
John Beacom, The Ohio State University HEP 2022, Virtual Hong Kong, January 2022 1

John Beacom, The Ohio State University

Multi-Messenger Astronomy: An Overview for Particle Physicists



John Beacom, The Ohio State University HEP 2022, Virtual Hong Kong, January 2022 2

What Are the Goals of High-Energy Physics?

Probe fundamental particles and forces

Explain emergent phenomena

Search for new physics
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AstronomyLaboratory Cosmology

Three Ways of Making Progress

Highest precision Growing precision Emerging precision
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Choose Your MMA Fighter

Messenger Best Probe of … Weakness
photons (sub-MeV) thermal sources attenuates easily
cosmic rays accelerators deflects
gamma rays nonthermal sources attenuates
neutrinos hidden sources detection is hard
gravitational waves dense dynamics localization
dark matter halo not detected yet
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Talk Outline

Introductory Remarks

Extreme-Coverage Frontier

Extreme-Luminosity Frontier

Extreme-Energy Frontier

Concluding Remarks
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Extreme-Coverage Frontier

Solar, HE range (MeV–GeV)
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Solar: Motivations

How do cosmic rays interact in the Sun’s magnetic environment?
(Nobody really knows)

How does this produce gamma rays and neutrinos?
(Nobody really knows)

What other processes can do this?
(Nobody really knows)
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Solar: Orientation
ACCEPTED BY THE ASTROPHYSICAL JOURNAL
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ABSTRACT
We report the detection of high-energy �-rays from the quiescent Sun with the Large Area Telescope

(LAT) on board the Fermi Gamma-Ray Space Telescope (Fermi) during the first 18 months of the mission.
These observations correspond to the recent period of low solar activity when the emission induced by cos-
mic rays is brightest. For the first time, the high statistical significance of the observations allows clear
separation of the two components: the point-like emission from the solar disk due to cosmic ray cascades
in the solar atmosphere, and extended emission from the inverse Compton scattering of cosmic ray elec-
trons on solar photons in the heliosphere. The observed integral flux (�100 MeV) from the solar disk is
(4.6 ± 0.2[statistical error]+1.0

�0.8[systematic error]) ⇥ 10�7 cm�2 s�1, which is ⇠7 times higher than pre-
dicted by the “nominal” model of Seckel et al. (1991). In contrast, the observed integral flux (�100 MeV)
of the extended emission from a region of 20� radius centered on the Sun, but excluding the disk itself,
(6.8 ± 0.7[stat.]+0.5

�0.4[syst.]) ⇥ 10�7 cm�2 s�1, along with the observed spectrum and the angular profile,
are in good agreement with the theoretical predictions for the inverse Compton emission.
Subject headings: astroparticle physics — Sun: atmosphere — Sun: heliosphere — Sun: X-rays, gamma rays

— cosmic rays — gamma rays: general
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Figure 1. Count maps for events �100 MeV taken between August 2008 and February 2010 and centered on the Sun (left) and on the trailing source (so-called
fake-Sun, right) representing the background. The ROI has ✓ = 20� radius and pixel size 0.25� ⇥ 0.25�. The color bar shows the number of counts per pixel.

Figure 2. Integral intensity (�100 MeV) plot for the Sun-centered sample vs. elongation angle, bin size: 0.25�. The upper set of data (open symbols, blue)
represents the Sun, the lower set of data (filled symbols, red) represents the “fake-Sun” background.

Figure 3. Reconstructed spectrum of the background for the fake-Sun method (filled symbols, red) and for the simulated background sample (open symbols,
blue) averaged over a 20� radius around the position of the Sun.

Fermi–LAT observations of the quiescent sun 11

Figure 4. Distribution of the residual counts: differences between the photon counts in the map centered at the average fake-Sun and the high statistics count
map derived from the model. A normal distribution with the same parameters is shown by the bold line. The map used to generate this distribution has a bin size
of 0.3� centered on the solar position of the simulated sample.

Figure 5. Integral intensity profiles above 500 MeV for elongation angles 5� (top) and 20� (bottom). Points (red) are the observed counts, dash-dotted
horizontal (black) line is the background, dotted (magenta) and dashed (green) lines are the point-like and extended components of the emission, correspondingly.
The solid (blue) line is the sum of the background and the two components of the emission. The shaded areas around the lines show total error estimates. See
text for details.

Fermi–LAT observations of the quiescent sun 13

Figure 8. Intensity profile for the IC component vs. elongation angle compared with the model predictions. Statistical error bars (smaller) are shown in black;
systematic errors (larger) are shown in red. To allow a direct comparison with the models, the model predictions are also shown binned with the same bin size as
used for data.

Figure 9. Energy spectrum for the disk emission as observed by the Fermi–LAT. The curves show the range for the “nominal” (lower set, blue) and “naive”
(upper set, green) model predictions by Seckel et al. (1991) for different assumptions about CR cascade development in the solar atmosphere (see text for details).
The black dashed line is the power-law fit to the data with index 2.11± 0.73.

Predictions from Seckel, Stanev, Gaisser (1991)
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Solar: Accomplishments

The solar disk gamma-ray emission is extremely weird!
(Ohio State group: Beacom, Linden, Ng, Peter, Tang, Zhou, Zhu, and friends)
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Solar: Hope

Nisa et al. (2019)HAWC
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Solar: MMA

Linden et al. (2018) and related works
for high-energy implications
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Solar: BSM
2

� (...........)

� (extinguished)

�

⌫

Short-lived mediators

⌫ (attenuated)

� (extinguished) ⌫ (less attenuated)

�
⌫

⌫

�

››

Long-lived mediators

�, ⌫
(unattenuated)

FIG. 1. Left: Short-lived mediator scenario (usual case). Only neutrinos can escape the Sun and they are attenuated.
Right: Long-lived dark mediator scenario. Gamma rays can escape, and neutrinos are less attenuated.

side the Sun. On the experimental side, we are more
conservative, requiring that the new signals be as large as
measurements, not just their uncertainties. Accordingly,
we aim for a precision of a factor of a few, neglecting
some smaller e↵ects. This optimal scenario will demon-
strate the full power of long-lived mediators for solar DM
searches. Our sensitivity can be mapped to the parame-
ter spaces of any particular model realizations, together
with any other constraints, which will be a subset of the
space considered. Therefore, we focus on the new signa-
tures and the experimental sensitivity.

In Sec. II, we review the processes for DM capture
and annihilation in the Sun. In Sec. III, we discuss
the modifications for the long-lived mediator scenario.
We then demonstrate the power of gamma-ray signals
with Fermi-LAT, HAWC, and LHAASO in Sec. IV, and
for neutrinos with IceCube and KM3NeT in Sec. V. In
Sec. VI, we discuss interpretations of our results in the
context of popular models. Finally, other constraints are
discussed in Sec. VII before concluding in Sec. VIII.

II. DARK MATTER SOLAR CAPTURE AND
ANNIHILATION

The usual scenario for DM capture and annihilation
in the Sun has been well studied [8–11, 16, 34, 45–50].
DM is gravitationally captured by the Sun if it loses suf-
ficient energy after scattering with solar nuclei. As the
captured DM accumulates in the Sun’s core, there are
more DM particles available to power DM annihilation.
However, annihilation depletes the DM supplied by cap-

ture. Therefore, the total number of DM particles in
the solar core is determined by an interplay of the cap-
ture rate �cap and annihilation rate �ann. Equilibrium is
reached if the equilibrium timescale is less than the age
of the Sun.

In the regime that DM self-interactions [51] are not
relevant, the relation of these processes and the number
of DM particles N� in the Sun at time t is given by

d

dt
N� = �cap � CannN

2
� , (1)

where �cap is the DM capture rate and Cann is a co-
e�cient that describes the annihilation processes. The
number of DM particles in the Sun rapidly approaches
equilibrium when t > tequil = 1/

p
�capCann. We focus

on DM masses above 4 GeV, where evaporation is irrel-
evant [52, 53]. Equilibrium thus depends on su�ciently
large scattering and annihilation cross sections. For the
scenarios considered here, both conditions can be met
[54]. Therefore, a simple relation between annihilation
rate and capture rate is obtained,

�ann =
1

2
CannN

2
� =

1

2
�cap, (2)

independent of the DM annihilation cross section.

HAWC, Beacom, Leane, Linden, Ng, Peter, Zhou (2018)
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Extreme-Luminosity Frontier

VHE range (TeV–PeV)
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VHE Fluxes: Motivations

Nature’s most luminous accelerators?
(Yes, powering the cosmic rays that shape galaxies)

Evidence of dark matter annihilation or decay?
(Not yet, but we have not finished looking)

Probe new physics in neutrino sector?
(Yes, especially if we know the astrophysics better)
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VHE Fluxes: Orientation (Co-Production) 

Hadronic mechanism:

Leptonic mechanism:

Production always makes a mess; propagation makes more

𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝜋!
𝑝 + 𝑝 → 𝑝 + 𝑛 + 𝜋"

𝜋! → 2𝛾
𝜋" → 𝑒" + 3𝜈

𝑒 + 𝛾 → 𝑒 + 𝛾
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VHE Fluxes: Orientation (GeV–TeV Gamma Rays)
✓ Milky Way diffuse

✓ Milky Way sources

✓ Extragalactic diffuse

✓ Extragalactic sources

SNRs and PWNe

Pulsars

BL Lacs

FSRQs

Unc. Blazars

Other EGAL

Other GAL

Unknown

Unassociated

Extended

FermiFermi
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VHE Fluxes: Accomplishments (Cosmic Rays)
✓ Milky Way diffuse

X Milky Way sources

X Extragalactic diffuse

X Extragalactic sources

PoS(ICRC2021)016

AMS highlights J. Berdugo

These  results and the relative behavior of the fluxes  over an extended energy range provide

accurate experimental information to study the origin, acceleration, and subsequent propagation

processes of cosmic rays in the Galaxy. The latest measurements of proton, electron, antiproton

and positron fluxes, included in [3], are shown in Fig. 2 and compared with results from other

experiments [4], [5], [6], [7]. 

Electrons and protons are the most abundant elementary particles in the cosmos. The AMS

measurement of the proton flux is based on a sample of 1 billion protons, covering an energy

range from 0.4 GeV to 1.8 TeV, and the electron sample contains 28.1 million electrons, within

an energy range from 0.5 GeV to 1.4 TeV. A detailed description of the analysis of the proton

and electron spectra can be found in [3]. In the entire energy range, the electron energy spectrum

can be characterized by a sum of two power law functions, and the proton spectrum is described

by a power law function with variable spectral index and progressive hardening above 200 GV.

As seen in Fig.2, above ∼10 GeV, electrons exhibit much softer energy dependence compared to

protons. This is commonly attributed to energy losses by electrons during the propagation in the

interstellar medium.

Measurements  of  antiprotons  and  positrons  are  crucial  for  the  understanding  of  new

phenomena in the cosmos since the yield of these particles from cosmic ray collisions with the

interstellar medium is small. The latest AMS measurement of the antiproton flux shown in Fig.

2 extends the rigidity range of our previous measurement up to 525 GV and is based on 0.56

million antiprotons. The positron sample contains 1.9 million positrons and covers the energy

range  from 0.5  GeV to  1  TeV.  As  seen  in  Fig.  2,  the  AMS data  significantly  extend  the

antiproton and positron measurements into the uncharted high-energy region. 

4

Figure 2: AMS proton, electron, antiproton and positron fluxes together with  measurements

of other experiments [4], [5], [6, [7] AMS (2021)

PoS(ICRC2021)010

CALET results after 5 years on the ISS Pier Simone Marrocchesi

extended as shown in Fig.2 where the preliminary proton spectrum spans the energy region from
30 GeV to 60 TeV.
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Figure 2: Preliminary proton spectrum measured by CALET (red circles) compared with the experimental
results of AMS02 [22], CREAM-III [23], and DAMPE [24]. The hatched band shows the total uncertainty
for CALET. The dark blue colored band shows the total uncertainty for DAMPE.
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Figure 3: A fit of the CALET proton spectrum (solid red line) with a Double Broken Power Law (eq.1). The
horizontal error bars are representative of the bin width.

In the same figure the CALET flux is compared with AMS-02, CREAM-III, and DAMPE. In
the low energy region with E < 200 GeV, the result is fully consistent. In the higher energy region,
a systematic di�erence is observed, but the di�erence is within the errors. We confirm the presence
of a spectral hardening around 500 GeV as reported in [21]. We also observe a spectral softening

5

CALET (2021)
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VHE Fluxes: Accomplishments (Gamma Rays)
✓ Milky Way diffuse

✓ Milky Way sources

X Extragalactic diffuse

✓ Extragalactic sources

HAWC (2021)
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VHE Fluxes: Accomplishments (Neutrinos)
X Milky Way diffuse

X Milky Way sources

✓ Extragalactic diffuse

~ Extragalactic sources

IceCube (2020)
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VHE Fluxes: Hope

IceCube-Gen2 
neutrinos

LHAASO
(cosmic rays, gamma rays)

Cherekov Telescope Array 
precision gamma rays
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VHE Diffuse: MMA
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Figure 3: γ-ray flux of the Crab measured by LHAASO and spectral fitting. Panel A shows TeV to PeV
γ-ray fluxes of the Crab plotted as EdN/dE. The red squares and blue squares are the spectral points measured
using KM2A and WCDA, respectively. The spectral points above 100 TeV were obtained in the signal-dominated
regime, with 89 detected γ-rays and 2 events expected from CR induced (hadronic) air showers after the muon
cuts. No events were detected in the 1.6 to 2.5 PeV bin where an arrow indicates the flux upper limit at 90%
confidence level. The purple line shows the fitting using a log-parabola (LP) model in the 0.3 TeV to 1.6 PeV
interval (χ2/dof : 9.3/14). For comparison, the black line shows the fitting using a simpler power-law (PL) model
in the 10 TeV to 1.6 PeV interval (χ2/dof : 5.4/9). Also plotted are previous observations of the Crab by other
facilities: HEGRA (5), H.E.S.S. (17), MAGIC (4,6), ARGO-YBJ (19), HAWC (7), Tibet ASγ (8). Panel B shows
the energy-dependent local power-law index Γ derived by the log-parabola model fitting, as indicated by the purple
band. For comparison, the black line shows the photon index 3.12±0.03 derived from the simpler power-law model
fitting. Error bars represent one standard deviation.

9

LHAASO (2021) LHAASO (2021)

Crab Nebula to 1 PeV! Many other sources!
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VHE Diffuse: BSM

Bustamante, Beacom, Winter (2015) Esteban, Pandey, Brdar, Beacom (2021)

Neutrino Flavor Probes Neutrino Secret Interactions
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Extreme-Energy Frontier

UHE range (EeV–ZeV)
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UHE (EeV–ZeV) Fluxes: Motivations

Nature’s highest-energy accelerators?
(Yes, ~ 1020 eV and detectable across the universe)

Evidence of super high mass scales?
(Not yet, but we have barely looked)

Probe new physics at extremes of energy and other variables?
(Yes, especially if we know the astrophysics better)
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UHE Fluxes: Orientation (GZK Process)

𝑝 + 𝛾 → 𝑝 + 𝜋!
𝑝 + 𝛾 → 𝑛 + 𝜋"

𝜋! → 2𝛾
𝜋" → 𝑒" + 3𝜈

Greisen-Zatsepin-Kuzmin process

Gorham (2005)

Highest-energy CRs all die
Neutrinos are their ghosts
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UHE Fluxes: Accomplishments

Auger (2020)
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CR Spectrum:
precise but mysterious

CR composition:
precise but limited by theory

CR associations and anisotropies:
claimed but unconvincing

Gamma and neutrino fluxes:
only upper limits



John Beacom, The Ohio State University HEP 2022, Virtual Hong Kong, January 2022 27

UHE (Neutrino) Fluxes: Unsolved

ANITA (2019)

Neutrinos probe full line of sight, are very sensitive to composition
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UHE Fluxes: Hope

IceCube-Gen2 Radio Radar Echo Telescope

And many other proposed experiments



John Beacom, The Ohio State University HEP 2022, Virtual Hong Kong, January 2022 29

UHE Fluxes: MMA

Ahlers (2018)
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UHE Fluxes: BSM
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Concluding Remarks



John Beacom, The Ohio State University HEP 2022, Virtual Hong Kong, January 2022 32

What Are the Goals of High-Energy Physics?

Probe fundamental particles and forces

Explain emergent phenomena

Search for new physics
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Key Messages

Multi-messenger observations are opening new vistas
A golden opportunity for astronomy

Astrophysics has physical conditions far beyond the lab
A golden opportunity for physics

Making the most of this requires working together
A golden opportunity for human understanding

Please see Decadal Survey on Astronomy and Astrophysics 2020 (Astro2020)


