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CR Propagation in the Galactic
Disk
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Galactic Diffuse Radio Emission

Pohl+, A&A 262 441 1992 Carretti+, Nature volume 493, 2013
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Milky Way- Galactic Center Outflow

Fermi bubbles
Ab%lgermanm (Fermi LAT) ApJ 840 (2017)
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Milky Way- Radio + Gamma-Rays
Small scales- morphologies are
striki‘nglvy'sim.ilar

Northern Ridge

Galactic Centre Spur

limb brightening spurs
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Leptonic Bubbles?

1 TeV electrons => age <1 Myr

* 10 kpc size => expansion velocity ~ 10,000 km/s
" (ie. larger than the speed of sound). Is also larger than
.. inferred velocities from observation.
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Hadronic Bubbles?

Favours a centrally fed outflow
scenario from CMZ, for which

gamma-ray emission is expected to

be hadronically powered.

Low latitude bubble spectrum sits
close to (smaller scale) energy flu

level seen by HESS

A hadronic origin demands the

presence of extended distribution of

target gas
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Hot Gas Out in the Halo

Both Suzaku and Chandra X-ray

observations of bright AGN (eg. Mkr 501, I } 1
PKS 2155, NGC 3783) indicate the |
presence of a hot local absorber with

Mass.

M =~ 10 Mg

Inside a sphere of size
R =~ 100 kpc

Gives a mean density of
this gas of

n, ~ 107°% cm ™3

DESY kT ~ 140 eV
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Lowest Density that Still Allows
Hadronic Calorimetry

0 (3x107% cm°
t,p = 10 yrs

np
Diffusive Escape
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Advective Escape
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adv = 100 kpc Vadv y
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CR Propagation into the Halo

Transport Equation

Diffusion Energy losses

!
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Advection Source term
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Cosmic Rays Diffusing in Outflow
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Milky Way- Velocity Profile of
Central Chimney

300 . . . . . Lo
m=-2.51 '
_ b = 268.52 : osr
T - corr coeff = -0.80 | Sill 1526
P 250 : 0-_(;(;0
g |
) |
—_ |
% 200 | :
> |
TU |
E |
‘& 150 | !
@ |
> m = North :
* @ @ South mH |
100 ] ] ] ] ] |
0 10 20 30 40 50
|b| [deg]
Karim+, Ap.J. 860 (2018)
Nuclear outflow rates: MW NGC 253:

> (0.2 M@ yr_l > 3 M@ yr_l

Bordoloi ApJ 834 191 (2017) Bolatto+, Nature Letter 12351 (2013)



Cosmic Rays Advecting in Outflow
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Diffusion-Advection Competition

Diffusion dominated zone Advection dominated zone
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resulting in an energy dependent halo size!
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Gamma-Rays from the Bubbles and Beyond!

Evidence for advective cosmic ray
transport in the Galaxy?
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Neutrino from Beyond the
Fermi Bubbles?

Total gamma-ray/neutrino
emission dominated by

regions beyond the bubbles
~9 yr-’

lattude (b)

L, ~8x10°%® erg s~ et
longitude (1)
tadv
L, ~ L, -2 1
top E,F, =1200 eV cm S

Required PeV luminosity to support this population is ~10*°erg s
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Beyond Fermi Bubble Neutrino
Flux Detection with IceCub
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Potential Future Signatures

Bubble Chimney Base
Aharonian+, Nature, 439, 695 (2006)
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VHE Diffuse Electron Flux
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Conclusions

. The fate of Galactic cosmic rays (and the nature of the extended
Galactic halo out to the virial radius) remains unresolved

«Recent high energy observations have mounted evidence for
Galactic outflow activity being relevant for cosmic ray transport

. The Galactic bubbles may originate from the interaction of
cosmic rays, produced by the Galactocentric activity

 Additional such interactions beyond the Galactic bubbles are
motivated. This emission can account for the >100 TeV lceCube
neutrino flux detected

.High energy gamma-ray detectors will probe these signals in the
near future, deepening our understanding of the extended

Galactic halo
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Recent New (X-ray) Evidence of Outflow

SRG/eROSITA T v 0.3-2.3 keV - RGB
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Evidence of a Broader Scale Outflow?

Radio

2.3 GHz

corresponding to

~ 5 GeV glectrons

limb brightening spurs

0 0.017 0.034 0.051 0.068 0.085 0.1

astro-ph/1301.0512

DESY

0.0 =— s 0.00010

0.00012



Upcoming Gamma-Ray Signatures

From SGSO white paper just submitted
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Electron Spectra within an Advective Outflow
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& Simple disk IC template
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Fermi Bubbles-
Energy Spectrum
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Diffuse Synchrotron Halos
Around Nearby Galaxies

l Ty st T T l

Synchrotron map of
NGC 253- evidence =3z|
of at least~10 kpc
synchrotron halo
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Attenuation of Gamma-Rays from
Beyond the Bubbles!
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