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Origins of the CR
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Original Plot (2005)
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Pop A— Pop 1
Pop B — Pop 2
Pop C — Pop 3
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Realisation of Hillas 3 Populations Scenario
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Hillas-Type 3 Population Fit to the
Transition Region
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Pop A— Pop 1
Pop B — Pop 2
Pop C — Pop 3
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Constraints on at What Energy the Onset of
Population B can Occur

CR Composition Evolution
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Hillas & Gaisser-Type Population B Candidates:

Proton Spectrum
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The Power Needs of Gaisser-Type Population B
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Particle Accelerator Limits
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Gaisser-Type Population B

Including source contribution

e
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The Source Evolution Scenario for CRo Extragalactic photon
the >107-7eV CRs o "\
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The Origin of Protons Below the Ankle
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SFR evolution scenario]
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_The Halo Imprint on the Extragalactic CRs
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Large Thermal Pressure in Galactic Haloes

Large Hot Halo
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consistent with stacked measurement results:
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What “Arrives” is Not Necessarily What is Observed

Cosmic ray source Reduced diffusion coefficient inside bubble region

/

Arrows depict the CR current in different cell regions
(Dout/Din = 5 adopted for animation)
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Injected and Observed Maps

Single beam injected map

ExtraG. dipole injected map Three beams injecd map
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Power Spectra of Observed Maps

ExtraG. dipole observed map Single beam observed map
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The Importance of Measuring the
Quadrupole Moment at EeV Energies

Dipole Evolution
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Conclusions

* A Galactic “Population B” source class seems required, either to bridge knee-ankle gap

or (pre)knee-knee gap, and CR composition data allow its E__, to be constrained

* The transition to “Population C” (Extragalactic) occurs between 10’ eV and 108> eV,
with current data preferring a lower energy transition in this energy range

* New gamma-ray observations are shedding fresh light on “Population B” source
candidates

* The “Population C” sources should not have a strong positive source evolution (local?)

» Secondary signatures from CR energy losses in the Galactic halo can be used to probe
particle propagation in the halo

* The magnetisation of the Galactic halo can have implications for the penetration of
”Population C” CRs into the halo, which can be tested
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What “Arrives” in Not Necessarily What
is Observed

Cosmic ray source Reduced diffusion coefficient inside bubble region

(Dout/Din = 5 adopted for animation)
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The Fermi/eROSITA Bubbles

DESY

2 Galactic gamma-ray emitting bubbles exist out
to ~8 kpc above and below the Galactic plane
These appear to be enshrouded in larger hot X-ray
emitting bubbles, out to ~14 kpc

These results appear to indicate that non-
thermal particle transport in the Milky Way
halo, at least from the Galactic center region,
possesses an advective component

22
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Gaisser-Type Population B
Candidates:

DESY.
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E3 J(E) [GeV® cm™2 s-! sr-!]
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Neutrinos as a Probe of Origin of Protons
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Thermally Driven Outflows:
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Why Consider Slow Outflows?

Although King function was adopted in eROSITA
analysis, result is also consistent with hydrostatic
equilibrium expectations for hot gas

These profiles are consistent with expectations of the halo gas

being in hydrostatic equilibrium
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Power Spectra of Injected Maps

ExtraG. dipole injected map
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Are there Secondary Signatures of Galactic CR
in the Galactic Halo Environment?
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Residual intensity, £ = 1 — 3 GeV

The Fermi/eROSITA Bubbles

2 Galactic gamma-ray emitting bubbles exist out
to ~8 kpc above and below the Galactic plane
These appear to be enshrouded in larger hot X-ray
emitting bubbles, out to ~14 kpc

These results appear to indicate that non-
thermal particle transport in the Milky Way
halo, at least from the Galactic center region,
possesses an advective component

DESY 29
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Large Thermal Pressure in Galactic Haloes

X-ray observations of bright AGN indicate the

presence of a hot local absorber.

King function
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More recently, the ram pressure stripping of satellite

galaxies + emission from the hot absorber have been
collectively used to probe the halo gas density.
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Inputs for Hydrodynamical Simulations
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Gas Density Distribution
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For hydrodynamical simulations, gas density was started off

with a hydrostatic equilibrium distribution
Assumed a heating process exists throughout the
simulation volume that keeps the gas hot (with an

isothermal temperature)
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Inputs for Hydrodynamical Simulations
The Galactic potential Gas Density Distribution

—NFW
Yo =2, =2

.

-~

bt 1 TS

Yo =4, =2
—— MBO04
—YF17
Fielding+17
Stern—+18

0% A NG [n:noe

-9 (km? s72)
/

104 | s § .....

0 50 100 150 200 250 30C
r (kpc)
Prochaska et al. MNRAS 485 (2019)

Thermal gas temperature For hydrodynamical simulations, gas density was started off
Isothermal temperature distribution adopted with a hydrostatic equilibrium distribution

Assumed a heating process exists throughout the

i U S S S S | " " A gl
101 10° 10!

simulation volume that keeps the gas hot (with an

[kT = 0.4 keV ] isothermal temperature)
DESY. >

Andrew Taylor




Subsonic Outflow Result for Isothermal Gas Using PLUTO

Resultant 2D velocity field simulation
24 ~ Tourmente et al. MINRAS, Vol 518, Iss. 4, (2023)
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Secondary to Primary Cosmic Rays as a Probe
of Galactic Halo Size (B/C)- LIMITATIONS

v QD @

z direction [kpc]

—85 ....the “halo size” does not really represent the scale-length of e.g. the
Small halo: Giant halo: magnetic energy or free-electron density profile; rather, the “halo size” in
Zzn = Rq B> Ra “"%s7  these models is more accurately defined as the volume interior to which
105% CRs have an order-unity probability of scattering “back to” the Solar
gz position.
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“A drunk man will eventually find his way home, but a drunk bird
may get lost forever.”

R direction [kpc]
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Secondary to Primary Cosmic Rays as a Probe
of Galactic Halo Size (B/C)- LIMITATIONS
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Gas Density Distribution

Neutrino Emission from the Galactic Halo?
CR Distribution
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Understanding the CR transport process in the halo is key T

for these results P
£

In this case, the circumgalactic neutrino flux contribution is &

comparable with the Galactic-disk contribution. SO e

%3 IceCube po'v)ver law for v,v,, [48]
4 Fermi-LAT IGRB [11]
10 # Tibet ASy gamma-ray upper limit [47]
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Probes of CR Escaping Nearby Galactic Haloes

Evidence for Diffuse Gamma-Rays
Emission frlom M31’s Galactic Halo
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Suggests that emission
extends out to tens of

degrees (100s kpc)

Evidence that the escape of

CRs from the Galaxy is not
dictated solely by diffusive
transport

Andrew Taylor

Karwin et al., ApJ 880:95 48pp (2019)
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Probes of CR Escaping Nearby Galactic Haloes

Evidence for Diffuse Gamma-Rays
Emission froga l\|/|31’s Galactic Halo

-10.0° Suggests that emission
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How Might the Galactic Halo Effect The
Arrival of “Population C” CR?

“Population C”
CR source

DESY.



The Importance of Measuring the
Quadrupole Moment at EeV Energies

Transition "energy” for
which halo becomes thin
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Note the difference in growth rates of
dipole and quadrupole amplitude with L.,
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Galactic/Extragalactic Cosmic Ray Transition
_— \

Extragalactic

Galactic Halo

Heliosphere

-
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CRp

Origins of the CR Spectrum?

Extragalactic p (~3x107 cm™3)
o— ®

dVdE x E*® (m? sr's'eV'?)
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Yakutsk (ICRC 2013 -ID0053)

g
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IceTop (ICRC 2013 - 1D0246) é@@@@%gg
Telescope Array (ICRC 2013 - ID0221)

TIBET-lIl (Astrophys. Jour. 687(2008)1165)

KASCADE-Grande (Phys. Rev. D 87(2013)081101(R))
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i [ | | 1 |

HiResll (Phys. Rev. Lett. 100(2008)101101)
Tunka-133 (ICRC 2013 - ID0617)
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T
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Back in the 1970s, there was a
debate about whether all CRs could
be extragalactic. Subsequent diffuse
gamma-ray observations, however,
constrained such a scenario.
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Can Constraints be Placed on Population C?
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""/Universality of Cascade Spectra
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Galactic/Extragalactic Cosmic Rays
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i Contributions to the Oxygen Fluence
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CR

Origins of the CR Spectrum?

P Extragalactic p
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Back in the 1970s, there was a
debate about whether all CRs could
be extragalactic. Subsequent diffuse
gamma-ray observations, however,
constrained such a scenario.
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Features in the CR Spectrum
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Population B...But Whose Population B?
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Constraints on at What Energy the Onset of
Population B can Occur

CR Composition Evolution
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