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UHECRSs observations

* Few things we know about UHECRs:
* Unreachable energy by Earth based experiments

. p = proton
U = muon
T = pion
V = neutrino

* These are charged particles

* Spectrum has knees and ankle

et = glectron
e” = positron
\ Y= photon

J Extremely rare at ultra—high energies

* Extra-Galactic origin

* Detected mainly on Earth — composition at high energy
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Can UHECRSs be accelerated by black holes?

Kerr black hole hypothesis (M&a) =

Quter event horizon
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Can UHECRSs be accelerated by black holes?

Kerr black hole hypothesis (M & a) = Entropy of black hole ~ to the event horizon area:
3
C
SpH = el hAH

Quter event horizon
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Energy extraction requires negative energy inflow

Inner event horizon

r_ =m—+vm? — a?

Outer ergosurface
rg =m+ vm? — a? cos? 6

Inner ergosurface
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/ \_‘_’ Inside the ergosphere it Changes its sign
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Ergoregion

Ring singularity 1 Ergosphere: gt = 0

22 +y?=a%?and 2 =10

E = —pi=-—-mu = —mgttut - mgt¢U¢

Black hole mechanics and Thermodynamics have uncanny correspondence!
Black hole area non-decrease states that 29% of BH’s energy is available for extraction.

For extrernely rotating SMBH of 10%solar mass the available energy is 107%eV



Historical development of the 1dea

Original Penrose process * Penrose (1969) — the energy can be extracted with
the efficiency limited to 20.7%

* Bardeen et al. & Wald (1972, 1974) — Penrose process

is unrealizable in astrophysical conditions.
* Piran etal. (1975/77) — Collisional Penrose process

* Ruffini & Wilson (1975) — Electromagnetic energy
extraction by charge separation in accreting
magnetized plasma

* Blandford & Znajek (1977) & later numerous MHD
simulations — efficiency up to few 100%

* Wagh et al. (1985) — Electromagnetic version of
Penrose process — efficiency can exceed 100%

Efficiency is defined as:

* Many other versions of above mentioned processes

b3 —E1  —FE with different efficiencies of up to few 100%

d E B
1 1 * Tursunov etal. (2019, 2020) — efficiency > 101904

for protons in case of SMBHs



Black holes are Weakly magnetized

® Dynamics of surrounding plasma or accretion disk of BH

® Magnetic field of the companion or collapsed progenitor star

uniform magnetic field - -

- eg Magnetar with 101G has been
, ‘ found at 0.3 light years from Galactic
% ofe s g d Center by Effelsberg observatory

small box

magnetar

=

external magnetic field ~<—— far away - >

* MF of SgrA* ~ 10G. Characteristic MF for 109M® is 10*G; for 10Mgcan exceed 108G.

e MF is weak — it does not modify the spacetime geometry

C4 M@ M
B ~ 1092 Qg
< GRM, ( M ) M

e (Cannot neglect MPF effects on the charged matter H
Florentz o GBGM - 1011 B M E}!
~ 104G ) \10°My ) ; §
charged particle (proton or electron)

F, grav. mpc4 §
® This ratio for SgrA* ~ 10° W’ magnetic field

® Measurements: Faraday rotation, synchrotron % %fﬂdiwms

radiation, etc.



Black holes are Weakly charged

e Assume that MF shares spacetime symmetries

« A? #£ 0 implies that Ay = gspA? and Ay = g A?  i.e. electric field is induced

*  This will cause a selective accretion into BH and consequent NET—charging of BH.

G
* Wald solution of Maxwell egs. for uniform MF .. "™ ) Pl
B B
© A= gy t2a9). Ap =5 (9pp + 209:).
O —2aMB
=

e Agp= — = . (Wald, 1974 ; P —1 T
P =P~ Poo M (Wald, ) / —
e Potential difference is neutralized by accretion Accretion disk Black hole
until BH accretes positive net charge 2aMB

K,

* Therefore, there are two Wald solutions:
1) BH with zero charge (formal mathematical solution)
2) BH with net electric charge (physical solution)

. Magnetosphere 1S charged as well
* In a similar way, rotation of BH in MF induces EF
and BH with the magnetosphere acts as dynamo!

¢ Qmag — _QBH-




Beta—decay in ergosphere

/7 . .
" Neutron beta—decay in the ergosphere of rotating
black hole in the presence of external magnetic

field. The electron falls into black hole with the

negative energy.

In the hot and dense torus, with temperature of ~10!! K and density >101° g-.cm~3, neutrinos are

efficiently produced. The main reactions that lead to their emission are the electron/positron
capture on nucleons, as well as the neutron decay. Their nuclear equilibrium is described by
the following reactions:

pt+e —n+ve
p+ive—n+e"
pt+e +V,—n A. Janiuk et al, Galaxies 5, 15 (2017)



Energy of proton driven away from BH

T a=0.8M e M=10"Mo

1013—|' O VO EE N S B = 1017_.' S S S S S S S S B S S
1 10 100 1000 10* 10° 0.0 0.2 0.4 0.6 0.8

B[G] a/M
The energy of free neutron is ~ 0.94 x 10%V

1
q m B M
E+ = 1.33x102%V (g) (m ) (104(;) (—109M@) .




The Milky Way’s SgrA* as SMBH

Right Ascension difference from 17h 45m 40.045s

e Best known candidate for SMBH at 8 kpc +05" +0.4" +0.3" +0.2" 40.1" 0.0"

+0.5"

S14

S12

S1

e Massis ~ 4 X 106M® based on different methods: L0.4"
* the orbits of S stars (Parsa et al. 2017) ] ”
. modelling of the NSC (Do et al. 2013) Emj
* fits to double peaked X-ray flares (Karssen et al. 2017) ;:+0.2
 Spin is loosely constrained 5+0-1
* has no Newtonian effect g 0.0
* regime of strong gravity is needed E o1

* spin can be determined based on the modelling of ‘E
e.g. the light curves of a hot spot or a jet base. E 0.2
_ @ 03"

* Magnetic field ~ 10 Gauss (10 3Tesla) °
* Modeling, c.g. SSC model (Eckart etal. 2012,2017) %
*  Faraday rotation (Eathough et al. 2013) 0.5"

X

Orbits of some bodies of

(Sedna, Eris, Ply

S13

T at the same scal

¢ MF is ordered even at ISCO scales (GRAVITY 2018, Johnson et al. 2015)

e MF is weak — satisfies to no-hear theorem: B < 102Gauss

C%

he Solar System
to and Neptune)
e for comparison \_/

*  However, even weak magnetic field can completely change the dynamics of elementary particles

M

Florentz  €eGMpn B 106 B
Fgrav - my cd 10G 4 x

106M@) |




The Milky Way’s SgrA* as PeVatron

* Rotating black hole . ' ' ' ' ' ' '
i Knee
— SgrA* is spinning ~0.5M .
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The Milky Way’s SgrA* as PeVatron
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Applying ultra-MPP Proton energy corresponds to the Knee
n® — pt+W- |
m \ B M
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I L +1 € mp+ 10G MSgrA*
n — Lp W
MnTn = Mplp + MWW, Tursunov & Dadhich, Universe, 5, 125 (2019)
qw +qp = 0.




Constraints on parameters and source candidates

UHE protons
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Selected nearby SMBH candidates

SMBH Log(M/Mg) | Spin a | d (Mpc) | Log(B/1G) Log(Eglfa“/leV)
Sgr A* 6.63 0.5 0.008 2 15.64
NGC 1052 8.19 <1 19 4.8 20.11
NGC 1068 / M77 6.9 <1 15 4.54 18.56
NGC 1365 6.3 <1 17.2 4.70 18.12
NGC 2273 6.9 0.97 29 4.58 18.41
NGC 2787 7.6 <1 8 3.73 18.45
NGC 3079 6.4 <1 22 4.06 17.58
NGC 3516 7.4 0.64 42 4.88 19.37
NGC 3783 7.5 0.98 41 4.15 18.77
NGC 3998 8.9 0.54 15 3.8 19.52
NGC 4151 7.8 0.84 14 4.6 19.53
NGC 4258 / M106 7.6 0.38 8 4.14 18.65
NGC 4261 8.7 <1 32 3.01 19.33
NGC 4374 / Mg4 9 0.98 20 3 19.12
NGC 4388 6.9 0.51 18 5.19 19.11
NGC 4486 / M87 9.7 <1 17 2.84 19.66
NGC 4579 8 0.82 18 4.11 19.23
NGC 4594 8.8 0.6 11 3.18 19.05
NGC 5033 7.2 0.68 20 4.47 18.77
NGC 5194 / M51 6.0 0.57 8 4.51 17.57
MCG-6-30-15 7.3 0.98 33 4.74 19.16
NGC 5548 7.8 0.58 75 4.48 19.34
NGC 6251 3.8 <1 102 3.70 19.62
NGC 6500 8.6 <1 43 3.60 19.32
IC 1459 9.4 <1 31 3.20 19.72

~J




Energy extraction 1n various radioactive decay modes

Decay Mode Generic Equation Esc. p. Efficiency #max Regime of MPP
ANO _, A—dy2— o 4.2+ Y Ny -
72 X0 = 7 YT 4 o h 1.2 x 106/ A ultra
Ayt . A—dy— 4 2+ Y <0 -
« decay 7XT = 7Y 4 g X ~1 moderate
Y ~2 moderate
Ay— _y A—4\3— | 4.2+
ZX = 7Y o % <0 -
Y 6.1x10°/A ultra
B~ decay X0 — , AYT e +7 e <0 -
v 0.06 low
Y <0 -
BT decay AXT =, Y+ et v et ~0 low /-
v <0 -
. X’ 0.06 low
A0 _Ay0 4 0,0
v emission 7 X7 =5 XP 4+ 5y y 0.06 low
—_— 0 _
Pair producti 0 e tet ‘ 5
air production v —e +e et 5.5 x 108/ (2mec?) ultra

Efficiency of energy extraction from stellar mass black hole for various typical radioactive decay
modes. Initial energy of decaying particle is taken to be equal to its rest mass.



Numerical modelling

lonized particle

—y/ neutral accretion disc \X
A\ \



Synchrotron radiation-reaction near black hole

q 2¢°
= —FFu" + — + utu e Neutral geodesics
dr  m " 3m \ dr Y odr S .
2 ® Charged particles
R* v Ay M -
—I-— ( )\u + R7\uyu”u ) e Backreaction SR
o , e Backreaction GR
— UV / D “G+ A ( ) (7") dT". (DeWitt and Brehme 1960)
* Riccl terms are irrelevant in vacuum metrics
. . . GMq>
* 'Tail term can be estimated, e.g. around Schwarzschild BH as Fiail ~ 3.2

Ftail q2 10_19 (g)2 (me) ].OM@
N mMG e m M

e.g. Dewitt & Dewitt (1964), Smith & Will (1980), Gal’tsov (1982), ...

* Radiation-reaction term can be estimated as Frr ~ ¢*B?/(m*c*)

Frr  ¢*B2MG 103(Q)4(m6)3 B \°/ M
N m3c8 e m 108G 10M,




Energy loss due to synchrotron radiation

Propagation of proton in equipartition e u®
3
magnetic field of order 10™°G dr = —2kB [288 —& (QBf + 7)] .
55 102! Synchrotron cutoff Tmax ~ k32—f(7‘)’ B>1
Bgear = |G|BGJ4V" ~ 1.86 x 1010,
1% 10?! | 2mec -
¢ 20 | le|? = (SgrA*) &~ 1077
— 5x10 . 2 e Te
g | _ 4 ~ 10-25
%ﬂ ksgrA* = 3 meGM ].O
3 20
1x10 3
10" CBGaw [ %® [ 50 [ w0
% 1012 1016 10-¢ 103
108 10-8 102 103
lX 1019 1 1 1 - 104 1 1010 1011
1 10 100 1000 104 10° 1 108 1018 1019
Propagation Distance (Mpc) 104 10'6 1026 10%7

Timescale of collisions of particles in plasma: (T =10°K, n= 1014cm_3)

Tee 6.4 x 107%s, 7. ~45x10"%s, 7u~4x10 2.

Neutron stars are also ruled out due to large synchrotron loses of protons in strong MF of NSs.



Required ingredients for the black hole energy extraction:
. Rotating BH & magnetic field

* Negative energy inflow into BH:

* cither due to electromagnetic interaction of charged particle with BH

* or geometric effect in the ergosphere

* Required ingredients for escape to infinity:

* Sharing symmetries of BH and magnetic field lines

* Induced BH charge (Wald mechanism)

Main advantages & predictions of the model:

*  The model predicts SMBHs as the source of highest-energy cosmic rays

*  Provides verifiable constraints on Mass and B-field of the SMBH candidate to produce UHECRs

*  Operates in viable astrophysical conditions for SMBH with moderate spin and MF strength

*  Does not require extended acceleration zone (jet models), nor the fine-tuning of parameters

°  Energy extracting action can take place relatively far rom the event horizon without high redshifts
*  Galactic center can act as a PeVatron of cosmic rays and contributes to the knee of the CR spectra

* Radiative mechanism predicts higher [ of non-thermal radiation from the edge of the Ergosphere



Detector our poc_ketl

Cosmic-Ray Extremely Distributed Observat)ory
42 institutions; 19 countries; 5 continents; > 10 mln detections



