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The Galactic Annihilation Line Explorer (GALE) mission will address the long-standing question
of the sources of Galactic positrons: whether they are produced by unresolved astrophysical
sources or created via diffuse processes, possibly due to dark matter decay and/or annihilation.
The problem of Galactic positrons that produce 511-keV gamma-ray emission from the Galactic
plane and Galactic Center has existed for years and is well-defined by the measurements of
INTEGRAL/SPI. GALE is designed to achieve the needed angular resolution (fraction of a
degree) and point source sensitivity (< 10−4 ph/cm2/s) required to understand the 511-keV
emission structure in the Galactic Center. The GALE instrument combines a coded-aperture
mask (CAM) with a cadmium-zinc-telluride imaging calorimeter (ImCal) to form a combined
CAM/Compton telescope. This is mated with the Wallops Arc-Second Pointer (WASP) support
system to achieve the precise telescope pointing control required for imaging the Galactic Center.
In this paper, the science goals, GALE instrument concept, anticipated performance and mission
results will be discussed.
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1. Science Motivation

The 511-keV 𝛾-ray line from positron-electron annihilation was first detected from the Galactic
Center (GC) region in the 1970’s with balloon-borne telescopes [1, 2]. However, despite its obvious
origin from positron annihilation and well-known positron-production mechanisms occurring in
practically all nuclear and elementary particle reactions and isotope decays, after almost 50 years
of observations, the main sources of the positrons remain unidentified, specifically in the Galactic
bulge region. The 511-keV line emission has not been observed from any celestial object and so is
identified as a diffuse emission that has a narrow spectral width (full-width half-maximum (FWHM)
< 3keV) [3]. Based on several balloon-borne measurements and observations by space instruments
CGRO/OSSE [4] and INTEGRAL/SPI [5], this radiation remains the strongest persistent diffuse
𝛾-ray line from the Galaxy.

SPI, an excellent spectrometer based on Germanium detectors, has provided the most accurate
shape and spectrum of positron annihilation to date, and indicates that the bulk of the positrons
annihilate as positronium. However, with its relatively poor angular resolution (∼ 3◦ FWHM) SPI
is unable to accurately resolve the central region 511-keV emission spatial profile, and instead this
has been fit to a four-components model: a very broad component coincident with the Galactic
disk, two extended components associated with the Galactic bulge (a narrow Gaussian distribution
with FWHM ∼ 6◦, and a broad Gaussian distribution with FWHM ∼ 20◦), and a central point-like
source component coincident with Sgr A*. The position of the point source is assumed to be that
of Sgr A*, but with the 2.6◦ resolution of SPI this is indistinguishable from other slightly offset
positions [8]. Moreover, with the SPI resolution it is difficult to be certain just how compact this
component must be, although it appears that the central component has a characteristic scale no more
than a few hundred parsecs. The centroid of the narrow bulge is offset from the GC, with (𝑙, 𝑏) =
(−1.25◦,−0.25◦). The central point source has a measured flux of (0.6− 1.2) × 10−4 ph cm−2 s−1;
the total bulge flux is measured to be (8.9 − 10.1) × 10−4 ph cm−2 s−1; and the measured disk
flux is (13.1 − 20.1) × 10−4 ph cm−2 s−1. These components are shown in Figure 1, from the
SPI measurements and analysis [8, 9], along with the most recent reconstructed image of the
511-keV emission from the 20-year INTEGRAL/SPI data [37]. This is currently the best available
information on the 511-keV emission spatial distribution.

The identification of the sources, even with better spatial resolution measurements, is compli-
cated by the fact that most known positron emission mechanisms create relativistic particles that
must be thermalized before positronium formation can occur. Thus, one must identify both the
source of the positrons and their thermalization and annihilation sites, creating a complicated dual
problem. Thus, the 511-keV image could be a smeared-out version of the initial source distribution
due to the propagation effects, resulting in a key implication: a 511-keV “source” cannot be a perfect
point source by nature – it must have an extended structure due to e+ propagation before annihila-
tion. But the size of the source extension depends on the positron escape energy and thermalization
rate, in turn defined by the Central Molecular Zone properties.

Over the decades, scientists have discussed and argued about the source(s) of Galactic positrons,
but a clear answer remains to be found. While 𝛽+-unstable nucleosynthesis products, such as 26Al
and 44Ti, could possibly explain the disk emission, they fail to account for the amount of positrons
in the GC region. Thus, many point-like Galactic sources have been proposed as the possible birth-
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Figure 1: Left: the modeled four spatial components of the 511-keV emission distribution, based
on the measured flux by INTEGRAL/SPI [8, 9]. The most recent INTEGRAL/SPI 511-keV emission
image [37] is shown in the right panel.

site of these positrons: millisecond pulsars (MSP), low-mass X-ray binaries (LMXB), neutron star
mergers, supernovae (SN), and pair-plasma jets from Sgr A*. However, no definitive observation of
annihilation radiation from the strongest examples of these sources has ever been recorded, making
it unlikely that, if it is truly diffuse, the GC emission comprises weak emissions from an unresolved
sea of such sources.

Dark matter (DM) provides an alternate source for diffuse emissions. There is compelling
evidence that about 85% of the matter in the universe is DM (e.g., [31]), and from simulations
of galaxy formation, we can expect that most of the DM in our Galaxy is concentrated in the GC
[32]. DM could inject a large number of positrons into the Galactic bulge, thus contributing to a
diffuse component of the 511-keV signal, creating a 511-keV spatial emission profile different from
one originating from many point-like sources. Possible DM explanations of this signal include the
self-annihilation of DM particles (e.g.,[33]) and the evaporation of primordial black holes [34, 36].
It is important to note that even if a conventional origin for the 511-keV signal is determined (e.g.,
by detecting 511-keV signal from MSP, LMXB, etc), this would provide critical constraints on
the nature of DM because, for well-motivated DM models, the portions of the parameter space
predicting a measurable 511-keV signal would be ruled out. This would be a result of great
phenomenological interest.

Thus, the nature of the source(s) of positrons causing the 511-keV emission is still unresolved,
continues to be highly contested, and remains, as it has over the last half-century (see e.g., [6, 7] and
references therein.), one of the major puzzles in 𝛾-ray astrophysics. The nature of Galactic positrons
will soon be further explored by the Compton Spectrometer and Imager (COSI), a Small Explorer
satellite mission scheduled to launch in 2027 [10]. COSI is a wide-field instrument, with one of
its primary science goals to probe the nature of Galactic positrons with unprecedented sensitivity
and energy resolution. However, similar to the limitations of INTEGRAL/SPI, COSI’s angular
resolution (FWHM = 3.8◦ at 511 keV) is insufficient to resolve individual point source emissions
in the inner Galaxy because the GC is heavily populated with various sources, spaced by arcmin
distances. Thus, there is a promising discovery space for GALE with its superior angular resolution
(∼ 10 arcmin). GALE will be a valuable complement to the COSI all-sky high-sensitivity results.
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2. GALE science objectives and mission requirements

The GALE mission is conceived to focus on resolving the nature of the central GC component,
and search for 511-keV point sources within the narrow bulge region. The main objectives are as
follows:

• Decipher the nature of the central, point-like 511-keV emission:

– Is it a compact source with a size <0.2◦ or an extended one? If it is the latter, flux upper
limits of (3-8)×10−5ph cm−2 s−1 will be set for extensions up to ∼0.5◦.

– Does the central source exactly coincide with Sgr A∗?
– Is it a single or multiple sources?

• Distinguish whether the diffuse emission from the Galactic (Narrow) Bulge is truly diffuse
or arises from a collection of unresolved point sources, setting flux upper limits of (3-
8)×10−5ph cm−2 s−1 for source extensions up to 0.2◦.

• Secondary science: Create the GALE point-source catalog within a 10◦× 10◦ region of the
GC in the energy range 50 keV – 800 keV, with flux 5𝜎 limits (3-8)×10−5ph cm−2 s−1,
significantly advancing over the INTEGRAL/IBIS, SWIFT, and NuSTAR catalogs.

The scientific goals and objectives of the GALE mission flow directly into the Instrument
and Mission Requirements, with the SPI results on the central component flux (0.6 − 1.2) ×
10−4 ph cm−2 s−1 and upper limit on its angular spread (1 − 2◦) as the benchmarks:

• angular resolution 10-15 arcminutes,
• energy resolution 1-2% FWHM at 511 keV,
• sensitive area >60 cm2 at 511 keV,
• field-of-view 10◦× 10◦,
• flight altitude >33 km, and
• pointing accuracy <10 arcmin, pointing knowledge accuracy <1 arcmin.

3. Specifics of 511-keV line measurements

3.1 Backgrounds

Exploration of astrophysical 511-keV 𝑒+-annihilation emission is different from other astro-
physical measurements: it assumes the 511-keV line data have been separated from the entire
spectrum and focuses on determining its spatial morphology, including both distributed and point
sources. Despite the narrow-line emission allowing for relatively easy removal of backgrounds from
other energies, sources of 511-keV emissions themselves are numerous. The biggest complication is
that 𝑒+s are produced in and around the detector, either directly from trace and cosmic-ray induced
radio-isotopes in the instrument and spacecraft or gondola, or through secondary interactions of
ambient radiation in the instrument and its surroundings, including the nearby atmosphere. Hence,
successful 511-keV measurements require a thorough understanding of all potential backgrounds
and tools to suppress them, as well as energy and angular resolution and measurement sensitivity
sufficient to resolve both point sources and the structure of diffuse emissions.
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3.2 Angular Resolution

For 511-keV photons, photo-absorption and Compton scattering are the prevailing interaction
mechanisms. If a photon is absorbed by a detector through the photo-effect, there is no arrival
direction information available. For Compton-scattered photons, there is a well-established imag-
ing method that allows localization of the photon arrival direction to an ’event circle’ (or a ’ring’)
by measuring the coordinates and energies of the 1st and 2nd photon interactions in the detector
and utilizing the Compton scatter equation cos 𝜑 = 1 − 𝑚𝑐2

𝐸𝛾
+ 𝑚𝑐2

𝐸𝛾+𝐸𝑒
(see e.g., [11] and references

therein), and illustrated in Figure 2, left panel.
There are two primary advantages in this approach: first, rings that do not overlap a given region of
the sky do not add background to that region, allowing one to improve the sensitivity, and second, the
field of view can be very large if a compact, 3D spatially sensitive detector is used. The primary dis-
advantage of the technique is that the angular resolution is fundamentally limited by "Doppler broad-
ening", the unknown initial momentum of the electron on which the scatter occurs. For semiconduc-
tor detectors (e.g., Si, Ge, or CdZnTe) the angular resolution limit varies in the range 0.8◦ − 1.6◦ for
511-keV photons [12]. Therefore, it is impossible to achieve better than 1◦−1.5◦ angular resolution
with a Compton telescope, worse than what is needed to resolve closely spaced sources in the GC.

Figure 2: Left: Principle of Compton telescope; Right: Coded
mask imaging principle of operation

However, imaging with high angular
resolution can be achieved at 511 keV
with Coded-Aperture Imaging tech-
niques [13]. An advanced form of
pinhole imaging, in this approach the
single pinhole is replaced by a shadow
mask with many pinholes (typically
50% open area) that is placed in front
of a position-sensitive detector (PSD)
to spatially modulate the incident flux
and encode the scene as spatial count-
rate variations across the PSD. Using
the measured shadow pattern and the known mask pattern, deconvolution techniques (see e.g.,
[14, 15]) can be used to reconstruct the source region with an angular resolution given by 𝛿𝜃 = 𝑎/𝐿,
where 𝑎 is the size of the base mask feature and 𝐿 is the spacing between the mask and the detector
(Figure 2, right panel). The field of view (FoV) of a CAM imager is ultimately limited by the self
collimation of the smallest holes in the mask, and the mask must be thick enough to adequately
modulate the flux.

CAM imaging has been successfully used in several space and balloon-borne missions
([5, 14, 16, 17] and references therein). At the heart of a successful CAM imager is a PSD
that over-resolves the finest mask element size (𝑎), typically by a factor of 2 [14], which optimizes
the signal-to-noise ratio (SNR). With this constraint, the angular resolution is only limited by the
focal length 𝐿. A key requirement for a PSD to provide CAM imaging at 511 keV is its ability
to determine the point of the incident photon’s first interaction with appropriate accuracy. This is
trivial for single-site, photo-absorption events, but 30%-50% of 511-keV photons undergo Compton
interactions (depending on the detector media) and the location of the first interaction must be used
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in the CAM reconstruction (found by the event Compton reconstruction). In addition, the detector
spatial response must be uniform (or at least well calibrated and understood), and spatially varying
backgrounds at the detector must be similarly controlled and understood.

4. GALE concept and principle of operation

As discussed above, the required arcmin-scale angular resolution at 511 keV can only be
practically achieved with CAM imaging. To meet the mission science objectives, the GALE
concept is a Coded Aperture Mask telescope with Compton imaging capability. It has a FoV ∼ 10◦

to contain the 511-keV GC Narrow bulge and is efficiently shielded to maximize the sensitivity of
pointed measurements. The GALE concept and its components are heavily based on hardware that
is either already developed or is partially existing and available due to our prior work.

GALE is developed around a CZT Imaging Calorimeter (ImCal), that has a long development
history [26, 28, 29]. ImCal has a 3D position resolution of 1-2 mm and an energy resolution of 1-2%
FWHM at 0.4 - 1 MeV. In GALE it serves a dual role: as a focal-plane detector to enable coded-
aperture imaging and as a standalone Compton telescope (Figure 2, left). In this concept (Fig. 3a)
incident photons from the GALE FoV enter the instrument through the CAM: photons from a source
create a shadow of the mask on the ImCal serving as a PSD, while diffuse photons contribute to an
underlying background, some of which can be rejected based on Compton reconstructions. Low-
energy photons (⪅250 keV), that interact with the ImCal’s CZT mainly through the photoabsorption
process (single-site events), are used directly in coded-aperture imaging. Higher-energy photons,
that interact through the Compton process, use ImCal’s Compton telescope capability to a) determine
the point of the photon’s 1st interaction for CAM imaging, b) create the Compton-based, 511-keV
emission map over the GALE FoV, albeit with relatively coarse angular resolution, and c) remove
from coded imaging analysis some fraction of photons that are created by materials activation and
arrive out of the GALE FoV, thus suppressing this background.

Figure 3: a): GALE concept: 1: ImCal; 2: active BGO shield; 3: Passive shield; 4: CAM; 5: ImCal
pressure vessel; 6: Main electronics box, (b): GALE simulation mass-model, c): GALE artistic view, d)
Payload with WASP is ready for launch (not GALE)

GALE’s FoV is defined by the shield, combining an active lower section made of thick BGO
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serving also as an anti-coincidence detector and a passive upper section made of tungsten, extending
up to the CAM.

The required ∼ 12′ angular resolution is achieved by placing the CAM at 90 cm distance from
ImCal, with the CAM’s 3-mm pixel size selected to match ImCal’s 1-2mm position resolution.
Effects of the ImCal non-uniform response and time-variable backgrounds on the CAM imaging
performance are mitigated by utilizing a mask-antimask technique [35] and by implementing a
detailed detection response calibration for ImCal. In the baseline design, GALE will have a mass of
400 kg, electrical power of 150 W, and overall dimension of 120 cm × 50 cm × 50 cm (all numbers
are approximate and tentative).

5. GALE mission implementation and expected results

GALE’s scientific objectives will be achieved with an Ultra-Long Duration Balloon (ULDB)
flight from Wanaka, NZ. This launch site is the only available Columbia Scientific Balloon Facility
(CSBF) launch facility where the ULDB flight’s projected trajectory allows GALE to observe the
GC with elevation more than 60◦ for ∼40% of the flight time (Figure 4). The Wallops Arc Second
Pointer (WASP) will be used to point GALE to the GC and to alternative target locations with an
accuracy <1 arcmin, needed for the coded-imaging system. The ULDB flight duration depends on
many factors and is difficult to predict. The ULDB is made of advanced materials and uses a new
pumpkin-shaped balloon design (high-pressure balloon) to achieve flights of up to 100 days. For
the GALE baseline, we use the COSI-2016 46-day ULDB flight from Wanaka as a reference [27].

Figure 4: Exposure map for the COSI-2016 flight, and
expected to be similar for the GALE flight

To increase our confidence in high science
outcome from the ULDB flight, the GALE
program includes a 1-day conventional (zero-
pressure balloon) test flight, tentatively to be
launched from Ft. Sumner, NM. It will be a
"young scientists project", with multiple ob-
jectives: a) to comprehensively test the joint
GALE-WASP flight operation, b) to validate
the coded imaging measurements with GALE
using the Crab Nebula as a reference source,
and c) to measure the flight backgrounds.

5.1 Background and sensitivity assessments

Accurate knowledge of all backgrounds and their efficient reduction are critical for the mission
success because the backgrounds are the key contributors to the measurement sensitivity. In the
GALE ULDB flight the main background contributors will be a) the Galactic bulge 511-keV
emission, as measured by INTEGRAL/SPI [8, 9, 18] and by the COSI-2016 ULDB flight [19–21]
with a flux between 0.9 and 3.1× 10−3 ph/cm2/s, b) the atmospheric background [22–24] with its
strong Earth albedo component, and c) the activation background from the instrument structure and
the detectors, both natural and induced by cosmic rays. To reduce the atmospheric side-entering
background in the GALE design we reduce the GALE FoV to ∼0.05 sr with active (BGO) and
passive (tungsten) shielding.

7
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Figure 5: Left: GALE 5𝜎 Narrow-line sensitivity for the baseline mission (see Table 1), shown by blue
line. Dashed area: Predicted intensity of the GC 511-keV hypothetical central component [8, 9]. The black
line shows the INTEGRAL/SPI sensitivity for comparison. Right: Simulated image of the GC single point
source for a 100-day long flight (our goal).

In general, assessing sensitivity is hard and, in some cases, it can be ambiguous. We estimated
the GALE sensitivity using simulated total event rate for the GALE mission, which includes all
the backgrounds, and arrived at a 511-keV event rate of 0.55±0.05 Hz for the ULDB flight. These
simulations were performed using the GALE mass model shown in Figure 3b with the same
MEGAlib software that was used for the COSI-2016 ULDB flight [25]. Since the event rate
simulations for the COSI-2016 flight agree well with flight data [27], we are highly confident in our
estimates for GALE.

The GALE predicted 5𝜎 narrow-line sensitivity for the baseline, threshold, and goal missions
are shown in Figure 5, left panel, all corrected for atmospheric attenuation. A siimulated image of
the central point source is shown on the right panel of the same figure.

Mission grade Flight duration 5𝜎 Sensitivity, ph cm−2 s−1

Baseline 46 days 4.5 × 10−5

Threshold 15 days 8 × 10−5

Goal 100 days 2.3 × 10−5

Table 1: Mission parameters along with expected results. The GC will be observed when its elevation is
>60◦ above the horizon to reduce the atmospheric depth. The expected GC observation time will be ∼ 40%
of the total flight time.

6. Conclusions

The GALE project plans two flights: the first will be a 1-day conventional balloon test flight
from Ft. Sumner, NM (tentatively Fall 2027) and the ULDB science flight from Wanaka, NZ
(tentatively in 2029).The expected flight results are:

• During the 1-day test flight from Ft. Sumner we expect to detect ∼70K photons from the Crab
Nebula (atmospheric attenuation accounted for) and∼200K background photons in the GALE
energy range, assuming 4 hours of Crab observation time (∼ 130𝜎 detection confidence).
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• ULDB flight. The expected 511-keV flux from the GC central component is ∼ 1 × 10−4

ph/cm2/s (average of published SPI results [8, 9]). This will yield ∼5.5K detected signal
photons in a baseline mission observation time of 1.6x106s, and ∼12K in a goal (100-day)
flight. From the simulations we expect a ∼0.5Hz 511-keV background rate (ΔE=15 keV)
resulting in ∼0.8M background events for the baseline mission and ∼1.8M events in a goal
flight. These values indicate ∼6𝜎 and ∼9𝜎 detections (assuming that a central component is
a point-like source) in the baseline and goal flights, respectively (see Figure 5).

• Successful results from the narrowly focused high angular resolution GALE mission will be
highly complementary to the COSI space mission and will enrich its science return.

• GALE will validate the concept of a combined coded-aperture and Compton telescope,
clearing a path for future larger-class missions such as GECCO [30].
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