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• Astrophysics at high energies
• Processes: radiation and particles
• Detectors for HE photons & particles
• Instruments and Missions
• Results in Nuclear Astrophysics
• other HE Astrophysics Results



• Astronomical Tools in High-Energy Astrophysics
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Observational Windows

• Need a Combinaeon of Ground-Based and Satellite Observaeons
for Observaeons across Full Range

• Which Processes in Which Spectral Window?
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ROSAT

CGRO

INTEGRAL SWIFT

Astronomical Instruments: X/γ-ray Space Missions

Fermi
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Non-focusing X-ray telescopes

Two Elements (Detector, Anti-Detector)

§ avoid confusion with cosmic rays
§ shield works as a second “detector“
§ CR's: signal in both devices
§ X-rays: signal only in detector

§ e.g. 'phoswich': single readout, 
two different detector elements
Æ Distinction possible

Collimators

§ to avoid light from
unwanted directions

§ implemented with
metallic tubes
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Surfaces at Smaller Wavelengths  (λ≾ a=atom spacing)

ØBelow ~1000 Å, ReflecZon gets more sca[ering than specular

ØPhysical reason:
When l is of the order of the structure of the "surface" of a mirror: -> No cancellaZons of 
"indirect" paths of the e.m. wave funcZons (in QED picture)

Ø"Trick" at X-ray Energies: Grazing Incidence
üThis shims the problem to somewhat higher energies (~100 keV)

☞ hRps://www.mpe.mpg.de/~rod/05_ROLAND_Looking_Stars_v02HD.mp4  
a movie illustra8on created in Barcelona 2022
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2 28 .effA F L Reflp q= × × × ×

LL

§ effective area Aeff (per shell) is
given by

§ solution: nesting many confocal
mirror shells can maximise the
effective (collecting) area !!
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§ segmented thin mirrors
§ mirror material: Nickel – coating with Au
§ 3 moduls with 58(!) shells/module
§ shell thickness: 0.5 mm and 1 mm (very close!)
§ focal length = 750 cm, max. diameter = 70 cm
§ effective Area @ 1 keV = 1475 cm2 /module

Example: The XMM-Newton mirrors
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Scintillator Detectors & Photomultiplier Signals
converting X-ray energy into visible light using material fluorescence

§ organic scintillators (plastics)
almost exclusively used as anti-coincidence shields

§ inorganic scintillators (crystals: NaI, CsI, BGO, LaBr3 ...) 
for HE photon detection

Alkali halides: NaI, CsI
• can be made into large area crystals: NaI(Tl), CsI(Na)
• good X/γ-ray stopping power
• efficient light producers à blue light

§ photo-electron creates scintillation pulse with
different decay times for different materials (~20ns for LaBr3)

§ total light output proportional to energy input
(up to 60000 ph/MeV (for LaBr3))
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pn-CCD Operating Principle

view from inside the CCD, from the n-side 

X-rays 

§ applying an electric field in the Si
sensitive region

§ transfer of the created charges
to the gate

§ cycling the voltages of the electrodes
Æ move of the charges to the read-out

e--production 
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Silicon DriI Detectors for X-rays
ØActive volume registers ionisation tracks, 

collecting ion (timing trigger) and 
electron signals in surface electrodes

ØAnalogue signal: electron cloud as enlarged
by electric field as it drifts though 
the volume before reaching the anodes

☞typical drift voltage ~370 V/cm à 5mm/μs
☞location of photon incidence from timing

ØOriginally developed at CERN for ALICE,
now applied for many high-energy 
photon and particle detectors
ü faster readout compared to CCDs
ü light weight
übroad range of applications/users 
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S. N. Zhang, et al. Sci. China-Phys. Mech. Astron. February (2019) Vol. 62 No. 2 029502-10

field of 370 V/cm (1300 V maximum voltage) gives a drift
velocity of ∼5 mm/µs and a maximum drift time of ∼7 µs.
This is the largest contribution to the uncertainty in the mea-
surement of the arrival time of the photon. The segmentation
into 640 detectors and 144× 103 electronics channels insures
that the rate on the individual channel is very low even for
very bright sources. Pile-up or dead-time effects are therefore
negligible. On an equatorial orbit, to maintain the required
energy resolution until the end of life, the detectors need to
be moderately cooled (−10◦C) to reduce the leakage current.
Considering the large size of the LAD this is achieved with
passive cooling.

The ASICS. For the high-density read-out of the detector
dedicated ASICs with excellent performance and low power
(requirement is 17 e− rms noise with 650 µW per channel)
are needed. The read-out is performed by full-custom 8×32-
channel IDeF-X ASICs, inherited from the IDeF-X HD and
IDeF-X BD ASICs successfully used in the ESA’s solar or-
biter mission [28,29] with A/D conversion carried out by one
16-channel OWB-1 ASIC for every detector [30]. The dy-
namic range of the read-out electronics is required to record
events with energy up more than 80 keV. Events in the nom-
inal energy range (2-30 keV) are transmitted with 60 eV bin-
ning, while those in the extended energy range (30-8 keV)
are transmitted with reduced energy information (2 keV wide
bins) as they will be used to study the timing properties
of bright/hard events shining from outside the FoV (e.g.,
gamma-ray bursts, magnetar flares).

The read-out ASICs are integrated on a rigid-flex PCB
forming the FEE, with the task of providing filtered biases to
SDDs and ASICs, I/O interfaces, and mechanical support and
interface to the module. The SDD will be back-illuminated,
allowing for direct wire-bonding of the anode pads to the
ASIC input pads. The flat cable connection to the MBEE is
part of the rigid-flex PCB structure. A view of the CAD de-
sign of the LAD FEE and the mechanical prototype realized
for the ESA’s LOFT study are shown in Figures 12 and 13.

Figure 11 SDD working principle.

Figure 12 A schematic of the LAD Front End Electronics.

Figure 13 The protytpe of the LAD FEE realized for the LOFT study.

Back-end electronics. When the collected signal charge
exceeds a programmable threshold in one of the ASIC chan-
nels, a trigger is generated and forwarded to the BEE. In case
of a confirmed valid trigger pattern, the collected signals in
all ASICs of the respective detector half are then digitised
and passed on to the BEEs. Following the A/D conversion,
the BEE event processing pipeline is activated: a time tag
is added to each event, and a pedestal and common noise
subtraction is performed. In addition, energy reconstruction
takes place to determine the event parameters. Besides the
event processing, the BEE controls the FEE and PSU op-
eration, generates housekeeping data and rate meters, and
transmits formatted event packets onward. The LAD BBE
is organised into two hierarchical levels, due to the number
of detectors in the design. The MBEE will be located on
the back side of the detector tray and is organised in two
PCBs, interfacing 8 detectors each. The central component of
each MBEE PCB is an RTAX-SL FPGA. The PBEE located
on the back side of the panel interfaces each of the twenty
MBEEs and the ICU. The two PBEEs also make use of the
same FPGA and collect and buffer the received event packets,
reorganise the data depending on the observation mode, and
transfer the data to the data handling unit (DHU) of the ICU
along with the housekeeping data via a SpaceWire interface.

Zhang+2019

Altmann+2024



Gamma-Ray Astronomical Telescopes:
Interaction of high-energy photons with matter

Photon interaction with matter (Pb)

à Secondary Particles     …    à e.m. cascade

Seconday photons / electrons
à multi-element & tracking 

detector assemblies
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Ge Detectors in Space Telescopes

Detector Cross Section 
Electric potential
Mechanics
(RHESSI)

48

Detector of SPI/INTEGRAL 
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MeV Range Gamma-Ray Telescope Imaging Principles
Compton Telescopes  and Coded-Mask Telescopes

Currently achieved: Sensitivity ~10-5 ph cm-2 s-1   Angular Resolution ³ deg
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The Compton Telescope on CGRO

Compton Scattering  à Detector-Coincidence Instruments

E´

Ee

Eγ
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Image Generation with Compton Telescope events

example: 
point source
500 keV incident E
200 events

51

Compton Telescopes for Gamma-Ray Astrophysics 41

Fig. 26 (a) The back projection of a 500 keV point-source simulation with a Compton telescope
detecting 200 events. The event circles overlap at the location of the source in the center of the
image, shown with the red hot spot. (b) After five iterations of the LM-ML-EM imaging algorithm
on the image in (a), the original source is reconstructed. (From Kierans 2018)

used to describe the event (energy, time, recoil electron direction, etc.) adds another
dimension to this data space. List-mode methods (Barrett et al., 1997) use a list of
events with all of their measured parameters to define the data space, and the image
response, i.e., the back-projected circles or arcs, is calculated on an event-by-event
basis. The size of the data space is proportional to the number of events.

One of the main advantages of list-mode imaging is its capacity to save all
of the information from photon interactions with full precision. Event parameters
that are not traditionally in the image data space, like the distance between the
first two interactions or the electron recoil direction, can be saved and used to
further select the quality of events. A common list-mode algorithm used in Compton
telescopes is the list-mode maximum-likelihood expectation-maximization (LM-
ML-EM) (Wilderman et al., 1998; Zoglauer et al., 2011). Figure 26b shows the
results of five iterations of the LM-ML-EM algorithm for the 200 simulated events
shown in Fig. 26a; the expected point source is recovered with very little variation in
the field-of-view outside of the source location. Other list-mode imaging algorithms
include filtered back projection (Xu et al., 2004; Haefner et al., 2014) and stochastic

Kierans, Takahashi, Kanbach 2022

NIC School 2025



e-ASTROGAM (proposed ESA M Mission, not realised)

• Tracker à Double sided Si strip detectors (DSSDs) for excellent spectral resolution 
and fine 3-D position resolution

• Calorimeter - High-Z material for an efficient  absorption of the scattered photon 
à CsI(Tl) scintillation crystals readout by Si Drift Diodes for better energy resolution

• Anticoincidence detector to veto charged-particle induced background 
à plastic scintillators readout by Si photomultipliers

AC system 

Tracker 

Calorimeter 

Tracker

Calorimeter

g

Compton e-

θ

γ
Silicon 
tracker 

Scintillator 
calorimeter 

Plastic anti-
coincidence detector 

γ

e+ e- 

Pair event Compton event de Angelis+ 2017
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INTEGRAL ESA Mission: The SPI Ge γ-ray Spectrometer

Coded-Mask Telescope 
Ge Detectors, Energy Range 15-8000 keV

Energy Resolution ~2.2 keV @ 662 keV

Spatial Precision 2.6o / ~2 arcmin

Field-of-View 16x16o

BGO active Shield

Coded Mask Telescope:
Casting a Shadow

53NIC School 2025



INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
54NIC School 2025



Discriminating Background and Sky Signals in SPI Data
• Tracking the relative count rate ratios among detectors

ücharacteristic signatures from celestial sources withcoded mask, and from background events

Coded Mask Telescope:
Casting a Shadow

55NIC School 2025



Detecting Cosmic High-Energy Photons
• The Physical Processes behind...

ØUV and X-Rays:  eV ... 100 keV
üSpace-resolved Charge Collection in Imaging Plane of Focussing Optics
üUsing Photo-Electric Effect, i.e. Atomic-Ionization Charges

ØLow-Energy Gamma-Rays 20 keV ... 30 MeV
üEnergy Transfers in Photon Collisions -> High-Energy Secondaries
üCompton Electron Detection & Tracking

ØMedium-Energy Gamma-Rays 20 MeV ... 300 GeV
üPair Production as Most-Likely Initial Interaction with Matter
üTrace Ionization Tracks of Secondary e-e+

ØHigh-Energy Gamma-Rays 50 GeV ... PeV
üElectromagnetic Cascade is Extended & Penetrating
üUse Earth Atmosphere as Interaction Volume, Observe Showers
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g

e+ e– Calorimeter  
(energy measurement)

Particle Tracking 
Detectors

Conversion Foil

Anticoincidence
Detector (background rejection)

Pair-Conversion γ-ray Telescopes e.g. the Fermi Large Area Telescope (LAT)

• Gamma-rays >10 MeV interact mainly through pair production
• the gamma-ray energy  is converted into two  charged particles – an electron 

and a positron (its antiparticle)
• LAT is a particle tracker, e+/e- tracks diverge following the magnetic field 
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e+        e-
ACD

Tracker

Calorimeter

g

GeV γ ray Measurements: Tracking e+e- pair interactions
The Fermi Large-Area Telescope (LAT)

1,728 CsI crystal 
detector elements

18 modules (including 
2 spares)

• Pair Conversion
Ø Detect photons between ~20 MeV - 300GeV 

• Tracking system
Ø Silicon-Strip Detectors (880000 channels)

• Calorimeter
Ø CsI Crystals (8.4 r.l., hodoscopic array)

• Anticoincidence
Ø Segmented ACD veto counters

NIC School 2025 Roland Diehl     58



59

• E.m. particle-photon shower
Ø detection by surface detectors

• Fluorescence from, e.g., N atoms
Ø at several km altitude
ØConverting the total 

ionization power of
incident particle

ØXmax ~ E; I ~ yield; atmo transparency

• Continuum from
Cerenkov radiation

Ø in a cone around
shower axis

•

NIC School 2025



Image of source is 
somewere along 
image of shower 
axis ...

à Use more aspects to
locate the source!

Systems of Čerenkov 
telescopes and stereoscopy

at 1 TeV

~ 100 photons/m2

(300 – 600 nm)
~ 10 – 20 photoel./ m2
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Perspectives of High-Energy Astronomy
Nuclear range: 
Compton Telescope most promising 

eAstrogam ETCC Tanimori+2015

DeAngelis+2017, 2018

CAST/CNSA
Peng+2020

The Compton Spectrometer and Imager John A. Tomsick

Figure 4: Cutaway view of the COSI instrument. Each germanium detector is 8 ⇥ 8 ⇥ 1.5 cm3. The BGO
shield box is 42 ⇥ 46 ⇥ 20 cm3.

enormous improvements. The simple removal of atmospheric attenuation improves sensitivity
by 3-4 times, depending on energy, and being above the atmosphere reduces background. Even
compared to much larger current and previous satellite missions, COSI will provide an order of
magnitude improvement in narrow line sensitivity (see Figure 2).

4. COSI Requirements

Table 1 shows a sample of the requirements for COSI to achieve the science goals outlined
above. A key requirement for COSI is having excellent spectral resolution for making images of line
emission over the entire Galaxy. The spectral resolution is important for being able to make images
in narrow energy bands around the lines of interest to minimize background. In addition, spectral
resolution is used to measure line profiles in order to study the width of the 0.511 MeV line as well
as the 44Ti line, which provides information about SN explosions. The required sensitivities and
angular resolution allow for COSI to distinguish between di�erent physically-motivated Galactic
bulge 0.511 MeV emission models. Also, these requirements provide the first images of Galactic
60Fe, a sensitive search for young 44Ti-emitting SN remnants, and the ability to isolate 26Al emission
from individual massive star clusters. While the large FOV requirement allows for the full Galaxy
to be covered, the main driver for covering >25% of the sky is to detect enough GRBs to achieve
COSI’s polarization and short GRB localization goals.

5. Data Challenge Project

To improve the user-friendliness of the COSI analysis software and to prepare the high-energy
community for analyzing COSI data, the COSI group is carrying out a Data Challenge project.
For this project, the COSI team will publicly release a set of astrophysical source simulations, the
full COSI imaging response, and documentation of our python-based analysis software (COSIpy).

6

COSI/NASA
Tomsick+2021

COSI

SPI
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where E0 is the energy of the photon after scattering, E is the initial photon energy, and ✓ is the scattering angle.
The maximum energy that can be transferred in a Compton interaction occurs when ✓ = 180°and the photon
back-scatters. For pair-production events, a photon interacts with a Tracker layer resulting in an electron and
positron pair. This pair then gets tracked through the Tracker, before being absorbed in the two Calorimeters.
Once again, the incident photon energy is then found simply by summing the energies of each interaction. The
trajectory of both the positron and electron is then used to recover the initial direction via conservation of
momentum (Fig. 2b).

(a) CAD model of ComPair (b) Photon interactions in ComPair’s detectors
Figure 2: (a) CAD model of ComPair with the active area boxed in red. Each subsystem’s detectors and
electronics are integrated into aluminum enclosures stacked on top of each other, including the DSSD Tracker
(magenta), the CZT Calorimeter (teal), and the CsI Calorimeter (orange). Surrounding the instrument stack is
the ACD (green) that rejects charged particles. Attached to the side of the Tracker are thermal straps (copper) to
dissipate heat. (b) ComPair’s design enables reconstruction of both Compton and pair events. Below ⇠10 MeV,
photons are more likely to Compton scatter in the Tracker (shown in magenta), before the scattered photon gets
absorbed in the CZT Calorimeter (in teal). Above ⇠10 MeV, photons will likely convert into an electron-positron
pair in the Tracker, and the pair products are tracked through the CZT Calorimeter before being absorbed in
the CsI Calorimeter (in orange).12

2. THE SILICON TRACKER

The Tracker provides the most precise position measurements of any of the subsystems, which is vital in recon-
structing the original photon direction. The following sections will detail the DSSD design, the accompanying
front-end electronics, and the integration and testing of the ComPair Tracker.

As mentioned above, the Tracker needs to act as both Compton scattering and pair creation material, that
can achieve good energy and position resolution. To measure energies adequately, a semiconductor detector is
necessary. Su�cient position resolution necessitates the need for fine segmentation in the detector. The need to
track the trajectory of charged particles (such as electron-positron pairs) as well as to track Compton events is
achieved with many two-dimensional segmented layers. With these requirements in mind, double-sided silicon
strip detectors were selected. Additionally, silicon o↵ers a large cross section for Compton events and has been
used before in spaceflight instrumentation.

2.1 Double-sided Silicon Strip Detectors

The ComPair Tracker uses Micron Semiconductor TTT13 double-sided silicon strip detectors. Each detector
is 10 ⇥ 10 cm2 and 500 µm thick with 192 orthogonally-oriented strips per side, with a pitch of 510 µm. The
orthogonal strips allow for the measurement of the X and Y position of interaction within the wafer.

3

competing photon-interaction processes. While Compton scattering dominates ⇠1 MeV, and electron-positron
pair-production dominates ⇠100 MeV, there’s a cross-over in between where the two compete. Therefore, in order
to have an instrument sensitive in this energy range, it must be optimized for both Compton and pair-production
events.

1.1 AMEGO: Bridging the Gap in Data

The All-sky Medium Energy Gamma-ray Observatory (AMEGO) is a gamma-ray mission concept2,3 that aims
to cover the infamous MeV gap with sensitivity over an order of magnitude better than previous instruments
(Fig. 1a). AMEGO will be able to resolve both Compton and pair-production events due to its detector de-
sign which is comprised of four subsystems (Fig. 1b): a double-sided silicon-strip detector (DSSD) Tracker, a
virtual Frisch grid cadmium zinc telluride (CZT) Low Energy Calorimeter, a caesium iodide (CsI) High Energy
Calorimeter, and an anti-coincidence detector (ACD).

(a) Simulated sensitivity of AMEGO (b) Design for AMEGO’s detector
Figure 1: (a) AMEGO will provide coverage of the MeV band with sensitivity at least 20 times better than
COMPTEL.3 (b) AMEGO is comprised of four subsystems: a DSSD Tracker, a Low Energy CZT Calorimeter,
a High Energy CsI calorimeter, and an ACD (not pictured) that encapsulates the other subsystems.

1.2 The ComPair Prototype

ComPair was funded in 2015 to develop a prototype of the AMEGO telescope and to test the detector system
in a space-like environment through a high-altitude balloon flight. ComPair is composed of smaller versions
of AMEGO’s four subsystems (Fig. 2a). The DSSD Tracker4 is comprised of 10 single-detector layers, stacked
on top of each other. The CZT calorimeter,5 composed of 9 modules of 4⇥4 arrays of CZT bars, is placed
underneath the Tracker. The CsI calorimeter, sitting below the Tracker and CZT calorimeter, consists of 5
layers of six CsI bars where each layer is orthogonal to its neighboring layers in a hodoscopic arrangement.6,7

The ComPair design is similar to previous instruments that were also designed to cover the Compton and pair
production regime: MEGA and TIGRE.8,9

Below 10 MeV, �-ray photons will predominantly Compton scatter in the detector.10 Above 10 MeV, �-rays
will often interact with the detector to produce pairs,11 therefore, to be sensitive in the MeV regime, ComPair
must measure both Compton and pair-production events. For Compton events, a photon interacts with at least
one of the Tracker layers, scattering an electron in the process, before being absorbed by the CZT and/or CsI
Calorimeter (Fig. 2b). The energy of the initial photon is then found by summing the energies of each interaction.
The positions of the photon interactions are used to recover the initial direction of the incident photon via the
Compton equation:

E0 =
E

1 + E
mc2 (1� cos ✓)

(1)

2

AMEGO/NASA
McEnergy+2019



Charged particles and their signatures in the atmosphere
• Secondary particles

from
Øpair creation
Øspallation

• Secondary photons from
Øbremsstrahlung
Øfluorescence
ØCerenkov radiation

• Detectors:
ØCharged particle detectors on the ground

üscintillators
ü tracking chambers, ...

ØPhoton detectors
ümirrors with PMTs
ü telescopes
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Detecting High-Energy Neutrinos
KM3NET & IceCube

ØCerenkov radiation detection by PMTs on strings
üAmanda/KM3NET in Mediterranean Sea 2000+ 7 106 m3

☞ORCA: off Sicily, 3500m depth, 115 units 20*9m
☞ARCA: off Toulon (F), 2500 m depth

ü IceCube in 
Antarctica Ice 
2010+

üSuper-Kamiokande
Japan 1996+

63NIC School 2025

charged particles generated in neutrino interactions. The larger
the surface covered by PMTs, the lower the energy threshold
for neutrino detection. Since electrons or positrons are easily
showering up, their ring pattern is blurred, di↵erent to the pat-
tern of muons. This allows distinguishing interactions of muon
neutrinos from those of (anti-) electron neutrinos. The amount
of light is a measure of the particle energy. The direction is
mostly inferred from position and form of the ring pattern and
can be improved by adding timing information.

Figure 1: Left: The principle of underground Cherenkov neutrino detectors.
Stopping particles generate a ring pattern, through-going particles a filled circle.
Right: ring pattern of a stopping electron (top) and muon (bottom) in Super-
Kamiokande.

Solar neutrinos are detected via elastic ⌫ee� scattering, where
the final-state electron essentially preserves the neutrino direc-
tion. Supernova neutrinos are mostly visible via ⌫̄e+ p! e++n
with poor directional information. Atmospheric (anti) neutrinos
produce high-energy e± or µ±. The accessible energy ranges are
4-12 MeV (Sun), 5-40 MeV (Supernovae) and sub-GeV to TeV
for atmospheric neutrinos. For the detection of the compara-
tively tiny fluxes of high-energy cosmic neutrinos, underground
detectors turned out to be too small.

In 1995, the reference year chosen for my retrospect,
two underground detectors already had written history: the
Kamiokande detector in Japan and the IMB detector in
the USA. Both devices had recorded neutrinos from Super-
nova 1987A (Kamiokande 12, IMB 8 events) [6, 7], and
Kamiokande, in addition, had measured solar neutrinos. In the
case of Kamiokande, 1,000 20-inch PMTs observed a volume
of 3 ktons H2O, in IMB 2,048 8-inch PMTs observed 9 ktons
of H2O. IMB had been running between 1982 and 1991, while
Kamiokande in 1995, after several upgrades, was in its last year
of operation before Super-Kamiokande [11] took over. Super-
K started operation in 1996. Its tank is about 40 m in diameter
and 40 m in height, filled with 50 ktons of H2O. The outermost
18 ktons are used as veto layer. The inner volume is observed
by about 11,000 20-inch PMTs (significantly improved in tim-
ing and charge resolution compared to Kamiokande), the veto
layer by about 1,900 8-inch PMTs.

Super-K has precisely measured neutrinos from the Sun and
confirmed the solar neutrino deficit. Even more importantly,
in 1998 it unambiguously measured oscillations of atmospheric
neutrinos.

While the most obvious explanation of the solar neutrino
deficit were flavor transitions in the Sun and not, for instance,
neutrinos decaying on their way to Earth, the final confirmation
of the first interpretation had to await results from the Sudbury
Neutrino Observatory, SNO, in Canada [12]. The core of SNO
is an acrylic vessel which was filled with 1 kton of heavy water
(D2O). This volume is observed by about 9,000 8-inch PMTs.
It is surrounded by a veto layer filled with normal water. SNO
took data between 1999 and 2006. The deuteron target led to
detectable reactions of all neutrino flavors and allowed to prove
that – summing over all flavors – no deficit of solar neutrinos is
observed. This result discarded all interpretations of the “solar
neutrino puzzle” but the one of neutrino flavor transitions in the
Sun.

Two Nobel Prizes go to the account of Kamiokande (neu-
trinos from SN 1987A and from the Sun), and of Super-K and
SNO (neutrino oscillations). A fantastic record for underground
Cherenkov detectors!

The water of Super-K has meanwhile been loaded with
gadolinium in order to increase the neutron detection e�ciency
and thereby the sensitivity to the di↵use supernova neutrino
flux. The SNO experiment is being followed by SNO+, using
the same vessels and PMTs but employing a liquid-scintillator
filling doped with Tellurium for the search for neutrino-less
double beta decay.

The big future underground water Cherenkov detector is
Hyper-Kamiokande [13]. It will contain 260 ktons of water,
with a fiducial volume eight times that of Super-K. The inner
detector is viewed by 40,000 20-inch PMTs which have twice
the photon detection e�ciency compared to Super-K PMTs,
about two times better timing and charge resolution, and a lower
dark current rate. The 20-inch PMTs will be supplemented by
1000 multi-PMT modules (19 3-inch PMTs in a pressure-tight
housing) – following a design invented by KM3NeT (see be-
low). Hyper-Kamiokande construction began in early 2020,
and the experiment is expected to start operations in 2027. The
main goals of Hyper-K are the study of CP violation in the
leptonic sector (using also an intense neutrino beam from J-
PARC), the measurement of neutrino mixing parameters, the
measurement of solar and supernova neutrinos, and the search
for BSM phenomena like proton decay or dark matter.

Timing Detectors Underwater and in Ice

The primary goal of neutrino detectors in open water or ice
(“neutrino telescopes”, NTs) is the detection of neutrinos from
cosmic accelerators, at energies beyond those which are hope-
lessly dominated by atmospheric neutrinos, i.e. beyond several
hundred GeV for point sources and a few tens of TeV for di↵use
fluxes. Because of the steeply falling flux of cosmic neutrinos
(E�2.2 to E�2.5), this requires volumes on the cubic kilometer
scale. Other phenomena addressed by NTs are the measurement
of neutrino cross sections at energies beyond 10 TeV, Earth to-
mography, search for dark matter or magnetic monopoles, or
environmental science. With densely equipped (sub)detectors,
energies below 20 GeV are accessible, where oscillations of at-
mospheric neutrinos having crossed the Earth become visible.

2



Measuring Gravitational Waves

64

• Detecting 
tiny distortions 
of space

ücomparing templates as expected
from sources to observed signals

üexample: NS binary coalencence 2017:

NIC School 2025



• Connecting cosmic objects to processes
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Typical High-Energy-Source Energy Spectra
• Thermal Components

üCompact-star surfaces heated by 
accretion/explosions

üBinary-system accretion Disks
üPlasma bubbles after supernova explosions

• Non-Thermal Components
ØAccelerated Particles

üSynchrotron Radiation
üBremsstrahlung

ØDe-excitation Lines

ØPositron Annihilation

Supernova Remnants

Accre:ng Black Holes

Active Galactic Nuclei
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Nuclear De-excitation

Thomas Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Galaxy
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Total Bulge spectrum (best fit parameters):
γ−Continuum: AC = 0.27±0.20
Narrow line: I = 0.96±0.07, FWHMSKY = 2.59±0.17 keV, ∆E0 =  0.09±0.08 keV
Ortho−P’s:   I = 6.14±0.76, fPs = 1.080±0.029

(a) Bulge.
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Total Disk spectrum (best fit parameters):
γ−Continuum: AC = 5.58±1.03
Narrow line: I = 1.66±0.35, FWHMSKY = 2.47±0.51 keV, ∆E0 =  0.16±0.18 keV
Ortho−P’s:   I = 5.21±3.25, fPs = 0.902±0.192

(b) Disk.

Fig. 4: The spectrum of annihilation gamma-rays from the bulge (a) and the disk (b). The best fit spectrum is shown (continuous
black line), as decomposed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through
ortho-positronium (dashed olive), and the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameter are
given in the plots. See text for details.

for which the di↵erent scaling parameters are determined (see
Eq. (1)). These intensity ratios need to be determined reliably for
all instrumental background features so that the minute changes
imposed by the mask coding for celestial signals can be recog-
nised. Finally, we derive these detector ratios for instrumental
background continuum and lines separately, which in the end
serve as the only two background components continuum and
lines. The total number of parameters fitted per individual en-
ergy bin then amounts to 3772 background parameters (includ-
ing the pre-determined patterns, the temporal continuity, and the
re-normalisation scaling paramter per three-day interval (✓i,t in
Eq. (1))) and six sky model parameters.

In our model fitting we use this time variable background
model together with the sky components to obtain model ampli-
tudes in fine energy bins for each of the sky model components,
thus comprising a spectrum of celestial emission per compo-
nent. In doing so, we are not biased towards an expected spectral
shape from celestial emission. Furthermore, we do not alter the
shape parameters of the image model components here, except
the very uncertain disk parameters (see Sect. 3.1.1) and thus fol-
low the optimisation of those done by the analysis in the 511 keV
line itself (i.e. in a single 6 keV wide energy bin; see Skinner et
al. (2015, in prep.)). For our cross correlation analysis, we also
check the sensitivity of our results on the bulge parameters (see
Appendix A.2).

In a 40 keV wide energy band around the annihilation line,
we chose a 0.5 keV width of energy bins, given the instrumental
resolution of ⇠2.1 keV, for fine spectroscopy with determination
of line centroids and shapes.

Show that the BG model performs well? My idea is two plots
one in data space and one in image space showing the distri-
bution of residuals normalized to the expected count rate (vari-
ance) and then printing the numbers of these distributions:
mean, stddev, skew, kurtosis (like Gerry showed me). ???

3. Results and Interpretation

In Fig. 3, we show for each energy bin in a 40 keV wide range
around the 511 keV line the detection significances for celes-
tial emission, that we obtain for the sky intensity distribution
model that best represent the annihilation line sky, as based on
earlier imaging (Knödlseder et al. 2005; Weidenspointner et al.
200, 2008; Skinner et al. 2010) and last refined by Skinner et
al. (2015, in prep.). The dominant annihilation line at 511 keV
is very clear and at 58 � significance, but also characteristic
ortho-positronium continuum on the low-energy side of the line
is detected with high significance. Additionally, in this energy
band, the di↵use Galactic continuum emission (Bouchet et al.
2011) that underlies this signal is clearly detected. The Galactic
continuum emission is dominated by the disk emission and the
Crab, but also Cyg X-1, and the centrally located components
contribute. Due to the degeneracy in the model fitting approach
itself, it is not easy to disentangle which component contributes
how significant to which spectral component. But, nevertheless,
it is possible to analyse the spectra of each component indepen-
dently.

3.1. Different emission components

We compare our measured dataset to a sky model including each
of the spatial emission components shown in Fig. 2 and Tab. 1,
in one coherent maximum likelihood fit which derives the com-
ponent intensities in fine energy steps. We find a spectrum for
the inner Galaxy, detected with more than 56 �, as the bright-
est region of the annihilation gamma-ray sky, which confirms
earlier INTEGRAL results (e.g. Jean et al. 2006; Churazov et al.
2011). In addition, we are now able to detect a disk-like emission
component at 12� and find very low surface brightness annihila-
tion radiation for this component, together with a strong gamma-
continuum and a marginal detection of the ortho-positronium
continuum. In the center of the Galaxy, an additional point-like
source - the Galacitc Center Source (GCS) - is needed to im-
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56Ni radioactivity à γ-Rays, e+ à leakage/deposit evolution

üNuclear BE release from 0.6M¤ [C,O  à 56Ni]  = ~1.1 1051 erg (>2*BEWD)
üDeposit of γ rays and e+ in expanding/diluJng envelope
üRe-radiaJon of deposited energy in low-energy (thermal) radiaJon

56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)

τ =8.8 d

56Co

γ 847 keV (100%)

τ = 111.3 d

γ 812 keV (86%)

0+

1+

2+

4+

2+

0+

4+ 

γ 1238 keV (68%) 

e- - capture (81%)
γ 158 keV (100%)

3+

0+
γ 270+480 

keV
(36%)

3,4+ 
β+  - decay
(19%,E~0.6MeV)

γʼs 3.253(8%),2.598(17%),
1.038(14%),
1.4,1.771(16%)  MeV  

optical

γ rays
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SN1987A: Gravitational Collapse Supernova
• Witnessing the final core collapse of a 

massive star of mass 22 M⊙ in Feb 1987

• Witness neutrino burst
 from core collapse

• Witness radioacIvely-
powered SN aKerglow
and
γ rays
as its
source

68

bolometric light afterglow

Matz+1988

SMM-GRS
Aug-Oct'87

CSM, dust, 
ejecta

(ALMA)
Matsuura+2024

originally measured for the 56Co lines (9, 10).
Although the limit on broadening itself is not
surprising, the measured redshift is both statis-
tically significant and large compared to the up-
per limit on Doppler broadening, indicative of
an asymmetric ejection of 44Ti in the initial ex-
plosion. The 56Co gamma-ray lines also showed
redshifts (∼500 km s−1), but the significance was
marginal. The 56Co detection also stands con-
trary to predictions of spherically symmetric
explosion models that would produce blue-
shifted gamma-ray lines due to increased absorp-
tion of the receding redshifted emission. The
redshifted 56Co lines suggest large-scale asym-
metry in the explosion.
There has been growing evidence for asym-

metries in supernovae explosions over the past
decades (25). In SN1987A itself, asymmetry was
initially supported by extensive evidence for
mixing and polarized optical emission as re-
viewed in (26, 27), and later by spatially resolved
images of the ejecta (27, 28). NuSTAR observa-
tions of the spatial distribution of 44Ti in the Cas
A supernova remnant shows direct evidence of
asymmetry (29). Our results here suggest an even
higher level of asymmetry for SN1987A. For com-
parison, NuSTAR measured a redshift for the in-
tegrated Cas A spectrum of (2100 T 900) km s−1

and a line broadening corresponding to a fastest
ejection velocity of ∼5000 km s−1. Given that ejec-
tionvelocity and theageof the remnant (340years),
the estimated “look-back” redshift velocity for
Cas A is ∼1400 km s−1, consistent with the mea-
sured redshift. From the spatially integrated 44Ti
spectrum alone, Cas A would not appear to have
a statistically significant asymmetry: The spatial
brightness distribution in Cas A revealed the
asymmetries.
In the 44Ti-powered phase, the dominant en-

ergy input to the ejecta comes through the sub-
sequent positron emission of 44Sc, when most
of the gamma rays escape the ejecta without
interacting. These positrons are produced deep
in the ejecta, and both simple estimates and de-
tailed models suggest that they are locally ab-
sorbed and instantaneously thermalized (20, 22).
The implication is that the UVOIR emission of
SN1987A during the 44Ti-powered phase should
be dominated by the ejecta spatially coinci-

dent with the 44Ti ejecta. In principle, UVOIR
spectral imaging in the 44Ti-powered phase
can yield direct evidence for asymmetries. Hub-
ble Space Telescope (HST) obtained resolved
spectral images of the SN1987A ejecta (28)
from June 2000 (4857 days after explosion), near
the end of the phase when the UVOIR emis-
sion was truly dominated by 44Ti decay (21).
They reveal a bipolar structure elongated along
the north-south direction. There is a clear gra-
dient in velocity across ejecta, with the north-
ern component showing a redshift of about
500 km s−1 in the [Ca II] l7300 emission line,
whereas the southern component showed a
larger redshift of about 1700 km s−1. The ejecta
exhibit an overall redshift of ~1000 km s−1. At
the time, this asymmetry and overall redshift
were noted but not emphasized, as they could
be the result of blending of the [Ca II] l7300
line with a [O II] l7320 line. This shifted vel-
ocity distribution is consistent with our mea-
sured redshift of the 44Ti lines. On the basis of
our 44Ti line profile, we might naïvely imagine
the picture of a bright, redshifted clump or jet
of 44Ti, with the UVOIR emission tracing the
spatial and velocity distribution of this clump.
However, the spatial distribution of the ejecta
in this HST observation does not immediately
reveal such a large spatial asymmetry.
A single-lobe (i.e., very asymmetric) explosion

model for SN1987A (30) could explain the ob-
served evidence that 56Ni was mixed to speeds
exceeding 3000 km s−1 and redshifted, as evi-
denced by both the gamma-ray emission and the
infrared forbidden line profiles of [Fe II] (mainly
produced through 56Ni decay) around 400 days
after the explosion (31, 32). In this model, the
single lobe is oriented at an angle pointing away
from us, producing the redshifted lines (30). The
NuSTARobservations appear consistentwith these
single-lobe models. One consequence of such a
highly asymmetric explosion is that the compact
object produced by SN1987A would, presumably,
receive a kick velocity opposite the direction of
the ejecta (33).
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Fig. 1. SN1987A 55- to 80-keV
background-subtracted spectrum
measured with NuSTAR. Data from
both telescopes are combined (for
presentation only) and shown with
1s error bars. Both of the 44Ti lines are
clearly measured. The vertical green
lines are the rest-frame energies of the
44Ti lines (67.87 and 78.32 keV). The
redshift is evident in both lines, indi-
cating the asymmetry of the explosion.
Also shown is the best-fit model, con-
volved through the NuSTAR instrument
response, for case (1), where the fitting
parameters for the two lines are tied
together (supplementary materials).
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Figure 1. NIRCam five-colour image (blue: F150W , cyan: F164N , cyan: F200W , yellow: F323N , orange: F405N , and red: F444W ), capturing the bright 
equatorial ring, shocked gas beyond the equatorial ring, and the very faint outer rings. The inner ejecta stands out in cyan as it has strong F164N emission. 
Within the inner ejecta, a bar crosses across approximately from the east to west. Two crescents are found in very faint blue/cyan emission between the inner 
ejecta and the equatorial ring. The hotspots are bright spots in the NIRCam/SW images within the equatorial ring, while the outer spots are found exterior of 
the equatorial ring. North is towards the top and east is to the left. The original image was created by Alyssa Pagan (STScI), and the image credits belong to 
NASA, ESA, CSA, Mikako Matsuura (Cardif f Uni versity), Richard Arendt (NASA-GSFC, UMBC), Claes Fransson (Stockholm University), and Josefin Larsson 
(KTH). 

The outer ejecta expand with a speed exceeding 10 000 km s −1 
(Phillips et al. 1988 ; McCray 1993 ), triggering shocks within 
the circumstellar material. Shocks brightened the equatorial ring 
(labelled in Fig. 1 ) in about 1995 (Sonneborn et al. 1998 ; Lawrence 
et al. 2000 ), and the brightness increased in X-ray, optical, infrared 
(IR) and radio until about 2010 (Dwek et al. 2010 ; Fransson et al. 
2015 ; Frank et al. 2016 ). Approximately in 2010, the shocks passed 
the equatorial ring, and material outside of the equatorial ring is now 
detected as faint outer spots (labelled in Fig. 1 ) in the optical images 
(Fransson et al. 2015 ; Larsson, Fransson & Alp 2019 ). Around this 

time, the light curves in different bands started to diverge. The hard 
X-ray and radio brightness continued to increase (Frank et al. 2016 ; 
Cendes et al. 2018 ), though at a slower rate than before 2003. 
Meanwhile, the near-infrared (NIR) brightness, as observed using 
Spitzer , peaked around 2010 and started declining thereafter (Arendt 
et al. 2016 , 2020 ). The cause of diverged light curves at different 
w avelengths w as unkno wn. The mid-IR emission is kno wn to be 
from silicate dust in the equatorial ring (Bouchet et al. 2006 ; Dwek 
et al. 2010 ; Arendt et al. 2016 ; Matsuura et al. 2022 ). Although it 
has been suggested to be ‘hot’ ( ∼500 K) dust (Bouchet et al. 2006 ; 
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Cas A with JWST
The Cas A SNR displays a great variety of 
features that reflect the ccSN explosion 
history and dynamics

Øinteraction of the SN shock with 
surrounding CSM
üshock and dust
üsynchrotron emission
üdestruction of ISM clouds 

Øinternal dynamics of the expanding 
remnant
üCSM structure remains
üexplosion asymmetry remains
üRT lobes
ü jets 
ü reverse-shocked ejecta

Ølight echoes

69

6 Milisavljevic, Temim, De Looze, et al.

Figure 3. Important features of Cas A identified in our survey and discussed in this paper. The composite image in the center
panel combines NIRCam and MIRI filters as indicated. Large boxes outlined with dashed white lines show areas of interest
enlarged in the surrounding panels that use the same filters and color scheme, with the exception of panels 1b and 6 that only
use NIRCam filters. Small boxes outlined with solid white lines show the positions of the four regions of MIRI/MRS IFU
spectroscopy.

Milisavljevic+2023
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Cas A in X rays
• Cas A SNR composiIon and 

dynamics is reflected in X 
rays
ØinteracZon of the SN shock 

with surrounding CSM
üshock acceleraJon (e-)
üsynchrotron emission,

non-thermal Bremsstrahlung
 

ØcomposiZon of remnant 
ü reverse-shocked ejecta
ücharacterisJc lines from 

highly-ionised species

70

Vink+2022
8 Vink et al.

Figure 3. Same image as Fig. 1 but now with a spider
diagram overlayed that visualises the expansion rate as a
function of position angle. For the forward shock (green)
the radial extent of the spider diagram is linearly propor-
tional to the expansion rate. For the reverse shock (red)
the radial coordinate provides the expansion relative to the
dashed circle–inside the circle indicates a motion toward the
interior.

Figure 4. Residual images for ObsID 19903, which con-
sists of the masked data image with subtracted the combined
model image, and then divided by the squareroot values of
the model image (the expected error per pixel). The residual
images were smoothed with a gaussian with � = 3 pixels to
bring out features. On the left: the model is uncorrected
for expansion, i.e. using the uncorrected VLP image as a
model. On the right: the model was a composite of all in-
dividual models for each sector. The gray scales for both
residuals images are identical.

In the appendix the profiles of�L are shown as a func-
tion of a— and for the forward shock b—which shows
that the best-fit values are well-defined; although some
local minima indicate that there are some ambiguities,
possibly due to substructure in some sectors.

Figure 5. The measured deceleration rates (defined here
as deceleration⌘ �b) as a function of position angle.

3.1. The forward shock region

For determining the proper motion of the forward
shock expansion we used two methods, one with solving
also for the deceleration of the shock—b in Equation 3—
and one with assuming b = 0. The best-fit parameters
including the measurement of the deceleration rate are
summarised in Table 3.
For the best-fit values of a, fitting also for b does not

make much of a di↵erence for the expansion rates. For
example, solving for b gives an average expansion rate of
0.218± 0.029% yr�1, compared to 0.219± 0.030% yr�1

when keeping b = 0—the errors indicate the rms of the
variations. These values correspond to expansion time
scales of ⌧exp = 457±60 yr, orm = t0/⌧exp = 0.73±0.10.
There is quite some variation in the expansion param-

eter as a function of PA, with for a PA of 30� an expan-
sion parameter of m = 0.919± 0.003, which approaches
free expansion (m = 1). The slowest expansion is mea-
sured for a PA of 190�(South) with m = 0.506 ± 0.05.
As illustrated in Figure 11 (see appendix), the expan-
sion rates are relatively robust to the choice of pointing
corrections.
Fitting for b does significantly improve the fitting re-

sults for each PA, with the exception of PA = 270�for
which the best fit value is anyway b ⇡ 0. For the
other PAs the improvement ranges from �L = �4.7
for PA= 50� to �L = �400 for PA= 250�. For the sum
of L over all 18 sectors of the forward shock region, we
have �

P
PA L = �1155.

The average of the best-fit values for the expansion
rate derivative is b = (�0.21± 4.94)⇥ 10�5 yr�2, which
shows there is a larger spread in b than the average value.
Contrary to expectations, there appear to be portions of
the forward shock that are accelerating—in particular

0.9- 9 keV,
 Chandra

To demonstrate the inversion between the complete and
incomplete Si burning layers, we measured the abundances of
Cr and Fe in region A and B by fitting the spectra in
3.7–7.1 keV. Since the magnitude of the Cr/Fe ratio changes
between the complete Si burning regime and incomplete Si
burning regime (e.g., Yamaguchi et al. 2017; Sato et al.
2020a, 2021), we chose Cr and Fe to quantify their mass ratio
and identify the Si burning regime. The spectra were fitted with
tbabs, a model for interstellar absorption, and vvpshock, a
nonequilibrium ionized plasma model. We also used a
gsmooth model for expressing the thermal broadening and
the Doppler effects. As a result, we found that the Cr/Fe mass
ratio in region B is significantly higher than that in region
A (Figure 5 and Table 3), which implies that they were

synthesized in different burning regimes (see Section 4.2 for a
detailed discussion). The best-fit parameters and the signifi-
cance of the Cr detection are summarized in Table 3.
In the spectral analysis, the hydrogen column density was

fixed at 1.2× 1022 cm−2, which is a typical value for the
southeast region (Hwang & Laming 2003; Sato et al. 2021;
Ikeda et al. 2022), while kTe, net, and normalization and
abundances of Ca, Ti, Cr, Mn, and Fe are treated as free
parameters and the other abundances of elements are frozen to

Table 2
Velocity Measurements in the Regions Shown in Figure 3 from Chandra Data

Regiona (R.A., Decl.) Angular LoS Total Expansion Free Expansion
Velocity Velocityc index, md Velocityd

(arcsec yr−1) (km s−1)b (km s−1) (km s−1) (km s−1)

Blob 1 n a ´23 23 48. 89, 58 49 05. 59h m s 0.415 ± 0.026 6700 ± 410 L L 0.859 ± 0.053 7790
Blob 2 n a ´23 23 46. 38, 58 48 29. 94h m s 0.282 ± 0.026 4540 ± 410 L L 0.666 ± 0.060 6820
Blob 3 n a ´23 23 46. 85, 58 47 36. 06h m s 0.342 ± 0.026 5520 ± 410 L L 0.722 ± 0.054 7640
Blob 4 n a ´23 23 43. 16, 58 47 32. 19h m s 0.311 ± 0.026 5020 ± 410 L L 0.769 ± 0.063 6520
Blob 5 n a ´23 23 44. 77, 58 49 13. 00h m s 0.308 ± 0.026 4970 ± 410 −1710 5260 0.781 ± 0.065 6370
Blob 6 n a ´23 23 42. 71, 58 48 59. 48h m s 0.266 ± 0.026 4290 ± 410 −1360 4500 0.781 ± 0.075 5500
Blob 7 n a ´23 23 39. 41, 58 48 11. 28h m s 0.128 ± 0.026 2060 ± 410 −540 2130 0.460 ± 0.092 4480
Blob 8 n a ´23 23 35. 74, 58 47 33. 40h m s 0.163 ± 0.026 2630 ± 410 −880 2780 0.607 ± 0.095 4340
Blob 9 n a ´23 23 35. 74, 58 47 33. 40h m s 0.163 ± 0.026 2630 ± 410 −810 2750 0.607 ± 0.095 4340
Blob 10 n a ´23 23 33. 21, 58 47 48. 17h m s 0.108 ± 0.026 1750 ± 410 −2340 2920 0.542 ± 0.128 3220
Blob 11 n a ´23 23 32. 45, 58 47 47. 18h m s 0.105 ± 0.026 1700 ± 410 −2300 2860 0.548 ± 0.133 3100
Blob 12 n a ´23 23 31. 62, 58 47 45. 71h m s 0.130 ± 0.026 2100 ± 410 −1360 2500 0.698 ± 0.137 3010

Notes. All errors listed in the table represent statistical errors.
a See Figure 3 for the regions. Each feature corresponds to the three regions in Figure 1: blobs 1–6 correspond to region A (Fe-rich), blobs 7–9 to region B (Fe/Si-
rich), and blobs 10–12 to region C (Si/O-rich).
b The distance to Cas A is assumed to be 3.4 kpc (Reed et al. 1995).
c The LoS velocities were measured with Chandra High Energy Transmission Grating in Rutherford et al. (2013).
d Only the values of angular velocity were used.

Figure 4. The Chandra spectra of Cas A in 0.5–9.0 keV extracted from the
regions defined in Figure 1 (red: region A; blue: region B; green: region C).

Figure 5. (Left row) X-ray spectra and best-fit models for regions A (top) and
B (bottom). Right row: the same as the left row, but the abundances of Cr in the
models are fixed at zero. At about 5.5–5.9 keV, the Cr-Kα line emission can be
seen in large residuals.
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in the 0.5–1.7 keV band, which includes the Fe-L and O
emissions, taken in 2000 and 2019.

To visualize expansions of local structures in Cas A, we used
a technique called “optical flow” (Farnebäck 2003), which has
been first applied to the remnant in Sato et al. (2018). We used
the calcOpticalFlowFarneback function in OpenCV
with the following arguments: pyr_scale= 0.5, which
specifies the image scale to build pyramids for each image;
levels= 3; the number of pyramid layers; winsize= 15;
averaging window size; and poly_n= 5, which is the size of
the pixel neighborhood used for the polynomial approximation.
Assuming the distance of 3.4 kpc (Reed et al. 1995), the
velocity vectors were calculated as shown in Figure 2. The
moving structures at outer regions of the remnant have higher
velocities, where the tip of the southeast region shows the
velocities of >6000 km s−1.

We also measured the proper motions of 11 blob regions
shown in Figure 3 using the maximum-likelihood method (e.g.,
Sato & Hughes 2017; Sato et al. 2018; Tsuchioka et al. 2021)
to obtain the directions and magnitudes of the motions of each
structure. Blobs 5–12 in Figure 3 show the regions where the
Doppler velocity measurements using High Energy Transmis-
sion Grating Spectrometer were performed in Rutherford et al.
(2013). The regions from blob 1 to blob 4 were defined as the
outermost regions where Fe is abundant. As a result, the best-fit
velocities in the plane of the sky (see third and fourth rows in
Table 2) were estimated to be ∼4000–7000 km s−1 for the Fe-
rich structures (blobs 1–6), ∼2000–3000 km s−1 for the Fe/Si-
rich structures (Blob 7–9), and ∼1500–2500 km s−1 for the Si/
O-rich structures (blobs 10–12). The estimated velocities agree
with those with the optical flow measurements. We found that
the velocities of the Fe-rich structures in the plane of the sky
are higher than those of the Si/O-rich structures. Even if we
considered the line-of-sight (LoS) velocities obtained in
Rutherford et al. (2013), the velocities of the Fe-rich structures
are higher than those of the Si/O-rich structures (see the fifth
and sixth rows in Table 2). On the other hand, the expansion
index m (r∝ t m, where r and t are the radius and age of the
remnant, respectively) in the Si/O-rich structures estimated
from the proper motion measurements is lower than that in the
Fe-rich structures, which means that the Si/O-rich structures

were subjected to stronger deceleration. In Section 4.1, we
discuss the deceleration in more detail.

3.2. Spectral Analysis

In Figure 4, we showed X-ray spectra extracted from regions
A (Fe-rich region), B (Fe/Si-rich region), and C (Si/O-rich
region). The comparison of the spectra shows that abundant
elements are different from region to region, where elements
that are prominent in the image appear as strong features in the
spectra. We here focus on the fact that the Si/Fe-rich structure
(region B) is located just inside the Fe-rich structure (region A).
In general, Si/Fe-rich ejecta (i.e., the production in the
incomplete Si burning layer) should be produced at the outside
of Fe-rich ejecta (i.e., the production in the complete Si burning
layer) in the SN explosion. Therefore, the positional relation-
ship between region A and region B may indicate an inversion
that has not been reported yet.

Figure 1. X-ray image of Cas A taken by Chandra. The red and blue colors
highlight Fe-rich (6.3–6.9 keV) and O-rich (0.5–0.7 keV/0.9–1.0 keV)
emission regions, respectively. The ratio map of the Si/Mg band
(1.8–2.1 keV/1.2–1.6 keV) is shown in green. Solid yellow contours show
the regions used for the spectral analysis. Figure 2. The X-ray image of Cas A in 0.5–1.7 keV observed in 2000 overlaid

with the velocity vectors obtained by optical flow. The scale bar indicates the
2D space velocity of 4000 km s−1 at the distance of 3.4 kpc.

Figure 3. Enlarged image of the southeast area of Cas A. The color scheme is
the same as in Figure 1. White boxes show the regions used for the proper
motion analysis. White arrows indicate the direction and magnitude of the
proper motion.
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Figure 3. Color composite of 2004 images of Cas A. The optical image (red) is a 2004 March HST ACS WFC broadband red image (F625W+F775W) while the X-ray
image is a 2004 Chandra continuum subtracted Si xiii image.
(A color version of this figure is available in the online journal.)

these clumpy X-ray features do not coincide with the remnant’s
high-velocity optical ejecta knots and concluded that they either
represent only mildly overdense regions rather than true, high-
density ejecta knots, or represent regions of higher metallicity
superposed against the diffuse ejecta.

However, there are a number of small-scale features where
optical and X-ray emissions do appear to positionally coincide,
especially in cases of recently brightened optical and X-ray
ejecta clumps. Below, we present and discuss a few of these
cases where it appears that the remnant’s advancing reverse
shock has resulted in correlated optical and X-ray changes and
we explore both the spatial and temporal properties of such
features.

Figure 6 shows the locations of five small-scale features that
have exhibited significant brightening in both X-rays and in the
optical within the last few decades. These features, marked as
A–E on the 2004 Chandra image, appear to be either absent or
weak on earlier Einstein or ROSAT images, yet currently rank
among the remnant’s brightest small-scale X-ray features. The
X-ray flux evolution of these five regions are listed in Table 2,
shown in Figures 7–11, and briefly discussed below.

Feature A: the upper row of panels in Figure 7 show 1979,
1995, 2000, and 2011 X-ray images of a region, marked
by 10′′ diameter red circles in the remnant’s north–central
regions which brightened in X-rays between 1995 and 2000
(see Table 2). Similar circles in the lower panels mark the
coincident optical ejecta knot seen in images taken between
1976 and 2011. Whereas by 2000 this feature was one of Cas A’s
brightest X-ray emission knots, the coincident optical emission
is weak and unremarkable in its optical emission from 1992 up
to 2011. While virtually absent in the Palomar image prior to
1972 and greatly complicated by the presence of a nearby and

stationary QSF in the earliest images, the knot had an estimated
R2 magnitude of 20.9 in 1976 but 20.1 and 19.4 in 1996 and
1999 respectively, in line with its brightening in X-rays.

Feature B: considerable clumpy emission is seen in the 2004
Chandra image of the remnant’s north–central region (Figure 6).
Enlargements of four Chandra X-ray images taken between
2000 and 2013 centered on one of these emission knots labeled
Feature B are shown in the upper panels of Figure 8, along with
corresponding optical images covering the epochs 1999–2011.
Like that seen for Feature A, this region exhibited a significant
X-ray and optical brightening after 2004 and will be discussed
further in Section 3.3.1 below.

Feature C: Figure 9 shows a comparison of an X-ray and an
optical emission for the extended Feature “C” located along the
remnant’s northernmost rim. These images reveal a dramatic
increase in X-ray brightness between 2000 and 2013 preceded
by a sharp increase in coincident optical emission between 1992
and 1999. The feature’s X-ray emission was relatively weak
in 2000 but by 2011 was one of Cas A’s brightest emission
knots. However, unlike the two previous cases, its coincident
optical emission is relatively bright, though not ranking among
the remnant’s brightest optical features. Also, the evolution of
the X-ray emission in this feature appears to follow that seen
in the optical but, delayed by several years. For example, the
feature’s X-ray emission was only apparent in 2000 whereas
optically it became detectable by the late 1980s, showed marked
increases in 1992 and 1999 mirrored later in the X-rays between
2004 and 2007.

Feature D: this southern limb X-ray emission clump, shown
in Figure 10 consists of a small complex of knots which became
bright in both X-rays and optically after 2000. By 2004, this
feature was one of the brightest X-ray knot complexes along the
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comparison: optical / Si X rays

Patnaude&Fesen2014

è complex 
      shock dynamics

è overturn of 
      ejecta material
      (shells)?

NIC School 2025



Beyond X rays: Locating the inner Ejecta in Cas A
NuSTAR Imaging in 3-79 keV; 44Ti lines at 68,78 keV
üfirst mapping of  radioactivity in a young SNR

Both 44Ti lines detected
redshift ~0.5 keV
à 2000 km/s asymmetry
44Ti flux consistent with 
earlier measurements
Doppler broadening: 

(5350 ±1610) km s-1

Different from Fe-X rays!!

ü44Tià TRUE locations of inner-SN ejecta 
üatomic-line X-rays are biased from 

ionization of plasma by reverse shock

Grefenstette+ 2014; 2017
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Figure 20. Schematic representation of the structure of dense ejecta clumps. Dense clumps with density nc embedded in a more diffuse component with density nej
cross the reverse shock from left to right. The diffuse ejecta is decelerated to three quarters the unshocked velocity, and a slow shock is driven into the clumps. While a
shock is driven into the clumps, they remain largely undecelerated by the reverse shock, due to their small cross-section, and behave in a ballistic fashion until they are
destroyed by hydrodynamical instabilities. At later times, the clumps have moved away from the reverse shock, and while they begin to fade, the diffuse component
becomes bright in X-rays. These knots differ from those in Figure 21 possibly due to the structure of the envelope that they are embedded in.

Figure 15 shows a curved line of optical emission along with
displaced associated X-ray emission. These optical knots lie on
the facing hemisphere of the remnant (DeLaney et al. 2010;
Milisavljevic & Fesen 2013). We have drawn in the apparent
direction of motion in which the reverse shock is traveling for
the line of emission knots. The morphology of the line of optical
emission knots would suggest that the reverse shock has recently
passed over them but their associated X-ray emission lies to the
right (west) and behind the optical emission and thus closer
to the reverse shock’s current location than the line of optical
emission knots.

We propose that such X-ray/optical offsets is, in some cases,
generated by shock-induced mass ablation from dense optically
emitting ejecta knots. In Figure 21, we present a schematic of
how this X-ray/optical offset morphology can be produced. In
the first frame, the reverse shock and the ejecta are seen to
be separate. In the second frame, the reverse shock encounters
dense ejecta knots, which are shocked and become bright in
optical emission. Some of the knot material is ablated by the
reverse shock, and advects away from the knots, remaining
closer to the reverse shock (third frame of Figure 21). This
material is of a lower density than in the knots and shock is

heated to higher temperatures where it can become visible in
X-rays.

The separation between X-ray and optical emission in
Figures 14 and 15 is ≈2.′′5. This corresponds to an advection
timescale of 10 yr for the dense knots. It is likely that in these
scenarios, the X-ray emission seen at the reverse shock is not
directly associated with material from the knots that is observed
at the same epoch—but possibly from previously shocked and
ablated knots. In any event, the low-density component at the
reverse shock can be “refreshed” by recently ablated material.

A similar set of mass ablation phenomena appears to occur
in the NE “jet” of Cas A. Here, there is substantial evidence for
high velocity ejecta bullets with space velocities between 8000
and 14,000 km s−1 (Fesen et al. 2006). As they move away from
the remnant’s expansion center, they are shock heated via their
interaction with the surrounding CSM. Some mass is stripped off
these ejecta clumps due to Kelvin–Helmholtz instabilities along
the sides of the bullets leading to faint optical emission trails
seen in HST images (Fesen et al. 2011). This stripped material
will be of lower density and consequently shock heated to high
temperatures, and becoming X-ray bright (Hwang et al. 2004;
Laming et al. 2006) while lagging behind the optically bright
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Fe is produced in close physical proximity to the 44Ti. Some correlation
would therefore be expected. The simplest explanation for the lack of
correlation is that much of the Fe-rich ejecta have not yet been pene-
trated by the reverse shock and therefore do not radiate in the X-ray
band. Whereas X-rays from 44Ti decay are produced by a nuclear
transition and directly trace the distribution of synthesized material,
the Fe X-ray emission results from an atomic transition and traces the
(mathematical) product of the Fe density and the density of shock-
heated electrons; without the hot electrons, the Fe will not be visible in
the X-rays. A possible explanation of our observations is that the bulk
of the Fe ejecta in Cas A have not yet been shock-heated, further
constraining models18–20 of the remnant as well as the total amount

of Fe. An alternative explanation is that most of the Fe is already
shocked and visible, and that some mechanism decouples the produc-
tion of 44Ti and Fe and produces the observed uncorrelated spatial map.

Unshocked or cool, dense material (material that either was never
heated or has already cooled after being shock-heated) might still be
visible in the optical or infrared spectral band. The Spitzer space tele-
scope observes line emission from interior ejecta primarily in [Si II] but
it seems that there is not a significant amount of Fe present in these
regions21. However, if unshocked ejecta are of sufficiently low density
or have the wrong ionization states, then they will be invisible in the
infrared and optical. Low-density Fe-rich regions may in fact exist
interior to the reverse-shock radius as a result of inflation of the emit-
ting material by radioactivity (the ‘nickel bubble’ effect22).

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where it is synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J23. The presence of a signifi-
cant fraction of the 44Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.
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Figure 1 | The broadband hard-X-ray spectrum
of Cas A. Data from both telescopes over all
epochs are combined and shown as black data
points with 1s error bars. The spectra are shown
combined and rebinned for plotting purposes only.
Also shown are the best-fit continuum models for
a power law (blue) and a model that describes
electron cooling due to synchrotron losses (red).
The continuum fits were obtained using the
10–60-keV data and extrapolated to 79 keV with
the best-fit values for the continuum models
provided in Extended Data Table 2, although the
choice of continuum model does not significantly
affect the measurement of the lines (Methods).
When the continuum is extrapolated to 79 keV,
clearly visible line features (Extended Data Fig. 5)
appear near the 44Ti line energies. Inset: zoomed
region around the 44Ti lines showing the data and
the two models on a linear scale. The vertical green
lines are the rest-frame energies of the 44Ti lines
(67.86 and 78.36 keV). A significant shift of
,0.5 keV to lower energy is evident for both lines,
indicating a bulk line-of-sight velocity away from
the observer. Details of the data analysis, including
a discussion of the NuSTAR background features
(Extended Data Fig. 4), are given in Methods.
Extended Data Table 3 lists the parameters of the
best-fit Gaussian models of these features with
the error estimates described in Methods.
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Figure 2 | A comparison of the spatial distribution of the 44Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as shown by the compass in the lower left and spans just over 59 on
a side. The 44Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The 44Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 10099
(Methods and Extended Data Fig. 2). Shown for context in green is the Chandra
ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet–counterjet structure, the centre
of the expansion of the explosion2 (yellow cross) and the direction of motion of
the compact object (white arrow). In contrast to the bipolar feature seen in the
spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of 44Ti is much less elongated and contains knots of
emission away from the jet axis. A reason for this may be that the Si originates in
the outer stellar layers and is probably highly influenced by asymmetries in the
circumstellar medium, unlike the 44Ti, which is produced in the innermost
layers near the collapsing core.
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NuSTAR details on 44Ti in Cas A
ØImaging resolution allows to spatially resolve Cas A's 44Ti:

à motion away
from us,
and in clumps

2.4 Msec NuSTAR campaign
Grefenstette et al. 2017

NuSTAR FOV ≈ ∅Cas A
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Positron annihilaWon within our Galaxy

ØDerive/discriminate 
spectra from 
different regions

Disk

INTEGRAL/SPI

Siegert et al., (2015)

Bulge

Siegert et al., A&A (2015)

GC
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radioactive decay à energy sources = γ rays and positrons

photons and positrons may escape into interstellar medium
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56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)
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β+  - decay
(19%,E~0.6MeV)

γʼs 3.253(8%),2.598(17%),
1.038(14%),
1.4,1.771(16%)  MeV  
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The Galactic Positron Annihilation
Is it all from 26Al?

Morphology of emissions is different 
à annihilaZon astrophysics + other sources

75

Martin+ 2010
e+
26Al

Siegert 2016
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Crab: the standard high-energy source
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21 30. Cosmic Rays

Figure 30.10: Spectral energy density (SED) of photons from the Crab from sub-µeV to 1.1
PeV. Above 1 TeV, data are collected from 7 experiments listed in legend in the upper panel. The
lower panel shows the deviation between data and the model based on a widely accepted one-zone
leptonic origin in the nebula. Only Fermi-LAT and LHAASO data are shown for simplicity. Inset
is the X-ray image of the nebula by Chandra [197].

generally describes the radiation of the nebula over energies up to E“ ≥ 1.1 PeV, implying that
electrons and positrons are confined in a small region of ƒ 0.2 pc by a magnetic field of intensity
B ƒ 110 µG and are accelerated to energies as high as ƒ 2.3 PeV. This requires a surprisingly
high acceleration rate, ÷ = ‘̄/B = 0.14(B/100µG)(E“/1 PeV)1.54 PeV, at the level of 15%, where
‘̄ is projection of the electric field averaged over the particle trajectory. This rate is 3 orders
of magnitude higher than that in the normal shock environment such as in SNRs, revealing the
existence of a so-called ‘extreme accelerator’ in the middle of the nebula [195]. The flux of photons
above 0.8 PeV indicates some deviation from the pure leptonic scenario implying that a hadronic
component might be responsible. It could be a hint of the super PeVatron which may contribute
to the Galactic cosmic rays above the knee [195] (see Fig. 30.1).

RX J1713.7-3946 is one of the brightest objects in the TeV sky, and is the first SNR shell
to be confirmed as a TeV gamma-ray source [196]. The detailed TeV morphology reveals a shell
structure similar to the X-ray observations, indicating that particles are accelerated to very high
energy therein. The TeV gamma-ray spectrum extends to nearly 100 TeV. It is not determined
yet whether the gamma-rays are produced via Inverse Compton scattering of relativistic electrons
(leptonic process), or via neutral pion decay with the pions produced in the inelastic scattering
of CR protons with ambient gas (hadronic process) [198]. Nevertheless, the spectral information
demonstrates the e�cient acceleration of charged particles to energies beyond 100 TeV in this
object. The latest H.E.S.S observations also found that the TeV gamma-ray emission region extends
significantly beyond the X-ray emitting shell [199], which may be due to either the escape of particles
from the shell or to particle acceleration in the shock precursor region.

B. Variable sources Crab flares, binaries and pulsars are observed in the Galactic “-ray sky.
Their activity varies on timescales from a fraction of one second (pulsars), to days (Crab Nebula,
Novae), weeks, months or even years (“-ray binaries). Various analysis pipelines are developed
mainly by the LAT collaboration to search for and monitor “-ray transients.

The Crab Nebula shows flare activities on a timescale of days [200]. The instability is observed
only in GeV band by AGILE and Fermi/LAT. The flaring mechanism is still unclear with a couple

19th September, 2024

– 17 –

Fig. 5.— Composite Crab light curve for RXTE/PCA (15-50 keV - black diamonds),

Swift/BAT (15-50 keV - red filled circles), Fermi/GBM (15-50 keV - open blue squares),

INTEGRAL/ISGRI (18-40 and 40-100 keV - green triangles and purple asterisks, respec-

tively.) Each data set has been normalized to its mean rate in the time interval MJD

54690-54790.

• Emission over 
entire e.m. spectrum

• μeV... PeV  = 21 o.o.m.
• different processes, electrons 

mostly causing the emission
• Gamma-ray intensity 

appears to "flicker"



Cosmic-Ray Acceleration in SNR RX J1731.7

ØTeV Emission Mapped to Conform to SNR X-ray Morphology
ü Identical Particle-Acceleration and γ-ray Production Regions

ØGamma-ray Spectrum is rather Flat at TeV Energies
ü IC Leptonic Model Seems OK; 

Proton Acceleration Origin more Plausible (?)
üSystematic Uncertainties (magnetic field, …)

ASCA
1-3 keV

HESS
0.3-40 TeV

Aharonian et al. 2006
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Observations of PeVatrons: Cosmic-Ray Accelerators in the Galaxy 

78

• ~PeV Emission confirms SNR being 
particle accelerators to PeV energies
• e- energy losses make leptonic models unlikely
• turn-off of p spectrum >200 PeV?

• Proton origin of γ rays more plausible
• Systematic offset towards molecular clouds in W51 suggest 

'target model'
(W51 SRF @ 5.5 kpc)

Figure 1: Gamma-ray maps in the intervals [2�25](a), [25�100] TeV(b) and > 100 TeV(c)
of the W51 region presented in equatorial coordinates. The color scale indicates the
statistical significance of the excess �-ray counts after subtracting the Galactic di↵use
emission. Maps have been smoothed with a Gaussian kernel of 1.58 times the PSF. The
central position determined by the all-energy-range fit to the LHAASO data is marked
by a red dot. The �-ray centroids given by Fermi-LAT [12] and MAGIC [7] observations
are marked with a magenta square and a magenta triangle, respectively. Cyan contours
show the MWISP [42] measurement of the 12CO emission integrated the velocity from 54
to 70 km s�1. Black contours overlay the 1.4 GHz continuum emission as observed by the
Very Large Array [40]. The blue diamond marks the position of a PWN candidate CXO
J192318.5+140305 [2]. The black cross shows where 1720 MHz OH masers are emitted
from [41], while six dark-green marked points localize shocked CO clumps [15, 16]. Two
white dashed rectangles define the two star-forming regions, W51A and W51B [43]. The
radio shell of SNR W51C is indicated with a green dashed circle [41].(Color online)

6

W51

LHAASO collab. 2024

Fig. 1 Cosmic Ray all-particle spectrum measured by di↵erent experiments in the region above 5
TeV. Measurements from KASCADE [8], Tunka [9], TIBET [10], Telescope Array [11], NUCLEON
[12], KASCADE-Grande [13], IceCube [14], HAWC [15] and AUGER [16] are represented. Error bars
represent 1-sigma statistical errors in the data points. The black line shows the theoretical expectation
calculated by [17], assuming contribution from accelerated cosmic rays in di↵erent regions associated
with massive stellar clusters. Figure adapted from [18].
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This is known as the Hillas criterion [22, 23]. The Hillas criterium adapted to Galactic
sources is shown in Fig. 2. Several types of source populations, bright in the TeV
regime, are included for reference, along with a few of the most archetypal individual
sources with their estimated size and magnetic field magnitudes. The colored area
shows the maximum energy reached for di↵erent values of flow speed U .

An equivalent way to express this is to state that particles are accelerated at the
fastest possible rate allowed by electrodynamics: rmax

acc = (1/E)(dE/dt) = ZeBc/E.
More generally, in the case of di↵usive acceleration occurring at a quasi-parallel
shock propagating at speed U=�c, even in the most optimistic case of Bohm di↵usion
when particles scatter on average every Larmor radius rL, the acceleration rate racc
= U2/DB (being DB=1/3 rLc the Bohm di↵usion coe�cient) is reduced to [2]:

racc =
3�2ZeBc

E
. (2)

4
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High-Energy Astrophysics - Summary

ØRadiation processes from nuclear transitions are 
superimposed on charged-particle processes of a variety

ØInstruments and their detectors are complex devices 
measuring multiple interactions of photons with materials, 
simultaneously discriminating against backgrounds

ØCosmic nuclear-reaction sites have revealed several 
tantalising direct signals in high-energy instruments

ØA variety of astronomies as well as theory and astrophysical 
models are required to extract knowledge about high-energy 
astrophysics objects
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neutrinos and 210Bi background are constrained with like-
lihood pull terms, and CID results reported in Sec. III E are
accounted for as additional external constraints. The result of
the fit for the energy and radial projections is shown
in Fig. 11.
The multivariate fit returns an interaction rate of CNO

neutrinos of 6.7þ1.2
−0.7 cpd=100 tonnes (statistical error only).

The agreement between the model and data is quantified
with a p value of 0.2.
To account for sources of systematic uncertainty, the

same Monte Carlo method described in [4,19] has been
adopted. In a nutshell, hundred thousand Monte Carlo
pseudoexperiments were generated, including relevant
effects able to introduce a systematic error, such as the
energy response nonlinearity and nonuniformity, the time
variation of the scintillator light yield, and the different
theoretical models for the 210Bi spectral shape. The analysis
is performed on these pseudodatasets assuming the stan-
dard response to study how this impacts the final result
on CNO, yielding a total systematic uncertainty of
þ0.31
−0.24 cpd=100 tonnes. Other sources of systematic error
are included in the estimation of the upper limit on 210Bi
contamination, as discussed more in detail in [4,19].
The negative log-likelihood profile as a function of

the CNO rate is reported in Fig. 12. The solid and dashed
black lines show the results with and without systematic
uncertainty, respectively. The result without CID constraint
reported in [19] is included (gray dash-dotted line), for
comparison. The improvement is clear especially for the
upper value of the CNO rate. The CNO interaction rate
is extracted from the 68% quantile of the likelihood
profile convoluted with the resulting systematic uncer-
tainty, as RMVþCIDðCNOÞ ¼ 6.7þ1.2

−0.8 cpd=100 tonnes. The
significance to the non-CNO hypothesis reaches about 8σ

CL, while the resulting CNO flux at Earth is ΦðCNOÞ ¼
6.7þ1.2

−0.8 × 108 cm−2 s−1. Following the same procedure
used in [19], we use this result together with the 8B flux
obtained from the global analysis of all solar data to
determine the abundance of Cþ N with respect to H in
the Sun with an improved precision, for which we
find NCN ¼ 5.81þ1.22

−0.94 × 10−4. This error includes both
the statistical uncertainty due to the CNO measurement
and the systematic errors due to the additional contribution

FIG. 12. CNO-ν rate negative log-likelihood (−2Δ lnL) profile
obtained from the two-dimensional multivariate spectral fit
combined with the CID analysis constraint, with and without
folding in the systematic uncertainties (black dashed and solid
lines, respectively). The gray dash-dotted line shows the same
profile obtained in the previously published analysis without
CID constraint [19]. The blue, violet, and gray vertical bands
show 68% confidence intervals (CI) for the low-metallicity SSM
B16-AGSS09met (3.52% 0.52 cpd=100 tonnes) and the high-
metallicity SSM B16-GS98 (4.92% 0.78 cpd=100 tonnes) pre-
dictions [2,31], and the new Borexino result including systematic
uncertainty, respectively.
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FIG. 11. Multivariate fit results for the TFC-subtracted dataset, projected over the energy (top panel) and the radius (bottom panel)
dimensions. For both projections, the sum of the individual components from the fit (magenta) is superimposed on the data (gray points).
CNO neutrinos, 210Bi, and pep neutrinos contributions are displayed in solid red, dashed blue, and dotted green lines, respectively, while
the other spectral components (7Be and 8B neutrinos, other backgrounds) are shown in gray. The analysis has been performed using Nh
as energy estimator, and the conversion to keV energy scale was performed only for the plotting purposes. The radial fit components,
which are the uniform and the external backgrounds contributions, are shown in solid blue and dashed gray lines, respectively.
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Figure 4: Cutaway view of the COSI instrument. Each germanium detector is 8 ⇥ 8 ⇥ 1.5 cm3. The BGO
shield box is 42 ⇥ 46 ⇥ 20 cm3.

enormous improvements. The simple removal of atmospheric attenuation improves sensitivity
by 3-4 times, depending on energy, and being above the atmosphere reduces background. Even
compared to much larger current and previous satellite missions, COSI will provide an order of
magnitude improvement in narrow line sensitivity (see Figure 2).

4. COSI Requirements

Table 1 shows a sample of the requirements for COSI to achieve the science goals outlined
above. A key requirement for COSI is having excellent spectral resolution for making images of line
emission over the entire Galaxy. The spectral resolution is important for being able to make images
in narrow energy bands around the lines of interest to minimize background. In addition, spectral
resolution is used to measure line profiles in order to study the width of the 0.511 MeV line as well
as the 44Ti line, which provides information about SN explosions. The required sensitivities and
angular resolution allow for COSI to distinguish between di�erent physically-motivated Galactic
bulge 0.511 MeV emission models. Also, these requirements provide the first images of Galactic
60Fe, a sensitive search for young 44Ti-emitting SN remnants, and the ability to isolate 26Al emission
from individual massive star clusters. While the large FOV requirement allows for the full Galaxy
to be covered, the main driver for covering >25% of the sky is to detect enough GRBs to achieve
COSI’s polarization and short GRB localization goals.

5. Data Challenge Project

To improve the user-friendliness of the COSI analysis software and to prepare the high-energy
community for analyzing COSI data, the COSI group is carrying out a Data Challenge project.
For this project, the COSI team will publicly release a set of astrophysical source simulations, the
full COSI imaging response, and documentation of our python-based analysis software (COSIpy).
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