Neutrinos (and Gamma-rays) from Galaxy Clusters
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Energies and rates of the cosmic-ray particles

Extragalactic cosmic rays (CRs)
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Neutrino (and gamma-ray) emission due to cosmic-ray protons

Collision of CR proton and Collision of CR proton and
background “protons” background “photons
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pion photoproduction e
dominant in “start-burst galaxies”,
“galaxy clusters”, dominant in “AGNs”
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Thermal neutrino production through nuclear reactions

y i

solar neutrino o’y

generation HQ/c po\? H Qf;ﬁ

v | I
He 3He ! )//l
Solar v Spectrum | )
Ng10: T |7i|?el T |
£10
=10’
—] 13
510° | N |
>10°
4 17 ° .
10' /_,,,,f,ﬂ\ iy thermal neutrinos: mostly
10 = E, <afew x 10 MeV
10 T
,/ °
10 ., neutrinos from CR protons:
e °
: ’ higher E,, even up to EeV
10 ot |
1 10
E‘, in MeV 4/28
February 5-7, 2020 Multi-Messenger Astronomy & Astrophysics

Muju, Korea



8 Clusters of galaxies: aggregates of galaxies,

S which are the largest known gravitationally
B bound objects to have arisen thus far in the

& | process of cosmic structure formation

optical (Hubble, white)
X-ray (Chandra, blue) €< hot gas
radio (VLA, red)é cosmlc rays

MACSJO717

Hubble space teescopeimage

The intracluster medium (ICM):

the superheated plasma with T ~ a few to
several keV, presented in clusters of galaxies g
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ICMs are highly dynamical

- large-scale flow motions

- shock waves

- cosmic-rays
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Observation of shocks in clusters

-
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Mach number of
“radio” shocks in
ICMs:

M <~ several

shock
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M, =25

Mach number of

“X-ray” shocks in
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(Vazza et al + Ryu, 2016)
Shock waves

in simulation

weak inreacluster
shocks with M, < a few
to several (orange

strong accretion
shocks with M, > ~10
(green)

Shocks are ubiquitous
in the ICM!
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log M

Shock waves inside
and around clusters

(Ryu et al. 2003)

=~ intracluster shocks are weak

with M, ~ a few, but
energetically more
important

~ accretion shocks with are

energetically less important,
but strong with M, ~ up to
100
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Shocks In astrophysical environments are collisionless,
and CRs are accelerated at coIhsnonIess shocks !
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Neutrinos (& gamma-rays) from galaxy clusters
- due to CRs accelerated at intracluster shocks ?

- due to CRs accelerated at accretion shocks ?
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Simulated galaxy clusters and intracluster/accretion shocks
(Ha, Ryu, Kang, submitted)

four cosmological shocks in a simulated clyster with T ~ 3keV
hydrodynamic simulations N
[L =57 Mpc/h box (1650 cells)]

2 4 4
M [10 Msun]

200

58 sample clusters identified
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Simulation of proton acceleration at quasi-parallel ICM shocks

(Ha, Ryu, Kang, van Marle 2018)
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DSA parameters in the model
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Q,,=3.3
Q,,=3.5
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... subcritical shocks

The model predicts the acceleration efficiency ~ 103 to 0.02

for supercritical quasi-parallel shocks with M_ <5 in the ICM
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A model for reacceleration of CR protons in ICM shocks
(Ha, Ryu, Kang, submitted)

(1) ICM gas within virial radius passes through shocks “three” times on average
< estimated with cosmology simulation

(2) Reacceleration operates only at quasi-parallel, supercritical (Ms 2 2.25) shocks
< because the generation of upstream waves is necessary

(3) DSA is in the test-particle regime, and reacceleration is described as
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CR protons in simulated gal

axy clusters

(Ha, Ryu, Kang, submitted)
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CR protons in simulated galaxy clusters
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Gamma-ray luminosity of simulated galaxy clusters
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- The predicted gamma-ray

flux is consistent with the
Fermi LAT upper limit
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Neutrinos emitted from simulated galaxy clusters
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Estimation of neutrino fluxes from nearby clusters

1072 A B AL e m i oo
Table 1. List of Nearby Clusters N atmospheric v,
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predicted neutrino fluxes
are ~ 10 x IceCube flux
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Can neutrinos from galaxy clusters

a typical neutrino flux plot
commonly shown in the
particle physics community
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be detected?
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the neutrino flux from nearby galaxy clusters is ~
10° of that of atmospheric neutrino at 100 GeV !
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Neutrinos from accretion (external) shocks

Ha, Ryu, Kang (under progress)
External shocks y . ProE

- form around clusters and filaments when the cool (T ~ 10 K), tenuous
gas with no or very weak magnetic fields (B) in voids accretes onto them.

- Strong shocks with the Mach number reaching up to M ~ 100

CR production at such shocks — not well understood!

15—

| Caprloll&Spltkovsky2014 —_—es ': Acceleration efficiency (ecr = Ecr2/(Ecr2 + Etn2))

24 For ISM, T = 107K,
. p=1 M < ~60
| (strong shocks, but with strong B fields)

B (deg)
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Strong collisionless shocks with weak B fields
- Weibel-mediated shocks?

Kato & Takabe 2008
Number Density

Kato & Takabe, ApJ, 2008, 681, L93
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Acceleration of particles is not well understood! = . . .
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Weibel instability

For electron streams...
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A model for CR acceleration at accretion shocks

CR acceleration efficiency

Kinetic & CR Energy fluxes

internal
internal: CR |3
external :

external: CR
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Gamma-ray emissions due to CRs from galaxy clusters

intracluster shocks accretion shocks
internal shocks external shocks
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efficient mixing - the expected amounts are comparable
of CRs assumed! - both are consistent with the Fermi-LAT constraint
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Predicted gamma-ray fluxes from nearby galaxy clusters

intracluster shocks

accretion shocks
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intracluster shocks
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Predicted neutrino fluxes from nearby galaxy clusters
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Summary
1. Shocks are ubiquitous in galaxy clusters.
2. Shocks can accelerate cosmic ray protons through DSA.

3. Cosmic ray protons can produce gamma rays and neutrinos through p-p
collisions.

4. The estimated gamma-ray flux is consistent with the Fermi-LAT upper
limit.

5. The estimated neutrino flux from nearby galaxy clusters are much
smaller than the IceCube flux.

6. Itis unlikely to detect neutrinos from clusters of galaxies with KNO.
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