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Recent discoveries related to BHs & CRs

e First image of a black hole (M87) by EHT (Apr 2019) — submillimeter

e Detection of close orbital motion around SgrA* by GRAVITY (Oct 2018)
— near infrared (K—band) & multiwavelength

* First test of GR near SMBH by ESO’ VLT (Jul 2018)
— infrared/near infrared

- Extragalactic HE neutrino pointing to Blazar by IceCube (Jul 2018)

— Neutrino astronomy

e UHECRs above 10718 eV are extragalactic! — PAO (Sept 2017) & TA (2018)

— Cosmic ray astronomy

e First detection of gravitational waves by LIGO/Virgo (Feb 2016)
—GW astronomy
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Edge of the photon astronomy

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays
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Almost 20% of the Universe cannot be studied using photon based telescopes
Credits: IceCube



UHECRSs observations

* Phenomena which occur at energies E > 10M8 eV,
* Few things we know are
e UHECR are charged particles

* Spectrum has knees, ankle and steep suppression

- p = proton
U = muon
T = pion
V = neutrino
et = electron

* Extremely rare s:pf;';""
* Probably proton dominated flux or iron nuclei :
\
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How to create them?

Exotics scenarios: The conditions for the accelerator are:

* extra dimensions scenarios; * powerful source with enough available energy;
* Lorentz invariance violation; * radiation losses suppressed or negligible;

* existence of new particles; * interaction losses (with other particles)

* topological defects, strings, SUSY * accompanying photon and neutrino flux?

* and others

— In realistic conditions the accelerators have:
t . . .
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What if UHECRSs extract the energy from black holes?

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 extremely rotating SMBH of 10%solar mass the available energy is 1074V

Kerr black hole hypothesis

Quter event horizon

re =m+vm? — a2

Inner event horizon

r_ =m—+vm?2 — qa?

Quter ergosurface
rg =m + vVm?2 — a? cos? 0
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Ring singularity Ergoregion
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50 years of energy extraction from black holes:

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

Bardeen et al. (1972) — Penrose process is not

reliable in astrophysical conditions.

Rutftini & Wilson (1975) — Electromagnetic
energy extraction by charge separation in

accreting magnetized plasma

Blandford & Znajek (1977) & later MHD

simulations — efficiency up to few 100%

Wagh et al. (1985) — Electromagnetic version of

Penrose process — efficiency can exceed 100%

Many other versions of above mentioned

processes with different efficiencies of few 100%

Tursunov & colleagues (2019) — efficiency
> 101%% for protons from 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 104G has been
! ‘ found at 0.3 light years from Galactic
A/ A ~ Center by Effelsberg observatory

small box

external magnetic field

far away ———»

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

e MF is weak — it does not modify the spacetime geometry
C4 M@ M
B ~ 102 G
< GRM, ( M ) M
e Cannot neglect MPF effects on the charged matter

- B e (o) ()

B 10G ) \10°M, ) §

Forav. mpc?
. . 6 o magnetic field
® This ratio for SgrA* ~ 10

® Measurements: Faraday rotation, synchrotron % % %radiowavcs

radiation, etc.

§ charged particle (proton or electron)



Charge separation 1n a magnetized plasma

« Isaplasma surrounding BH always neutral?

e In ordinary plasmaYESl

e In relativistic and magnetized — NOT!

e What supports the charge separation?

e Relativistic motion of a plasma induces electric field
E =—-v x B,

«  For the motion around BH with v = {2 x R.
this leads to the net charge density

1 0B,
 dme e|

Pq

Magnetic field —
* Where is the extra charge?
* In a similar way, rotation of BH in MF induces EF

and BH with the magnetosphere acts as dynamo!

_B a, =2 2 /
At — 5 (gt¢ —|_ zagff)’ ¢ T 5 (g¢¢ —|_ agt¢)° Accretion disk Black hole

O —2aMB
2M '

Ap = Py — Poo =

As aresult, both black hole and the disk get net electric charge!



Neglected charge - electrically polarized Universe!

Arthur Eddington (1926) — stars are positively charge to prevent e & p from further
separation in stellar atmosphere. For Sun the charge is 77 C.

Goldreich & Julian (1969) — NS induce electric field while rotating in magnetic
field.

Wald (1974) — BH immersed into MF induce electric charge — vacuum solution.
Ruffini & Wilson (1975) — charge separation in a plasma — both BH and
magnetosphere are charged.

Bally & Harrison (1978) — any macroscopic body is positively charged with ~100C
per Solar mass.

Zajacek, Tursunov, et al. (2018, 2019) — electric charge of Galactic centre SgrA*
is 10° — 10"°C . Charge of black holes are more likely positive.

Process Limit Notes
Mass difference between p and e eq = 3.1 X 108 (4X1“55‘M®) C stable charge
Accretion of protons Qf. . =6.16 x 108 Mgiﬁ'% C unstable charge
Accretion of electrons Q.. = 3.36 x 10° Edg—g%g C unstable charge
Magpnetic field & SMBH rotation Qmax < 1015 (4X{‘ggM®)2 (Bax) C stable charge
Extremal SMBH Qumax = 6.86 x 10%° (4X1“SG'M®) HC uppermost limit




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 >10'° 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:

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



Efficiency of energy extraction by beta—decay

Integrals of motion —F = mu; +qA; L = muy + qAy

. — ———

At the point of split the conservations laws read

Ey, = E;+E;3,
Ly = Lr+Ls,
91 = 492143,
miry = mpiy+msrs,
0 = my6,+mz6; ,
mp 2> my+m3,
. : : : : : Ep — b,
Efficiency is defined as the ratio between gain and input energy ng = E.

Final result depends on the field configuration. In the absence of 77?(1313; _ @ ~ 20.7%

MF, the efficiency corresponds to Penrose process with maximum

1 2M M e|G' BMsnvpa
For uniform magnetic field N = 5 ( E — 1) +al3 (1 - E) , B= | | 1 :



Energy of proton driven away from BH

T a=0.8M M=10"Mo

1013—|' U EE DU TN BN B 1017_.' Loy ]
1 10 100 1000 10* 10° 0.0 0.2 04 0.6 0.8

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

1
q m B M
B+ = 1.33x102%V (g) (m ) (104(}) (—1O9M@) .




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: 04"
* 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 g
e.g. the light curves of a hot spot or a jet base. E 0.2
. _ 2 .0.3"

- Magnetic field ~ 10 Gauss (107> Tesla)

* 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, Pl

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 << 102 Gauss

\f%

he Solar System
to and Neptune)
e for comparison '/

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

M

FLorentz - GGMth v 106 B
Fgrav - my c® 10G 4 x

106M@> '




SgrA* as PeVatron

* Rotating black hole i ' ' ' ' '
) Knee
— SgrA* is spinning ~0.5M .
R v“z .
* External magnetic field o
7]
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* Negative energy inflow F TienShan o |
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— charge of SgrA* w1031 HiRes2 @ |
Augherbsg ) :
. - Auger hybrid 4
* Infalling matter : Kascade = |
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— neutral particle decay 03 107 1055 106 1077 1078 101 1020
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SgrA* as PeVatron

* Rotating black hole B ' e | |
— SgrA* is spinning ~0.5M I
* External magnetic field — | ;
— around SgrA* ~ 1 OG Tm Grigorov :
G 10% JACEE v 1 1
. . MGU ¥ 1 H
* Negative energy inflow E TienShan o | i
. o 2 Tibet07 © | !
— gain Coloumb contribution S [ casAMia e 1l
] ] G\ Hegra ; : 4’»1}
* Discharge of electric field 2 /i |
o HiResl o
_ b S T - iRes2 m 1 il
charge of SgrA =103} A Auf%elisé o
. i uger hybrid 4 |
. Infallmg matter ! Kascade = | L -
I 1 L Ll L |I il f PN L Ll L PR f L | L
— neutral particle decay 03 10% 1055 106 1077 101% o2
E [eV]
Applying ultra-MPP Proton energy corresponds to the Knee
n’ — pt+ W~ .
m \ B M
E, = E, + Ew, E,+ ~5x 10%eV (?) i Y
I Lo+l & ’m,p-|- 10G MSgrA*
n — Lip W
MnTn = Mplp + MWTW, Tursunov & Dadhich, Universe, 5, 125 (2019)
qw + qp = 0.




Energy extraction 1n various radioactive decay modes

Decay Mode Generic Equation Esc. p. Efficiency #max Regime of MPP
A0 . A—A\2— | 4 2+ Y <0 i
A S Sl T ;x 1.2 x 106/ A ultra
Y <0 -
Av+ A—dn— | 4.2+
« decay 7XT = 7 oY o " ~1 moderate
Y ~2 moderate
Av— A—d\3— | 4,2
gXT = 25T + St N <0 -
Y 6.1 x 10°/ A ultra
B~ decay X0 =, AY T+ e +7 e <0 -
v 0.06 low
Y <0 -
BT decay AXT =, AY0+ et v et ~0 low /-
% <0 -
X’ 0.06 low
. A0 A0 0,0
-y emission 7 X7 =7 XP 4+ 5 v 0.06 low
. . 0 _ + e <0 -
Pair production v —e +e ot 5.5 % 108/ (2111, Cz) 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.



Constraints on parameters

10% :
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Energy loss: GZK cutoff
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5 Cronin (2005) ]
Fe+yous = € e +Fe
102 — P+Yons > €7 +p =
—_ )]
(&) ~—
g _ \ |
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[} p+TCM'E = 1T nor mp
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3 100 — - =
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= 10°0
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Y+yeus > e +e”
107° — _
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| 1 |\||||| 1 | I - 1 111 1 1 ||||||| 1 1 | 1019 n n P | n L P " L NP | n n I S S
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Energy (eV) Propagation Distance (Mpc)

left: Panorama of the interactions of possible cosmic primaries with the CMB; right: and mean

energy of protons as a function of propagation distance through the CMB, based on GZK cutoff.

p+yemB — p+ 70,
p+yomB — n+7T.

Collision of UHERCR proton with CMB produces 200 MeV in center-of-mass, which is the peak for

photo-pion production



Energy loss: synchrotron radiation

Du* 292 [ D?uM D2yY e Neutral seodesics
= iF“;,uy + 1 ( + ufu, 5
dr m 3m dr dt * Charged particles

2
+§_m ( R'u')\u)\ T RyAuyu)\u“) e Backreaction SR

2 T / e Backreaction GR
'%g—lh/j[ l)meﬂN(Tyﬂ)uA(TﬂchJ.

m oo (DeWitt and Brehme 1960)

ey ey - e

1x10% - Propaglation of proton in B (Gauss) Tp (8) R (rg)
5%10% equip. magnetic field 1075G 1012 10=° 10— 10
| 108 102 102
N 104 1010 106
S« 1x107 3 1 1018 1014
\9':: 5><1020 — 10—4 1026 1022
%‘3 | 10-9 1030 1026
B 1x10% :
100 B (Gauss) T, (8) Tp () Tre (S)
10" 10-1° 10°° 107
103 1078 10° 10°
1% 1019 | . . . 104 1 1010 1011
1 10 100 1000 10% 10° 1 108 1018 1019
Propagation Distance (Mpc) 104 1016 1026 1027

Near neutron stars synchrotron loses of CRs are dominant unless the particles move along MF lines



Trajectories of radiating particle
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Numerical modelling

N

lonized particle

N inner edge by

—)/ neutral accretion disc \X
N\ \



Numerical modelling

4 a=0.5 |B=100 4 a=0.5 |B=—10000.
/ \ / \\
y O | j y O |
AN ' \ /
-2 — -2 =
-4 E=52.1995|L=433.791 -4 E=-51.2728|L=-430.862 -
o a4 e e a4
5 [1 m=1 :  m=0.01
a To=2. N 7,=0.001
n =195 i =195
' re=46.141 \ { r=1.885
pii-0.92674 p=-0.91749 p=-0.00925
pr=0. ] p=-12.539 i p=—0.12666
pe=O0. ] [ pe=-0.0001 _ i pe=0.0001
pp=2.92896 -2} P pg=2.89971 '_ i1 pg=0.02925

O 1 2 3 4 5 O 1 2 3 4 5 O 1 2 3 4 5



* We show that SMBHs can produce the highest-energy cosmic rays

*  Model requires SMBH with moderate spin and typical magnetic field strength in its vicinity.

*  Model does not require extreme or rapid BH rotation, nor extended acceleration zone.

*  Applied to the Galactic center SMBH, proton energy coincides with the knee of the CR spectra.

«  We provide verifiable constraints on the mass and magnetic field of the SMBH candidate sources



We show that SMBHs can produce the highest-energy cosmic rays

Model requires SMBH with moderate spin and typical magnetic field strength in its vicinity.
Model does not require extreme or rapid BH rotation, nor extended acceleration zone.

Applied to the Galactic center SMBH, proton energy coincides with the knee of the CR spectra.

We provide verifiable constraints on the mass and magnetic field of the SMBH candidate sources
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