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All-sky Medium Energy Gamma-ray Observatory eXplorer:
MIDEX-sized (medium-class explorer) mission concept,
submitted to Dec 2021 MIDEX call, launch ready by Dec 2028.

— Tracker Module

50 cm

Pl: Regina Caputo (NASA GSFC), collaborators in the US and abroad.
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https://asd.gsfc.nasa.gov/amego-x/
https://pos.sissa.it/395/649/pdf 6 cm
https://arxiv.org/abs/2208.04990 —

Calorimeter

—Micrometeroid Shield

® Energy range: 100 keV - 1 GeV (survey);

, Anti-Coincidence
25 keV - 1 GeV (transients).

Detector
e \Wide field of view: 2 sr - 6 sr.

® Detects gamma-ray photons via photo-electric
effect, Compton scattering, and pair production.

® | ow-earth orbit.

AMO3C


https://asd.gsfc.nasa.gov/amego-x/
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How do binary neutron
star mergers produce
relativistic jets and what is
the structu

Where are cosmic

i rays accelerated in

% the Galaxy?
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Do supermassive black holes
accelerate cosmic rays and
- produce neutrinos?




Multi-Messenger Astronomy and MeV Gamma Rays

e Multi-messenger sources are y-ray survey sensitivity (lower = more faint sources)

sources! 107 (Past missions)
® Recent and near-future MW/MM :: | /
advances: E 107 /‘ \
e GW: Upgrades to LIGO and 510_10 EGRET
VIRGO, new detector KAGRA b 4 |
e Neutrinos: [ceCube Gen2, KM3net .-E‘]o'“ ] N
e Optical transient surveys: Zwicky %
Transient Facility, Vera C. Rubin ph 107
Observatory (LSST), ... g 103
® MeV y-ray band is under-explored! S
® Advances in silicon detector - 104 S e ——
102 10" 10° 10° 10’ 10° 10° 10°

technology (e.g., AstroPix). Energy [MeV]



https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/transients/gw170817.html
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https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/transients/gw170817.html
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Merger scenario
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Merger scenario

Gamma-ray Bursts
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Precise localization to enable rapid follow-u

0° LIGO

O&

AMEGO-X will be able to: | GBM-
%7 16h ~12h

® Detect hundreds of short and ~thousand long GRBs every year. mEFGel?lT\]LI/

® Provide < 2" localizations within 30 s to enable follow-up observations. 300

® Detect GRBs coincident with GW signals (or provide limits).
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What are the sources of Galactic Cosmic Rays?

AMEGO-X will:

10710 Fermi/LAT (measurements) 1C443 e detect pion decay signatures in

supernova remnants, star forming

Bremsstrahlung regions, and novae,

— (leptonic ¢ -
e emissiop) # + ® divide known and suspected CR

g,] o \ f accelerators into sources of hadronic
ij CR (protons, ions) vs CR electrons,

E ?3%22?53( sensivity e Study how and where CR electrons and

) positrons are accelerated in pulsars and
m -decay: pion bump

(hadronic emission)
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How and where do AGN accelerate CR protons?

TXS 0506+56: Blazar with potential neutrino flares

30

Time [MJD]
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NGC 1068: Seyfert Galaxy with potential neutrino cluster
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AMEGO-X Detects Blazar
During Both Neutrino Flares -
i E:GIO-_X@LTié_s TACCTE St wet U S
Time [Year-Month]
-X could:

e Have detected an MeV gamma-ray flare from TXS 0506+56

In coincidence with its first neutrino flare

® Distinguish leptonic and hadronic emission models from

NGC 1068 via its MeV energy spectrum.

® Measure polarization signals from ~10 blazar flares/year.
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How and where do AGN accelerate CR protons?

TXS 0506+56: Blazar with potential neutrino flares . NGC 1068
- Time [MJD] L e e
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AMEGO-X could:
e Have detected an MeV gamma-ray flare from TXS 0506+56
in coincidence with its first neutrino flare i\

® Distinguish leptonic and hadronic emission models from

3yr survey

NGC 1068 via its MeV energy spectrum.

. . . 0
® Measure polarization signals from ~10 blazar flares/year. 10°
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Surveymg the MeV gamma-ray sky with AMEGO-X

From th's“‘ Curious? Check out

https://asd.gsfc.nasa.gov/amego-x/
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https://asd.gsfc.nasa.gov/amego-x/
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Summary and Conclusions

o AMEGO-X is an MeV gamma-ray observatory designed for Multi-Messenger astronomy.
® Demand for sensitive all-sky survey and monitoring in keV-GeV unmet by existing and future missions.

® Plan to re-propose AMEGO-X’ to upcoming calls.

lonizing Radiation Amplification / Readout

Ongoing technology development:
® CompPair (balloon payload):
® Csl (and CZT) calorimeter
® DSSD tracker
® plastic scintillator ACD

4

Signal Capture
e AstroPix (Monolithic active pixelated silicon sensors):

AstroPix: Monolithic '
active pixelated '
silicon sensors

® Converging on final design AN

e Characterization in lab & test beams

Depleted zone

T e ————— - ————————————————————————

® Suborbital rocket flight in 2024. P-type substrate

® First plans for a larger balloon with AstroPix tracker.
18 https://arxiv.org/abs/2209.02631 & https://doi.org/10.1016/j.nima.2021.165795
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Results from the 2020 Decadal Survey

Worlds and Suns .
in Context Cosmic Ecosystems:

formation and evolution
of stars, galaxies, and
intergalactic gas.

Priority Area: “Unveiling

- the Drivers of Galaxy
Worlds and Suns in Growth”.

Context: formation,
evolution, and
interconnected nature
of exoplanets, stars and
solar systems.

Priority Area: “Pathways
to Habitable Worlds”

Cosmic Ecosystems

See https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020

Thanks to Carolyn Kierans for summarizing! 20

New Messengers
and New Physics

.

New Messengers and New
Physics: gravitational waves,
particles, time-domain
astronomy, dark matter, dark
energy.

Priority Area: “New Windows
on the Dynamic Universe”
(time-domain MW and MM

astronomy)


https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020

Plot: R. Caputo, Data: M. Berger, J. Hubbell, S. Seltzer, J. Chang,
J. Coursey, R. Sukumar et al., “XCOM: Photon Cross Section

®
De-te Ctl n Mev am ma ra S Database (version 1.5), National Institute of Standards and
Technology.” http://physics.nist.gov/xcom , accessed: 2022/01/02
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http://physics.nist.gov/xcom

AMEGO-X 3-year survey sensitivity
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Haven't we seen enough?

All GRBs are different.

More statistics are needed for population studies.

Need more GRBs with counterparts in
e Gravitational waves:
® Time delay — jet formation, LIV
e Ratio of photon fluence vs GW intensity
— jet structure, opening angle
® (Non-detections can be constraining!)
e Optical (afterglow):
® Distance — total energy release
e VHE (>100 GeV) gamma rays:

® Onset/peak time — emission sites.

® Photon energy = emission mechanism.

Time-resolved broad-band coverage is needed to resolve

gamma-ray emission sites and mechanisms.

23

G:ntral Engine
- Collapsars

Howell et al., 2019]
..... Resmi et al., 2018]
- Margutti et al., 2018]
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NS-NS mergers

Gravitational Wave

X-rays ° y-rays

Neutrinos

BH or NS

Jet Launch Ob:

K"\M

b
’ K Gravitational Wave




https://nbi.ku.dk/en.gklis_h/research/experimental—particle.—physics/ icecube/asStroparticle-physics/

: : : Universe
?
Messenger | Imaging? | First detection transparent?
Photon Yes €8 | Pre-history | Yes d&/No " *
Cosmicray | No "§ 1917 \&X )
1967 (solar)
Neutrino | Yesds | 1987 (SN) Yes o
2013 (HE)
Gravitational |\ .\ 2015 Yes ofs
wave

* depending on photon energy

24
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https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/

Relativistic jet explains the
(apparently) large energy
release

Low-energy
gamma rays

Progenitors

Supernovae!?

Jet collides with
ambient medium
(external shock wave)

‘J\Nv'High-energy

gamma rays

Shocks at colliding shells

accelerate electrons which
emit gamma-rays via
synchrotron emission

Slower X-rays
Faster shell
shell
Visible light
Radio

Prompt
emission

25

Afterglow



Temporal and spatial coincidence

Swope +10.9 h |
Optical
PR GRB afterglow

L 1

. Ll-l?st galaxy
e . 3 N

30” E |

DLT40-20.5d
Optical

\ IPN Fermi/
\ INTEGRAL

B. P. Abbott et al 2017 ApJL 848 |12




GRB progenitors

® How common are GRBs?

. x @ ,é Observer
® Do all neutron star mergers and massive star collapse \
events produce relativistic jets? o o

® Are distant magnetar giant flares masquerading as GRBs?

® \What is the cause of low-luminosity GRBs? Jet he&

Collimation
Cocoon

. e
Progenitor shock
star ()

Y Internal shock
(1S)



O Classical .
]Et thSICS Fjecta Cocoiz Struct\u‘redjet SGRB 10°

® How do relativistic jets form from BNS mergers and collapsars?

® \What particles (e, p) are being accelerated in the jets? 4
® Are GRBs sources of Ultra-High energy Cosmic Rays (UHECRs)?

: . . (4 . Kilonova
® How is the observed broadband emission produced? y/ Y " (UVOR)

® \What is the beaming angle/jet profile and Lorentz factor?

® \What is driving late-time emission?

NS-NS mergers late-time Internal

Dissipation Neutirnos

X-rays ° y-rays P )

.. BHorNS (7 !

N . Jet Launch Ob: Jet

( Central Engine 0 D

\ .

. P Collapsars Neutrinos T
M| ¥ ~/ U -0
AR -rays/X-rays/opt/radi

Forward Shock Y Tdy ys/op

28
https://arxiv.org/pdf/2202.06480.pdf



https://arxiv.org/pdf/2202.06480.pdf

Fundamental physics/Lorentz invariance:

® Does gravity move at the speed of light?
® Does the speed of light depend on the

photon energy?

Cosmology:
e How did the earliest stars form?

e How did early galaxies form and evolve?

The Big Bang/Inflation

Time since the
Big Bang (years) Universe filled with
ionized gas:
380 Thousand N P
Universe becomes
neutral and transparent

Epoch of Reionization *

.= THESEUS. *
GRBs | =

CLID ;
.‘ | Galaxies and Large-
.| Scale Structure evolve

. v Dark Energy

~ 9 billion - 1 accelerates the
expansion of space
" ,
., .
K
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X-ray/y-ray Detection: Photo-electric effect

5 N I B T
=

Particle data group, https://pdg.lbl.gov/

(a) Carbon (Z=6)
1 Mb — E L o - experimental Gy \/\/\>°
Incoming
photon

Cross section (barns/atom)

1 kb —
. =
N Outgoing
electron,
1b .
typically
n contained
7 within mm
10 mb — rl/ | + |
10 eV 1 GeV 100 GeV
Photon Energy
0p.e. = Atomic photoelectric effect (electron ejection, photon absorption)
ORayleigh = Rayleigh (coherent) scattering—atom neither ionized nor excited
OCompton = Incoherent scattering (Compton scattering off an electron)
Knue = Pair production, nuclear field
ke = Pair production, electron field

30 https://www.livescience.com/58816-photoelectric-effect.html



https://www.livescience.com/58816-photoelectric-effect.html

X-ray/y-ray Detection: Photo-electric effect

| | |
}_ Partlcle data group, https://pdg.lbl.gov/ .
’ (a) Carbon (Z = 6) \ ® No direction reconstruction for a smgle photon.
o . \ ° ° ° ° ° °
Mo ° - experimental Goy \ e Hit distribution in detector correlated with
\
E B ‘ source position.
= \
= \ . .
% B \ ® (Can localize transient events!
S \
~ 1kb | \
5 \
2 % — Single-site
S B E—hvent——
QO
— — ; S e s — =
- 50 |AE o . oy
a0 ||k == _
| y ' = - 30 Ho = = =
10 eV 1 MeV 1 GeV 100 GeV } B —
Photon Energy 20 y
0pe. = Atomic photoelectric effect (electron ejection, photon absorption) 10
ORayleigh = Rayleigh (coherent) scattering—atom neither ionized nor excited 0
OCompton = Incoherent scattering (Compton scattering off an electron) -40 _—20 -
Kmic = Pair production, nuclear field

ke = Pair production, electron field .



y-ray Detection: Compton scattering

1 Mb {— XO‘Q%

Particle data group, https://pdg.lbl.gov/

AN | | | | | | | |

(a) Carbon (Z = 6)

o - experimental Gy

V’v

vVl

Event circle
Event arc

Compton scattering angle:

g
2 m,c* m,c*
s L 0) = 1
> cos (
g E, E+E,
L
~ 1kb |
=
o
8 |
3 .
s ORayleigh — | o "
) |
g L ., Eq Tracker
1b Best case: e- track detected
B Worst case: no track detected \
/" OComy v'
0mbi— |,/ Nl by \
10 eV 1 keV 1 MeV 1 GeV 100 GeV \ 7 o )
Photon Energy E 2 Ca IO rimeter
0p.e. = Atomic photoelectric effect (electron ejection, photon absorption)
ORayleigh = Rayleigh (coherent) scattering—atom neither ionized nor excited
OCompton = Incoherent scattering (Compton scattering off an electron)
p : : : :
ke = Pair production, nuclear field Best case: 2nd interaction via photoelectric effect
ke = Pair production, electron field

32 Worst case: sequence of Compton scatter interactions

I—




Y

MeV y-ray Detection: Pair events

| |
i_% Particle data group, https://pdg.lbl.gov/

1
|
1
(a) Carbon (Z=6) I
1 Mb |— XO%% o - experimental Gy |
_ |
3 ;
l
l
|

1 kb —

Cross section (barns/atom)

ORayleigh . k "
- Tracker
1b
iy GCompton -
10 eV 1 keV 1 MeV 1 GeV 100 GeV
[ e ))
Photon Energy Calorimeter

0p.e. = Atomic photoelectric effect (electron ejection, photon absorption)
ORayleigh = Rayleigh (cohereni.:) scattering—atom ne%ther ionized nor excited e+ and e- Pro duce shower ( cascad e)
OCompton = Incoherent scattering (Compton scattering off an electron) .

Kmic = Pair production, nuclear field of e , €7 and y-ray phOtOﬂS E1 EZ

ke = Pair production, electron field 13



AMEGO-X
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- Energv threshold:
Predicted Performance [ v o e

® ~100 keV survey observations

A

10 ® ~300 keV imaging
N
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>
= 107
O Comptel (no event selection)
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Predicted Performance

20.0
Comptel (FWHM) —&— Pair Events (on-axis)
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= |
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L 107 radius of reconstructed:
- gamma-ray direction
D 75-
(@)
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<€
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Energy [MeV]

36




