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Exploring the role of cosmic rays in
galaxies with high energy signatures

The extreme Universe viewed in VHE gamma rays 2022
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* Introduction
* Galactic and circum-galactic ecosystem

 Cosmic ray origins, interactions and feedback

* Types of signatures
* Outflows and X-rays (messo-physical/thermodynamic)

* Extragalactic gagmma-ray background (microphysical)

* New opportunities in the CTA era
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1. Feedback in galaxy evolution



Galaxy formation/evolution
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* Galaxy self-regulation (feedback) mainly modelled
thermally/mechanically; some treatment of radiation - SNe/AGN etc.

* Picture not yet complete, massive, highly star-forming or high-z galaxies

presenting particular preblems opportunities
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What causes the downfall of
star-formation after cosmic noon;
particularly very rapid quenching
seen in massive galaxies? (>300
billion Msun)
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Galaxy formation/evolution

* Galaxy self-regulation (feedback) mainly modelled
thermally/mechanically; some treatment of radiation - SNe/AGN etc.

* Picture not yet complete, massive, highly star-forming or high-z galaxies
presenting particular preblems opportunities
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Galaxy formation/evolution P BRI

* Galaxy self-regulation (feedback) mainly modelled
thermally/mechanically; some treatment of radiation - SNe/AGN etc.

* Picture not yet complete, massive, highly star-forming or high-z galaxies
presenting particular preblems opportunities
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Hidden players

* Amissingingredientin our galaxy evolution/feedback models

* Renewed search for hidden players controling baryon cycles in/around
galaxies; drivers and mediators of galaxy growth

Checklist for a feedback agent
O Are they present?

 Are they powerful enough?
O Are there suitable physical

channels for them to deliver
feedback?

Cosmic rays?
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2. Cosmic rays as a feedback agent



Cosmic rays as a feedback agent?

*5‘/‘/
42 4
41 A
7
w0
o 40+
| .
)
— alldata
>
> 39 —— BF
o --- Reduceddata
£=0.79
381 BFlocr
¢+ data
MW
377 H+ NGC 3424
-2 -1 0 1 2
rY]
H
(' 4- -
o o ol
< 101 o1 Oy 11
O HH HH
______ .
—4 : : : i
-2 -1 0 1 2

log M« [Mo/yr]

(Kornecki+2020)

> ARk

OSAKA UNIVERSITY

Gamma-ray luminosity is a proxy
for cosmic ray luminosity (later)

Checklist for a feedback agent
%re they present?

O Are they powerful enough?
O Are there suitable physical

channels for them to deliver
feedback?
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Impressions of feedback “mechanisms”

lonization, “collisional” processes
Scattering/energy & momentum transfer via magnetic fields

Hadronic interactions

——

Thermal
Targeted; dense and ionized
— 1. Heats something up regions
: Direct impacts & smaller
2. Thermal pressure does something ccellas?
Dynamical
. _ Important in ecosystem
— 1. Moves something with CR (non-thermal) pressure regulation, gas supply
2. Movement / flow disrupts system in some way Indirect impacts & larger

scales?
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Microphysics and Astroparticle Physics

Hadronic interactions (pp dominates over p-gamma in galactic settings)

( p—l—p—|—7T0

+ pion multiplicities at

p -+ p — < n -+ P —+ 7T+ higher energies

 pH+pH+at o

0 electromagnetic decay
> 2y Tem A 8.5 x 107175

+ + +, 5
T — W Yy =€ VeVuVu weak decay

T U Ve VeV Tweak ~ 2.6 x 107 %s
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Microphysics and Astroparticle Physics

In a uniform hot, magnetized, ionized ISM
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Microphysics and Astroparticle Physics P BRI

Molecular cloud hierachical configuration

Size / pc Denisty / cm3

Cloud ~1-10 ~ 50-500
- Clump ~1 103-10°

Filament ~0.1 (wide) 10%-10°

Core ~0.05-0.1 >10°

(Arzoumanian+2011)
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Microphysics and Astroparticle Physics

Thermalization of secondary electrons in galactic components

——- radiative inverse-Compton
—== radiative synchrotron
—-—=~ free-free bremsstrahlung

E. = 0.01 GeV Coulomb scattering
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10! 102 103 104 10°

ny / cm=3

(Credit: Michelle Kao 2022; U Waterloo)
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Impressions of feedback “mechanisms”

lonization, “collisional” processes
Scattering/energy & momentum transfer via magnetic fields

Hadronic interactions

Thermal
Targeted; dense and ionized
— 1. Heats something up regions
: Direct impacts & smaller
2. Thermal pressure does something ccellas?
Dynamical
. _ Important in ecosystem
— 1. Moves something with CR (non-thermal) pressure regulation, gas supply
2. Movement / flow disrupts system in some way Indirect impacts & larger
scales?
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Messo-physics and astrophysics

Explored in simulations

Hopkins+ 2021: FIRE-2 simulations Zoom simulations - Projected, edge-on;
later-forming massive halo + disk
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Messo-physics and astrophysics

Explored in simulations
Hopkins+ 2021; FIRE-2 simulations
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SFR suppressed; less “bursty”
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Checklist for a feedback agent
%re they present?

%re they powerful enough?
%Are there suitable physical

channels for them to deliver
feedback?
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3. High-energy signatures of
cosmic ray feedback
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Dynamical driving
See also Jacob+2018
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X-ray emission from an outflow

Hot gas; M82 like configuration
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a) 1.0 Myr

1041

—— Sim1C (cooling)
—— Sim1lc (no cooling)
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(Yu, Owen+2021)
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X-ray emission from an outflow

Level of cosmic ray driving modifies the thermal gas properties

10%2 a) 1.0 Myr
41 —— Sim1CR
10 —— Simlth
_, 1o% Eg,h —— Sim1C
|
EJ 1039
w 1038
>
2 10% Natural broad-band analysis
T 0.1-0.5 keV
-
10°° 4 5-1.0 keV
1035 1.0-2.0 keV
2.0-10.0 keV
1034 | ; ——— :
107 10° 101
E / keV

(Yu, Owen+2021)
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X-ray emission from an outflow

Broadband ratios to track cosmic ray driving in outflows

a) Sim1CR b) Simlth
0.6- 0.6 — (0.1-0.5)keV —— (1.0 -2.0)keV
—— (0.5-1.0)keV —— (2.0-10.0)keV
0.5 f 0.5
5 0.4 - 5 0.4 -
< <
5§03 & 503
— =
0.2 1 0.2
0.1 0.1
N
0 0 T T T T OO T T T T
2 4 6 8 10 2 4 6 8 10
t/ Myr t / Myr
* Fewer photons (Yu, Owen+2021)

* Reach more & more distant systems (XRISM, or Athena??)
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Re-cap: gamma-ray production

Hadronic interactions (pp dominates over p-gamma in galactic settings)

( p—l—p—|—7T0

+ pion multiplicities at

p -+ p — < n -+ P —+ 7T+ higher energies

 pH+pH+at o

electromagnetic decay

0
) Tom 7 8.5 x 10717s
7 —>ut Yu — e’ ve YV weak decay

T U Ve VeV Tweak ~ 2.6 x 107 %s
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Gamma-ray emission from starbursts

NGC 253

NASA/ESA 2008

H.E.S.S. (BDT) 100-230 GeV

Q NGC253
PSF
Acero+ 2009
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ESO 2010 : NASA/ESA 2006

0.2-100 GeV VERITAS

-

oo PENGE 2016, - Karlsson+ 2009
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10 years of Fermi-LAT
E>10 GeV

NASA/Fermi-LAT collaboration
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The extragalactic y-ray background

I III I III
10° = I E
- I .
':7, | -—0-1_0__0_ I |
o -4
e 10° 3
(S} — -
% - _
S l 5
w ——o6—— Total EGB
S T I -
Z
LU = =
E | ‘ Resolved sources, |b|>20 : E ~50% resolved into
- P = individual LAT sources
| || IGRB-Abdoetal. 2010 B
| above 100 GeV
10-6 II 1 1 1 L1 IIII L 1 1 11 lIII 1 1 || 11 llI
102 10° 10* 10°
Energy [MeV] (Ackermann+2015)

« Star-forming galaxies could dominate (Roth+2021; Owen+2021b)
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Prototype galaxy model: y-ray production

Ucr < RsN & Rsr

10—2_
. . . -T
= CRinjection spectrum o 1,
S
= 10734
S
S
RS3
¥ 1074
------- Rsp =5 Mgyr? Include treatment of CR propagation;
| N diffusion/leaking gives different
5] —— Rgp =100 Myyr—! . .
e ] oK o " spectral slopes with SF rate
= 101 10° 10! 102

E’Y/Gev (Owen+2022c)
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EGB spectrum

Galaxies can contribute a few tens of percent (depends slightly on CR
spectrum in sources; also works by Ambrosome+2021)

+ Total EGB spectrum
Ackermann et al. (2015)

—
o
&

+ Isotropic EGB spectrum
Ackermann et al. (2015)

m —— This work
{2i ==- Rothetal. (2021)
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F,(E,)/GeVem 25 1sr!
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= Sudoh et al. (2018)

2
5

All blazars

[6] = Ajello et al. (2015)

10° 10!

E,/GeV (Owen+2022c¢)
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Source population distribution
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Intensity distribution; imprints at a preferred (peak) angular scale
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(Madau & Dickinson 2014)
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EGB anisotropies

Redshift evolution imprints spatial signature in EGB

1.06
1.04 4
1.02
Z = —
z
& 1.00- -\\
/?\ - \
= 0.98 1 Signature dominates over
= statistical flucctuations (many
S dim galaxies, rather than a few
0.96 ] bright ones)
dsdl T E,=(0.01-0.1) GeV . ) '
: E, = (1 - 10) GeV CTA’s “KSP 8" + Ferm/i-LAT
092 T T T T T
60 70 80 90 100 110

(Owen+2022c¢c)
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4. New opportunities in the CTA era



Individual galaxies
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With LHAASO, SWGO + CTA, Gamma-ray spectra of more nearby galaxies
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Starbursts

4 NGC 1068

M82

NGC 253

Oe «Om >

NGC 1068 (H.E.S.S.)

M82 (VERITAS)
NGC 4945

NGC 253 (H.E.S.S.)

o
B N SRR
+‘—1§'—”‘}"“+ 4
T 2 Miky Way Global Model New/next-gen facilities will be able to
Ty . push this to 100s of TeV, with more
¢ SMC galaxies detected at 100s GeV and below
10° 10° 107 10°
Energy (MeV
oy (MeV) (Ackermann+2012)

(1) Improved knowledge of particle transport

(2) Exact relationship between cosmic ray engagement in a galaxy, energy deposition

and star-formation
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Galaxy populations

Gamma-ray background anisotropies in the CTA era (KSP 87?)

1.06 Thoughts on what we can do better?
1.04 7 (1) Higher angular resolutions, so
Loz detailed anisotropy signatures
9 0 ﬁ - more accessible, so better
2 \ redshift information
3 e
= (.98 (2) Access higher multipoles for
g wider redshift range
0.96
E, = (0.01 — 0.1) GeV (3) More data at higher energies,
0.94 1 so can test CR
— E,=(1-10) GeV containment/feedback in galaxy
. 2 T T T T T H
092, . 20 %0 00 = populations (Ambrosone+2022)

(Owen+2022c)
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Outflows

Gamma-ray + X-ray constraints on mass-loading to discern driving physics

(b) 1 (c) 75
density temperature
7.0 -
O_
—~ 6.5 -
T -1 —_
M
§ = 6.0
c =y )
5 2 & 5.5 |
o o )
ke
-3 1 5.0 -
4.5
-4 -
102 103 104 102 103 104
r/pc r/pc

(Yu, Owen+2020)
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Outflows

Clump survival changes flow dynamics

Dense phase dominates gamma-ray
pion decay emission from an outflow

Preliminary

10—19
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(Schneider+2021)

Owen+Yu in prep.

=giglk, 34

Osaka University Theoretical Astrophysics



P RRAF

OSAKA UNIVERSITY

Outflows

Multi-phase, magnetized flows T |

in — 10-4
fign' =10 10~ gasbubble ~\ = Q- neutral gas

the “cap”

ionised gas

10—12
dense neutral
material

(Wu, Li, Owen+2020)

Ecr (ergcm™3)

1079

ISM setting; in an outflow effects are
likely more severe

10-14 (Bustard+2021)

(1) Gamma-ray emission is sensitive to the magnetic field strength/structure in flow
(2) Combined constraints from X-rays and gamma-rays can unveil their influence

(3) New altitude profiles in gamma-rays for nearby starburst outflows to tune models
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Summary

 Still need to resolve the hidden players controlling galaxy evolution

* Cosmicrays are a viable agent with thermal and dynamical impacts for
a galaxy and its CGM

* We can already test some aspects of their feedback impact

* Many next and exiting prospects exist in the next decade with CTA (+ X-
ray instruments like XRISM, Athena+?)

* Now is the time to start refining and extending models in advance of the
wealth of up-coming high-energy data
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