of the o-Ps spectral com-
ponent from the full Skinner model with E,, = 300-500 keV.
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Figure 8.5: The comparison of the Skinner and Siegert model ARM distributions.
With the same event selections as in Table 8.1, the thicker disk of the
Siegert model, shown in green, is not significant with this analysis mea-
sure.

15.0°, which is only a few degrees larger than the bulge component alone. As
we will show later in this chapter, the CDS-ARM background subtraction tech-
nique as described in Chapter 7 is not sensitive to the weak extended disk
emission; therefore, we will not spend time attempting to extract the signal.

Since we have separated the 511 keV and o-Ps simulations, we can also look
at the ARM distribution of only the o-Ps spectral component. Figure 8.5 (d)
shows the measured ARM distribution for E,, = 300-500 keV from the o-Ps
simulation. The FWHM of the fit gives a width of 21°. The distribution is
slightly wider than the 511 keV component since at these lower energies
COSI’s angular resolution is worse.

Finally, in Figure 8.5, we compare the ARM distribution from the Siegert
and Skinner models. The distributions have been normalized so as to more
easily compare the shapes. The disk emission, which is the only difference
between these two models, changes the width of the distribution slightly. The
ARM fit of the Siegert model gives a FWHM of 17.5°, compared to 15.0° for
the Skinner model. The difference here is too small to be able to constrain
the disk emission, and therefore we will focus our analysis in this chapter
on only the Skinner model distribution. To better differentiate between the
two disk models, COSI will need to directly image the emission; this will be
discussed in Section 9.3.
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Figure 8.6: CDS background-subtracted spectrum of the Skinner model simulation.
The separate components of the spectral fit defined in Equation 8.1 are
shown, as is the raw unsubtracted spectrum. The event selections for this
analysis are listed in Table 8.1.

82 CDS SPECTRAL SUBTRACTION OF GC POSITRON ANNI-
HILATION SIMULATIONS

The background simulation described in Section 7.3.1 is added to the Skinner
and Siegert models to reproduce flight-like observations. Figure 8.6 shows
the CDS background-subtracted spectrum for the strong Skinner model source,
where an origin cut of 16° is used. The unsubtracted raw spectrum for the
same origin cut is shown in gray for comparison. The total number of counts
in the unsubtracted spectrum between 506-516 keV, which includes con-
tribution from the 511 keV line and o-Ps continuum, is 2.9x10% cts. With
1.2x10% cts in the source-only spectrum, shown in Figure 8.3 (c), this corre-
sponds to a signal-to-noise ratio of almost 50%, which is much larger than
what is expected from the GC emission; however, this strong source will be
useful to confirm our ability to recover the correct spectral parameters. In
addition, we will analyze a simulation with the correct Galactic flux to better
understand what we expect to measure with COSI.

Taking a closer look at the strong Skinner model simulation, Figure 8.7 (a)
shows the same CDS subtracted spectrum as in Figure 8.6 but with a smaller
energy range around 511 keV and finer binning for a better view of the spec-
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(a) CDS subtracted spectrum. (b) Spectral parameters from fit.

Figure 8.7: (a) Spectral fit of the simulated strong Skinner model source for a 16°
region around the GC. The fit parameters and calculated positronium
fraction are listed in the table in (b).

tral fit function. The fit parameters for this spectrum are shown in the table
in Figure 8.7 (b). When fit with the two spectral components (Equation 8.1),
we find an integrated o-Ps flux of 5.8+0.1x10% cts, and an integrated Gaussian
line component of 1.22+0.03x10% cts. The flux ratio gives a fps of 1.01+0.01,
which is consistent with the simulated positronium fraction. The integrated
fluxes of the two components and the calculated fp; are listed in the table in
Figure 8.7 (b). The 511 keV line centroid and width are consistent with the
unsubtracted spectral parameters in Figure 8.3.

Though the I3, /I, ratio measured in the subtracted spectrum is correct to
within a percent, the flux values are about 80% lower than those measured in
the source-only spectrum shown in Figure 8.3 (c). This is due to the disk com-
ponent of the emission. Since the disk extends further out than our 16° origin
cut, some of the source photon from the disk will be within our defined back-
ground region BR ¢ from which the background spectrum is determined.

Figure 8.8 shows the Skinner source projected into the 2D CDS. Each event
is a black point in the data space, the boundaries of the source region are in-
dicated with the red dashed lines, and the boundaries of the background re-
gion are blue. Since this simulation includes no background component, any
event within BRgy¢ is from the disk emission. For the 511 keV line, we find
1.4x10% cts are in the source region and 2.5x 103 cts are in BRgy¢. Since the
background spectrum is obtained from BRgy¢, any source counts within this
region will subtract off the same contribution in the source region. Therefore,
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Figure 8.8: 2D CDS distribution of the Skinner model simulation. The red-dashed
boundaries define the source region SR and the blue-dashed boundaries
define BRoy¢. The higher density of points near the ¢p = x line are from
the bulge emission, while the data points spread away from the SR are
from the disk emission.

the source signal would be reduced by 2.5x 103 cts, and we expect to only mea-
sure 1.15x10% cts between 506-516 keV in the subtracted spectrum. This is
exactly what we find. The number of counts with 506-516 keV in the sub-
tracted spectrum is 1.12+0.03x10% cts. This reduction is unavoidable with
the very extended nature of the positron annihilation signal and our choice
of background region.

From the strong Skinner model simulation, we have shown that the CDS
subtraction routine can recover the correct spectral parameters, including
fps. However, it may be more interesting to analyze a simulation with the
expected Galactic flux to more closely compare to the background subtrac-
tion from the COSI flight. Figure 8.9 (a) shows the resulting CDS background-
subtracted spectrum for a 16° region around the GC, when the simulated flux
in the central region is 1.33x1073 oy/cm?2/s. This is one-tenth the strength of
the previous simulation and accurately describes the Galactic positron anni-
hilation flux from the SPI models.

The total number of counts between 506516 keV in the subtracted spec-
trum shown in Figure 8.9 is 960+240 cts. From the source-only spectrum
we expect to detect 1401 cts, and therefore we are only recovering 70% of
the source photons within this 16° region; as explained above, we expect this
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(a) CDS subtracted spectrum. (b) Spectral parameters from fit.

Figure 8.9: Spectral fit of the simulated Skinner model with the correct Galactic flux.
The fit parameters are listed in table in (b).

to be due to the disk emission in the background spectrum. The number of
counts in the background spectrum for these selections is 3.0x10% cts, and
therefore the signal-to-noise ratio of the combined simulation is 5%.

The fit parameters for this background-subtracted spectrum are shown in
the table in Figure 8.9 (b). The Gaussian component describing the 511 keV
emission has a centroid of 510.2+0.8 keV, and the line width was found to be
2.3+0.5 keV; both are in agreement with the measured parameters from the
stronger simulations shown in Figure 8.7. The calculated fps is also consis-
tent with the simulated positronium fraction of 1.

To test the statistical significance of a spectral feature, we use the F-test.
The F-test, which is named in honor of the statistician Sir Ronald A. Fisher,
compares the sum of squares of the null hypothesis (without the spectral fea-
ture) and an alternative model, taking into account the degrees of freedom of
each fit. The significance of the spectral feature in the alternative model is
then based on the P-value of the F-test. With the F-test, the significance of
the spectral detection in Figure 8.9 is 3.5 0.

We have shown that we can recover the correct spectral parameters with
the CDS subtraction for a source with a signal-to-noise ratio of 5%. This give
us confidence that the spectral background subtraction routine will recover
the true parameters of the Galactic annihilation emission. With the inclusion
of the COSI aspect information in these simulations, we expect our measured
flight results to closely match the spectrum in Figure 8.9.
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821 FLUX OF POSITRON ANNIHILATION EMISSION

To convert the measured counts into a source flux, we can use the Skinner
model simulation to calculate the effective area. Since we do not use a point-
ing selection in our analysis routine, even the times when the GC is not in the
FOV need to be simulated and included in a flight-averaged effective area Af £f-
For the Skinner model simulation with 10 times the Galactic flux, we use the
flight aspect information and take into account the drops in altitude to calcu-
late the correct attenuation in the atmosphere. as discussed in Section 7.3.2.1.
With a 16° pointing cut, we find 8775 counts in the source-only spectrum in
mimrec between 506-516 keV. The flight-averaged effective area from this
simulation is then

— Nyet
AEff: Flu ;

X X time

~ 8775 cts
©0.0133 /cm?/s x 3.08 x 106 s

(8.5)
=0.214 cm?.

The exposure time from the full flight simulation is 3.08x10° s, and the flux
from the 16° region around the GC is 0.0133 y/cm?/s. As a test, we can use
this calculated effective area to convert the number of counts detected in the
CDS background-subtracted spectrum of the weaker Skinner model in Fig-
ure 8.9 into a flux:

FIUX = _L

AEff x time

B 960 + 240 cts
0214 cm2x3.08 x 106 s

This agrees with our simulated flux of 1.3x1073 y/cm?2/s.

(8.6)

=1.5+0.4 %1073 y/cm?/s.

This flight-averaged effective area is different than what was found for the
point source simulation in Section 7.3.2.2: 0.175 cm?. This is due to the ex-
tended nature of the Skinner model. When finding the effective area, we use
an origin cut and all photons that are consistent with the source region will
be counted in Nj,;. In the point source simulation, all of the photons sim-
ulated were from the same location; therefore, the origin cut is limiting the
count of detected photons to only those that are properly reconstructed and
consistent with the source location. However, in the Skinner model simula-
tion, there will be a significant fraction of photons from the disk component
that will be consistent with the source region, in addition to the events orig-
inating from within the origin cut. This gives a larger Nj,; and, in turn, a
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larger flight-averaged effective area. Therefore, the effective area calculation
is dependent on the model of the background. There will always be a bleed-in
from the disk photons into our 16° region. We must therefore make sure to
include the disk component in simulation for the effective area calculation, as
we do above. If the disk component of the Galactic emission is stronger than
the description in the Skinner model, either spatially or in intensity, then the
calculated flight-averaged effective area shown in Equation 8.5 would under-
estimate this extra disk contribution, and the resulting flux would be falsely
enhanced.

83 BACKGROUND-SUBTRACTED CDS-ARM DISTRIBUTION
OF GC POSITRON ANNIHILATION SIMULATIONS

With the simulated background radiation added to the Skinner model simu-
lation, we can determine the background-subtracted CDS-ARM distribution,
shown in Figure 8.10 for the strong Skinner model simulation. A 16° ori-
gin cut is used in the spectral subtraction routine to find the ¢-dependent
background spectra, and the relative number of counts in the two energy
ranges (506-516 keV and 520-720 keV) in the scaled background spectra de-
termines the scaling of each ¢-dependent background CDS-ARM distribution
(Section 7.4.2). So, although there is no origin cut in the ARM distributions,
the background ARM will be scaled in a different way depending on the origin
cut. This is explored in more detail in Appendix A, where the event selections
for the CDS subtraction analysis are discussed.

The fit to the subtracted CDS-ARM distribution in Figure 8.10 gives a FWHM
of 13.6°, which is smaller than the width of the full Skinner model distri-
bution. The number of counts in the peak of the background-subtracted
distribution is 7439+300 cts. This is only ~85% of the expected number of
counts within the inner 16° region of the simulated Skinner model, but is
consistent with the counts from only the bulge component: 7225 cts. The
distribution at larger ARM values (> 40°) drops below O cts/deg; however,
this is where the disk emission is seen in the unsubtracted distribution (Fig-
ure 8.4). This undershoot occurs because the BRyyt region covers much of
the disk region (Figure 8.8) and we are essentially subtracting this compo-
nent off. In this way, we are only sensitive to the bulge emission in the sub-
tracted CDS-ARM distribution. In addition, the measured width does not per-
fectly match the budge-only ARM distribution shown in Figure 8.4. Therefore,
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Figure 8.10: Background-subtracted CDS-ARM distribution for the 506-516 keV
line from the Skinner model simulation. The fit to this distribution give
13.6° FWHM and there are 74394300 cts within the peak. The raw un-
subtracted distribution for the same energy range and event selections
is scaled by % and shown in gray.

we will analyze the emission shape by comparing the CDS-ARM results to the
background-subtracted distribution of a very strong simulation that includes
only the Skinner bulge component.

Taking a closer look at the CDS-ARM background-subtracted distribution
from the strong Skinner model simulation, Figure 8.11 (a) compares the dis-
tribution with the expected distribution from only the Skinner bulge compo-
nent, shown in blue. There is a good overlap between the two distributions
for the total distribution except at the higher ARM values where the disk con-
tribution results in a negative excess. The distribution is fit with Equation 8.4
with only one Lorentzian component, and the parameters are listed in the ta-
ble in Figure 8.11 (b). The FWHM is determined from the fit function and the
error was estimated after preforming the fit multiple times with different bin
sizes. From this, we conclude that our CDS-ARM subtraction routine allows
us to directly compare the measured distribution of the bulge emission with
that of the Skinner model.

Figure 8.12 shows the subtracted CDS-ARM distribution from the weaker
Skinner model simulation, which is derived from the spectral subtraction in
Figure 8.9. With the poor statistics in this distribution, we preform a fit with a
single Gaussian shown in red, instead of Equation 8.4, and the fit parameters
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Figure 8.11: The background-subtracted CDS-ARM distribution for the strong Skin-
ner model with E, = 506-516 keV and the event selections listed in
Table 8.1. This result is derived from the subtracted spectrum shown in
Figure 8.7. The fit parameters from the fit function in Equation 8.4 are
listed in (b); however, only one Lorentzian component was needed to
give a satisfactory fit.
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Figure 8.12: The background-subtracted CDS-ARM distribution for the weak Skin-
ner model with E, = 506-516 keV and the event selections listed in
Table 8.1. This result is derived from the subtracted spectrum shown in
Figure 8.9. The CDS-ARM distribution is fit with single Gaussian func-
tion because the statistics does not warrant more fit parameters. The
resulting fit parameters are listed in (b).
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are listed in (b). We have included the expected Skinner bulge distribution,
which is scaled to match the area under the curve in the subtracted distribu-
tion and is shown in blue. There is still a good visible match between the
background-subtracted distribution with this weak source and the Skinner
bulge distribution. A single fitted Gaussian will always be wider than the ARM
fit function, but with the large error bars here, the widths are in agreement.

Unfortunately, we are not sensitive to the disk morphology with the back-
ground-subtracted CDS-ARM method presented here; however, we can re-
cover the correct bulge emission. Directly comparing the measured CDS-ARM
to that of the Skinner bulge component allows us to determine if the spatial
distribution is consistent without having to perform a complicated deconvo-
lution. We can therefore compare our background-subtracted CDS-ARM dis-
tribution from the COSI flight data to the simulations presented in this chap-
ter to confirm whether or not the Skinner model description is an accurate
representation of the Galactic bulge emission.
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9.1 BACKGROUND-SUBTRACTED SPECTRUM

DETECTION OF THE GALACTIC POSITRON
ANNIHLATION EMISSION

We have developed a background subtraction routine using the CDS to detect
the Galactic positron annihilation emission. In this chapter we will give an
overview of the final results from the 2016 COSI flight and make a compar-
ison to the simulations of the Galactic emission discussed in Chapter 8. In
Section 9.1, we will present the measured background-subtracted spectrum
of the Galactic emission, which gives a 7 ¢ detection of the 511 keV line. In
Section 9.2, we will present the results for the background-subtracted CDS-
ARM distribution, which reveals a broader distribution than what has been
previously reported. Finally, in Section 9.3, we will present some prelimi-
nary results regarding the binned-mode image of the 511 keV emission from
the Galaxy.

91 BACKGROUND-SUBTRACTED POSITRON ANNIHILATION
SPECTRUM

Figure 9.1 shows our final measured spectrum for a 16° origin cut around the
GC after applying the CDS background subtraction routine described in Chap-
ter 7. The significance of the Galactic 511 keV line is 7.2 ¢ (calculated with
the F-test; see Section 8.2). The event selections for this spectral subtraction
are the same as were used for the analysis in Chapter 8 and are listed again in
Table 9.1. We measure 2500+280 cts between 506-516 keV, and have fit the
spectrum with a Gaussian line component and the o-Ps continuum, where the
spectral fit parameters are listed in Table 9.2.

The spectral fit of the background-subtracted signal of Galactic positron
annihilation gives a Gaussian centroid at 511.8+0.3 keV with a line width
of o = 2.5+0.3 keV. The centroid, though slightly higher than the expected
511.0keV, is not significantly shifted considering a Gaussian fit to the 511 keV
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Figure 9.1: CDS background-subtracted spectrum of the positron annihilation emis-
sion detected within a 16° region around the GC from the COSI 2016
flight. The total number of counts detected between 506-516 keV is
2500+280 cts. The spectrum is fit with a single Gaussian component to

describe the 511 keV line and the theoretical o-Ps continuum spectrum.

Parameter Allowed Range
Pointing selection None
Altitude 27000 m

Origin selection
Photon energy

Number of interactions
Compton scatter angle
Distance between first 2

interactions

Distance between any
interaction

Earth horizon cut

16° (if applicable)
506 — 516 keV (if applicable)
2-7
15 - 55°

>0.5cm

>0.3cm

Reject if 99% of Compton circle is
below horizon

Table 9.1:

Event selections for the CDS background-subtracted spectrum from the

CosI flight shown in Figure 9.1. The origin selection is used only for the

spectral subtraction, and the photon energy cut is only used for the CDS-

ARM subtraction. Refer to Section 3.5.5.1 for an overview of the mimrec

event selections.
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9.1 BACKGROUND-SUBTRACTED SPECTRUM

Parameter Value

Gaussian Fit p 511.8+0.3 keV
fog 2.5£0.3 keV
A 403£57 cts/keV

o-Ps Fit B 12+4cts/keV
x*/dodf. 193.0/196
511 keV Integral 2560+300 cts
o-Ps Integral 5110+1700 cts
Frs 0.76+0.12

Table 9.2: Fit parameters for the COSI flight background-subtracted spectrum shown
in Figure 9.1. The fit is made over the energy range 450-550 keV. The
X2 of the fit, the calculated integrals of both spectral components, and the
resulting fps are listed.

line in the full-flight integrated spectrum gives a centroid of 511.54+0.01 keV,
which reveals that our energy calibration is not yet perfect. We can determine
the measured line width of the Galactic signal by subtracting in quadrature
the inherent detector line width at 511 keV: 1.85+0.1 keV. From the fit line
width ¢ = 2.5+0.3 keV, we determine the width of the Galactic 511 keV line
tobe 0 = 1.7+0.4 keV. In comparison, Siegert et al. (2016a) report an average
Galactic line width of 1.11+0.01 keV and centroid at 511.15+0.09 keV.

In the spectral study by Jean et al. (2006), discussed in Chapter 2, the au-
thors reported a better fit to the Galactic 511 keV line with two Gaussian
components, a narrow line with o = 0.6 keV and a broad line with ¢ = 2.3 keV;
however, the fit to the COSI data which has a x2/d.o.f. of 193.0/196, is satis-
factory with only a single Gaussian. The low-energy bump from charge loss
that is included in simulated spectra fits in Chapter 8 is not used here.

The measured intensity of the 511 keV line is higher than predicted from
our simulations with the Skinner and Siegert models. From our simulation re-
sults (Figure 8.9), we expect approximately 1060+ 190 cts within 506-516 keV
in the subtracted spectrum from the Skinner model with all of the same event
selections, but we find over twice this number. Using the flight-averaged ef-
fective area from Section 8.2.1, the flux is calculated to be

2500 + 280 cts

_ _ -3 2
Flux = 05T e <308 106 5 =3.9+04x107 /cm[s, 9.1)
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9.1 BACKGROUND-SUBTRACTED SPECTRUM

using the flight-averaged effective are calculated in Section 8.2.1. For com-
parison, Siegert et al. (2016a) report a total Galactic 511 keV line flux of
2.74+£0.03x1073 y/cm?/s.

The relative intensity of the o-Ps continuum results in a surprisingly low fpq
of 0.76+0.12. This is a smaller fraction than other reported measurements,
which all mostly agree with fpg ~ 1. The number of counts in the integrated
o-Ps continuum is 511041700 cts, which is consistent with the Skinner model
simulation shown in Figure 8.9, where an excess of 4265+1300 cts was found.

To calculate the detection significance of the measured fps, we perform an
F-test. First, with the o-Ps amplitude B fixed at 0, the reduced chi-squared of
the fit is x2/d.o.f. = 202/197. When this is compared to the fit parameters
with the o-Ps component shown in Table 9.2 the F-test value is 9.14, which
corresponds to a 3.0 ¢ significance.

For an estimate of the statistical significance of our low o-Ps continuum
measurement compared to the expected intensity, we repeat another F-test,
but instead of fixing the o-Ps amplitude B to zero we force it to be equivalent
to fps = 1. From our simulations, we know the expected relative ratio of the
511 keV line flux and the o-Ps amplitude; therefore, assuming the measured
511 keV amplitude is correct, we calculate that a measured o-Ps amplitude
of 25 cts/keV would give fps = 1. Fixing the o-Ps amplitude to the expected
25 cts/keV gives a fit with x2/d.o.f. = 205.6/197. When we compare the fit
result to the parameters in Table 9.2 and perform an F-test, we find a 3.5 0
significance of our o-Ps amplitude of 12+4 cts/keV compared to the expected
amplitude of 25 cts/keV at 511 keV.

The spectral results from the COSI flight show a measured 511 keV flux
that is larger than what the SPI collaboration has reported, while the fpg is
lower by ~3 0. One possible explanation for the high flux value is that the
measured spatial distribution does not agree with the Skinner or the Siegert
model. As discussed in Section 8.2.1, a larger disk contribution would result
in a larger number of events that are consistent with the inner region of the
Galaxy, and therefore our calculation of the flight-averaged effective area us-
ing the Skinner model would result in a falsely high flux. However, this sce-
nario does not offer an explanation for the low fps. The discrepancy, though
only a 3 0 significance, is a potential signature of a previously-undetected
emission component with a smaller fp; and therefore higher positron energy.
Further investigation is necessary before any conclusions can be reached.

Another explanation is that our calculated 511 keV flux could be overes-
timated, particularly since the backgrounds at these energies are known to
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Figure 9.2: CDS background-subtracted spectrum of flight data with Galactic coor-
dinates (120, -60) chosen to be the source location. The flat spectrum
further confirms that the systematics in the CDS subtraction are minor.

be plagued with systematics. In an attempt to rule out this possibility, we
performed detailed background simulations (Chapter 7) and a thorough val-
idation of our subtraction method for Galactic models (Chapter 8). The re-
sults have confirmed that we can determine the correct spectral shapes and
that the fps is preserved through the background subtraction with simulated
data. In addition, we can perform the spectral subtraction with flight data
for a source location far away from the GC. Figure 9.2 shows the resulting
background-subtracted spectrum from the flight when the source location is
chosen to be at (120, -60) in Galactic coordinates. The moderately flat spec-
trum further confirms the legitimacy of our routine. Although our analysis
is self-consistent in the numerous checks we have preformed, it is possible
that some detail may have been missed or overlooked. This will be discussed
further in the conclusion of this chapter.

92 BACKGROUND-SUBTRACTED ARM DISTRIBUTION OF
GALACTIC POSITRON ANNIHILATION

With only 46 days of data (and poor observations due to drops in altitude and
the loss of 3 detectors), we are not expecting to compete with INTEGRAL/SPI
spectral measurements that include over 15 years of data. Where COSI can
make a difference at this point is with measurements of the spatial distribu-
tion of the 511 keV line. As explained in Chapter 2, SPI relies on a model
fitting approach to determine the morphology of the Galactic positron anni-
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Figure 9.3: Background-subtracted CDS-ARM distribution as measured in the 2016
cost flight for E, = 506-516 keV. The distribution is fit with a single
Gaussian, which gives a FWHM of 33+2°. The event selections for this
analysis are listed in Table 9.1; in addition, a 40° pointing cut is used.

hilation emission, and this has many limitations. A background-subtracted
measurement of the CDS-ARM distribution is a much more direct way to mea-
sure the spatial extent of the Galactic emission. However, the analysis we pre-
sented in Chapter 8 concludes that we are only sensitive to the bulge emission
with the current dataset and techniques.

Figure 9.3 shows the background-subtracted CDS-ARM distribution for the
511 keV line as measured in the 2016 COSI flight with a 40° pointing selec-
tion on the GC. The distribution is fit with a single Gaussian and the measured
FWHM of 33+2° is significantly larger than the simulated CDS-ARM distribu-
tions of the Skinner model bulge emission shown in blue. The parameters
from the Gaussian fit of the CDS-ARM distribution are shown in Table 9.3. A

0° pointing selection was used for this analysis because it was found to de-
crease the error of the measured distribution; when no pointing selection is
used, the measured FWHM is 32+4°.

The Skinner model bulge distribution that is shown in blue in Figure 9.3 is
the same as was shown in Figure 8.11 and 8.12, and it has been scaled so that
the area under the curve is the same as the flight data CDS-ARM distribution.
This visually shows the difference in widths of the Skinner model bulge distri-
bution and the detected spatial distribution at 511 keV. To test the difference
between these two histograms, we perform a chi-squared test, which gives a
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Parameter Value

Gaussian Fit fixed at 0

o 14.0+0.7°

A 89+0.6 cts
x%/d.of. 52.1/52
FWHM 33+2

Table 9.3: Fit parameters for the flight data CDS-ARM distribution shown in Fig-
ure 9.3. The distribution is fit with a single Gaussian since the statistics
do not warrant the 8-parameter fit of Equation 8.4.

P-value = 0.001, and therefore there is a 3 ¢ statistical significance between
the COSI distribution and the Skinner bulge distribution.

A cautionary point to make is that all of the COSI detected point sources
from the 2016 flight seem to be off by a few degrees in the list-mode images
(Section 5.3). This could be due to a number of reasons, but the team’s ef-
forts to track down the cause have been unsuccessful. One avenue explored
was the possibility that the COSI aspect reconstruction was off by a few de-
grees, although no issues with the reconstruction could be found. Regardless,
this would result in a smearing of the COSI observations, which could explain
why our list-mode images of point sources are displaced by a few degrees. As
a test of this idea, we have calculated the significance of the measured CDS-
ARM distribution compared to the Skinner model bulge after a convolution
with a ¢ = 3° Gaussian, as a liberal estimate for this effect. A chi-squared
test comparing our measured distribution and a blurred Skinner bulge com-
ponent shows no statistically significant difference. Therefore, this could be
an explanation for the measured broad distribution. This is a somewhat un-
satisfactory conclusion, but needs to be considered as a possibility. This hy-
pothesis can be checked by performing a background-subtracted ARM mea-
surement or binned-mode image of one of the point sources COSI detected
during the flight. However, these techniques have not yet been implemented
for COSI’'s broadband sources.

The connection with the potentially overestimated flux in the spectral sub-
traction must also be considered. These measurements are indeed related,
since the background spectral subtraction determines the background CDS-
ARM distribution scaling factors. If the excess counts in the detected 511 keV
line are from a poorly modeled background component, then it is most likely
that the background component would have a spatial distribution similar the
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Figure 9.4: Preliminary binned-mode maximum-entropy image of the 511 keV emis-
sion from the 2016 COSsI flight (Zoglauer et al., in prep).

FOV of the instrument; however, this would give a FWHM > 50°, which is much
larger than the distribution that we measure and therefore seems improbable.
The large extended shape of the COSI detected CDS-ARM distribution is in-
triguing. In the analysis of SPI data, Skinner et al. (2014) report a bulge dis-
tribution composed of a narrow (FWHM = 5.8°) and broad (FWHM = 20.5°)
Gaussian and point source component. Siegert et al. (2016a) also use this
bulge description for their spectral studies, but report an alternate, yet equally
significant, model in the paper’s appendix. This alternate model has the mor-
phology of the bulge emission described by two elongated components, with
a longitudinal extent of the broad bulge up to FWHM ~ 55°. The COSI results
seem to agree more with this alternative bulge morphology; however, more
data is needed to make a strong conclusion about the spatial distribution.

93 BINNED-MODE IMAGE OF GC EMISSION

Figure 9.4 shows the binned-mode image of the 511 keV emission from the
2016 cosl flight using MEM image deconvolution (Zoglauer et al., in prep).
This is the first time binned-mode imaging has been implemented for a CCT
that is not operated in pointing mode. Figure 9.4 is the first direct image of the
positron annihilation emission. However, these results are still preliminary.
Figure 9.4 uses 5° image bins, where this is not limited by the COSI spa-
tial resolution so much as by the low statistics of the observation. The event
selections for this image are the same as listed in Table 9.1. The 511 keV emis-
sion is seen strongly in the GC. Neither the disk emission nor a possible halo
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structure is observed. The central distribution is slightly shifted toward pos-
itive latitudes, although SPI reports an offset in the Galactic bulge emission,
the shift seen here is more likely a product of our asymmetric exposure of the
region; see Figure 5.12 for the full-flight exposure map.

The substructure within the central emission component is not necessar-
ily real but most likely dominated by the statistics of the observation, as it
is seen to change with event selections and the number of iterations. Aside
from confirming the strong central emission, it is difficult to make any new
conclusions about the spatial distribution of the positron annihilation emis-
sion from this image, but it exemplifies the power of Compton imaging and
the need for more observations.

94 CONCLUSIONS FROM COSI GALACTIC POSITRON AN-
NIHILATION DETECTIONS

We have reported the first detection of the Galactic positron annihilation sig-
nal from the Galaxy with a compact Compton telescope, and to perform this
analysis, we have developed an accurate background subtraction technique
that is valid for sources of line-emission. In comparison with our first at-
tempts using more traditional techniques (Section 6.2), our results are a sig-
nificant improvement.

We have found a 7.2 ¢ detection of the 511 keV line from the Galactic
center region, and a 3.0 ¢ detection of the o-Ps continuum after 46 days of
flight. However, the relative ratio of the 511 keV line and o-Ps continuum
results in a low measurement of fp; = 0.76+0.12.

By performing detailed -y-ray background simulations and validating the
subtraction routine with models of the positron annihilation emission, we
have shown we can recover the simulated spectral parameters, including fps.
However, we have also used these simulations to identify a number of limi-
tations with our current background subtraction method. With background
regions chosen adjacent to the source region in the CDS, we subtract off some
of the photons due to the extended emission, which corresponds to a loss of
about 70% from the analysis of the Skinner distribution. This process also re-
sults in a loss of spatial info about the disk emission that is contained within
our chosen background regions. Therefore, the method as it currently stands
is only sensitive to the central bulge emission in the subtracted CDS-ARM dis-
tribution.
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Given the high measured flux of the 511 keV line component and the low
o-Ps fraction, it is conceivable that we are detecting an excess of 511 keV
photons from an improper background subtraction (though the flat spectrum
above 511 keV and the lack of other systematics seem to disagree). Since the
simulations in Chapter 8 showed that we can recover the correct fps ratio
with this method, there must be something about the flight data that we are
not properly modeling, even though attempts were made to match the simula-
tions to the flight emission. To attempt to find the cause of this excess would
require a much more detailed background simulation of both the <y-ray ra-
diation and the instrument activation components. For a proper treatment
of the activation, the simulation would require different photon and particle
differential fluxes for the full range of altitudes and geomagnetic locations
to give the correct activation for each day. A full and accurate background
model would require a significant effort and would be a dissertation in itself.

Nonetheless, the results from this study of Galactic positron annihilation
are intriguing. The flux measurements hint at a morphology that is different
than the Skinner model, and the detected angular distribution is broader than
the emission models presented by the SPI collaboration. The results presented
here show the power of Compton telescopes and the CDS analysis, and the
need for more data is clear.
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SUMMARY AND OUTLOOK

The origin of the positrons in the Milky Way is one of the longest standing
questions in 7y-ray astrophysics. The signature 511 keV emission was first de-
tected coming from the GC region in the 1970’s. Now, with over 15 years of
INTEGRAL/SPI observations, significant progress in our knowledge of Galac-
tic positrons has been made. Spectral measurements conclude that positrons
almost exclusively form positronium at low energies before annihilating in
warm phases of the ISM, giving rise to the observed low-energy o-Ps contin-
uum below 511 keV. From early observations, we know there is a strong
concentration of the annihilation emission in the GC region. Recent results
from SPI confirm emission associated with the disk of the Galaxy, though the
spatial extent is poorly constrained. The positron population in the Galactic
disk is fairly easy to explain with B* decay of stellar nucleosynthesis products,
namely 26 Al, 44Ti, and ®°Ni. However, the source of positrons in the Galactic
bulge region is still not clear.

One major uncertainty is the distance that positrons can propagate from
their birth sites before annihilation. Until this is better understood, either
through more sophisticated simulations of interactions within the ISM or from
direct observations, it will be difficult to understand the relative contribu-
tion of the multitude of proposed positron sources to the annihilation sig-
nal. More constraining measurements, specifically of the morphology of the
511 keV emission, are needed.

The Compton Spectrometer and Imager is a balloon-borne -y -ray telescope
that is designed to further our understanding of Galactic positrons, in addi-
tion to its goals of preforming novel -y-ray polarization measurements and
mapping nucleosynthesis in the Galaxy. With the direct imaging capabilities
of the compact Compton telescope design, COSI does not have to rely on a
model-fitting method to determine the spectral signatures or spatial distribu-
tion of the emission. Therefore, even with the relatively short, background-
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dominated observations from a balloon-platform, COSI can contribute to the
scientific questions that remain.

COSI had a record-breaking flight from Wanaka, New Zealand, in 2016 on-
board NASA’s new SPB. The flight from the southern hemisphere resulted in
great exposure of the GC region necessary for positron annihilation studies.
To extract the Galactic signal from the flight data, a background subtraction
routine was developed based on methods from the COMPTEL collaboration.
The formulated CDS routine for background subtraction of sources with line
emission was presented in Chapter 7 and thoroughly validated through Galac-
tic simulations in Chapter 8. With this routine, we obtain a 7 ¢ significance
of the 511 keV line and a 3 ¢ detection of the o-Ps continuum from the COSI
2016 flight. The spatial distribution measured is significantly broader than
the recently reported models of the morphology; however, the new binned-
mode imaging algorithm does not yet show an indication of the disk emission.
The new techniques developed here are in want of more data for definitive
conclusions about the measured distributions.

To further our understanding of Galactic positrons, we require a next gen-
eration “y-ray telescope with direct imaging capabilities, an angular resolu-
tion on the order of 1°, and sensitivities ~107° v/ cm?/s, all while still main-
taining a high spectral resolution of <1%. Looking forward, there are two
large mission concepts with aims to fill the MeV gap that will realize many
of these science requirements: the U.S.-led All-sky Medium Energy Gamma-
ray Observatory (AMEGO) and the European e-ASTROGAM! projects. Both
missions have almost identical detector designs with cross-strip silicon plane
that will function as a Compton telescope in the soft y-ray regime and alter-
nately as a pair-tracking telescope at energies up to ~10 GeV. On a smaller
scale, the COSI mission has been recently selected for a Phase-A concept study
exploring the gains of finer strip-pitch GeDs, which will improve the angular
resolution by a factor of 2 at 511 keV. COSI remains at the forefront of Comp-
ton telescope design and development, and there is no doubt the COSI mission
will provide significant contributions to the future success of the proposed
MeV missions in the endeavor to shed light on Galactic positrons and their
true cosmic source.

Unfortunately, e-ASTROGAM recently missed the selection within the ESA M5 call; however,
it is now expected that the majority of the e-ASTROGAM collaboration will join the AMEGO
effort.
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DISCUSSION OF EVENT SELECTIONS FOR
POSITRON ANNIHILATION ANALYSIS

The first selection to be chosen is the size of the origin cut, which defines
the boundaries of SR and BR in the CDS. We look at the significance of the
511 keV line from flight data as a function of the size of the origin cut. We
restrict the Compton scatter angle to ¢ = 10-30° to reduce the dependence ¢
, but have kept fairly open event selections. Figure A.1 shows the number of
counts within 506-516 keV in the CDS subtracted spectrum as a function of
the origin cut radius. The significance, which is measured by VN /N, is low
since we have the constraint in ¢. From this analysis, we chose an origin cut
of 16° around the GC since it gives a combination of a high significance and
total number of counts. Increasing the origin cut will continue to increase
the number of counts due to the extended disk emission. Choosing an origin
cut of 16° does not mean that COSI has measured a source with that radius,
instead, it is just the cut that gives the best statistics.

The Compton scatter angle range is the event selection that has the next
largest effect. The minimum angle is chosen to be smallest angle for which
there are events at 511 keV, since the small angle scatters are generally better
reconstructed. Figure A.2 shows the Compton scatter angle range for 506-
516 keV events from the flight data. For comparison, the scatter angle distri-
bution for E, = 400-500 keV is normalized and shown in green. The mini-
mum ¢ for this analysis is chosen to be 15°. Since lower energy 7y-rays gener-
ally have larger Compton scatter angles, to be sensitive to the o-Ps continuum
below 511 keV, it is best to keep the ¢ range large. Figure A.3 shows the
number of counts within 506-516 keV for the CDS background subtracted
spectrum as a function of the maximum Compton scatter angle. Again, the
significance of the line is measured as /N /N. Since there is not a strong sig-
nificance dependence on ¢, we chose 15-55° as the Compton scatter angle
range for this analysis.
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Figure A.1: Number of counts within 506-516 keV in the CDS background sub-
tracted spectrum versus the origin cut radius. On the left axis is the sig-
nificance of the line measured by v/ N/ N, which reaches a max at ~15°.
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Figure A.2: The Compton scatter angle distribution for two different energy ranges,
506-516 keV in blue and 400-500 keV in green, from flight data. The
chosen range of Compton scatter angles for this analysis is 15-55° and
shown with the dashed vertical lines.
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Figure A.3: The number of counts within 506-516 keV in the CDS subtracted back-
ground spectrum versus the maximum Compton scatter angle. The min-
imum ¢ is 15° for each of these measurements. The significance listed is

VN/N.

The other event selections, namely the distance cuts and number of interac-
tions, are less finely tuned. The first level of data-processing removes events
with a distance cut of < 0.3 cm between the first two interactions and < 0.2 cm
for any other interaction. This is done to reduce the number of events that
are difficult to reconstruct. Figure A.4 (a) shows the distribution of the two
distance measures: the distance in centimeters between the first and second
interaction, and the distance between any other interaction. Cuts on the dis-
tance cut of 0.5 cm, and 0.3 cm, for the first and any interaction, respectively,
were found to give a better significance, compared to the combinations 0.5
and 0.0 cm, 0.3 and 0.3 cm, and 0.3 and 0 cm, and 1.0 and 0.3 cm. The mean
distance between first and second hit was 2.23 cm.

The sequence length of 2-7 interactions was chosen for this analysis; see
Figure A.4 (b). The only other selection that was tested was 37 interactions
since 2-site interactions are inherently more difficult to reconstruct. How-
ever, with an average sequence length of 2.9 scatters, the number of photons
detected with just 2-site interactions was significant and therefore they were
included.
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Figure A.4: (a) The distance distributions for only E,, = 506-516 keV. The distance

cut for these selections is chosen to be 0.5 cm for the first two interactions
and 0.3 cm for any interaction. The mean distance between the first two
interactions is 2.2 cm. (b) The Compton sequence length, i.e., the num-
ber of interactions per event, is kept open for this analysis. The average
sequence length is 2.9 interactions.
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