PRINCETON
UNIVERSITY

Toward a Seli-Consistent Contribution of
Supermassive Black Hole X-ray Coronae to the
Diffuse Extragalactic Neutrino Background

Rostom Mbarek
Spitzer Fellow

Simulation work in collaboration with:
Alexander Chernoglazov, Daniel Groselj, Alexander Philippov



Outline

1- Stochastic Acceleration: a turbulent story
2- Connecting turbulent kinetic simulations to neutrino astronomy
3- Implications for the diffuse neutrino signal



Stochastic Acceleration:
a turbulent story




Some Definitions




Some Definitions




Some Definitions

Escaping Population




Some Definitions

Escaping Population

' '

: Larmor radius of particles

£ : coherence length of the magnetic field

o Ce
= \/ - skin depth of the plasma

e drn e
o = B?/(4rxnmc?)
OB/B ~ 1
4



Some Definitions

Escaping Population

' '

: Larmor radius of particles

£ . coherence length of the magnetic field

e
i \/ - skin depth of the plasma

; drn e
o = B?/(4rxnmc?)
OB/B ~ 1
4



Focus on the power law



Focus on the power law

Maximum achievable power at each scale
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Can express 71 in terms of the probability of confinement in accelerator

P = e '« and energy gain € per scattering
dﬁl / d}/[ x }/l—1+1n Pln &G

So, we have:

dn; o i InPng
d}/l 2 :

9



Slope of nonthermal intrinsic population

in magnetized turbulence

The Acceleration Time:

) 2 2
zy__Z}/ AtN 2y Plorgr . T (h_l_%)fc}—rggr

4 = g @
E D (A (M) 2\ 0




Slope of nonthermal intrinsic population

in magnetized turbulence

The Acceleration Time:

) 2 2
zy__Z}/ AtN 2y Plorgr . T (h_l_%)fc}—rggr

4 = g @
E D (A (M) 2\ 0




Slope of nonthermal intrinsic population

in magnetized turbulence

The AcceleratioV

) 2 2
zy__Z}/ AtN 2y Plorgr . T (h_l_%)fc}—rggr

4 = g @
E D (A (M) 2\ 0




Slope of nonthermal intrinsic population

in magnetized turbulence

: . scattering time
The AcceleratloV

) 2 2
zy__Z}/ AtN 2y Plorgr . T (h_l_%)fc}—rggr

4 = g @
E D (A (M) 2\ 0




Slope of nonthermal intrinsic population

in magnetized turbulence

: . scattering time
The AcceleratloV

y2 - 2}/2At - 2}/2 Plorgr . T (h+0p>f1_r%r .

] = ~ : ~
E D (A (M) 2\ 0



Slope of nonthermal intrinsic population

in magnetized turbulence

: . scattering time
The AcceleratloV

y2 - 2}/2At - 2}/2 Plorgr . T (h+0p>f1_r%r .

] = ~ : ~
E D (A (M) 2\ 0



Slope of nonthermal intrinsic population

in magnetized turbulence

scattering time
The AcceleratioV 2
2 2 2 h+o Extracted directly
% 278 2y 2 T >
= ~ R ( p) i " from curvature

distribution

] = ~ : ~
L D (A2 (Ap)2 e\ o,



Slope of nonthermal intrinsic population

in magnetized turbulence

scattering time
The AcceleratioV 2
/) 2 2 h+o Extracted directly
% 278 2y 2 T >
= ~ R ( p) i " from curvature

distribution
Lemoine (2023)

] = ~ : ~
L D (A2 (Ap)2 2¢:\ o



Slope of nonthermal intrinsic population

in magnetized turbulence

scattering time
The AcceleratioV 2
/) 2 2 h+o Extracted directly
% 278 2y 2 T >
= ~ R ( p) i " from curvature

distribution
Lemoine (2023)

4 = g @
E D (A (M) 2\ c

P

The Energy Gain:



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The Accelerath
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The Accelerath
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The Accelerath
Extracted directly

y2 - 2}/2At - 2}/2 Plorgr . T (h +0p> aioa

4 = g @
E D (A (M) e

— - from curvature
o e
p distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-

Vega et al. (2024)
dn

_OC}/_S

dy



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The Accelerath
Extracted directly

y2 - 2}/2At - 2}/2 Plorgr . T (h +0p> aioa

4 = g @
E D (A (M) e

— - from curvature
o e
p distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-

Vega et al. (2024)
dn

_OC}/_S

dy



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The Accelerath
Extracted directly

y2 - 2}/2At - 2}/2 Plorgr . T (h +0p> aioa

4 = g @
E D (A (M) e

- from curvature
o e
p distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

dn .
— X
dy ‘
T h+6p y?ide 1
s~ 2+
19 G In €



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

y2 - 2}/2At - 2}/2 Plorgr . T (h +0p> aioa

4 = g @
E D (A (M) e

- from curvature
o e
p distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

dn .
— X
dy ‘
T h+0p }/?Zde 1
s~ 2+
9] o, In &



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Febﬂc In@

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Fefc In@

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Fefc In&

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Fefc In&

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Fefc Ing

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
o \/Fefc Ing

ni-
Silce /2 — g/—lde/\/(_f
me

6



Slope of nonthermal intrinsic population

in magnetized turbulence

. . scattering time
The AcceleratloV
Extracted directly

2 oy D)2 z [ hto ,
:}/__ / il LT P ~ ( P ) pl-rogpr from curvature

4 s o e C
. B (Ap: = (A7) 2¢ o,

distribution

Lemoine (2023)
The Energy Gain:

=1+ Ayly ~ n(vy/c)(1 + (BloBy)il-
Vega et al. (2024)

r

T h + o }/?@de |
G \/Fefc Ing

ni-
Silce /2 — g/—lde/\/(_f
me

6



Does this work with Particle-In-Cell (PIC) stmulations?

What is PIC? self-consistent simulation of plasma dynamics: systems where
fields and particles influence each other dynamically

o -
By, X __’ Charge weighting on the grid J —‘ P
k
ﬁ
Integration of equations of At Integration of field
motions, moving particles equations on the grid
y,
Weighting of force -
] E, B

md(;rtﬁ) 5 f f on particles
EM fields
PIC simulations capture the  onthe grid
interplay of ! N
charged particles and EM . - ” T ticles
felds 10, ole o0 in the cells

Credit: Alberto Marocchino
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Hints of energy dependence in other P1C work
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OB/B ~ 1 can be sustained on scales ~ L/100 in a
turbulent box of sizeL> = 102405.
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Hints of energy dependence in other MHD work

k/cL

Kempski et al. (2025)

Parallel diffusion coefficient (relevant one is blue here).

It shows an energy dependence a factor of 50 below the
Hillas limit.
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Connecting particle acceleration
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Example of the impact of the energy dependence at the largest
scales. For an X-ray luminosity L, = 10* erg/s and M, = 10’M,,,
The UV luminosity is obtained based on the a, relation
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Astrophysical Implications: NGC 1068 corona

+ The proton density in the corona above is
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Gp O
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Astrophysical Implications: NGC 1068 corona

+ The proton density in the corona above is ~03-0.5

—d
arlo Z / i
np(yp):np[g] 2 wvith SN2+—\/ [ ]

it

ol (Mbarek et al. (2024))

/ \/_f lnfﬁx

g ~ 3 (Vega et al. (2024))

L~ 7 (Mbarek et al. (2024))

2

m,C
+ The skin depth is d, = \/ -

;n,~tl(orr,); T~ 1l,and r. = IOrg

A7 e?
= . mn - e Lpmn
+ 11, is such that 71,0, = o, =
m, e

+ If turbulence drives X-ray production with a moderate coronal optical
depth 7 ~ 1, we expect U, ~ 2Uj (Groselj et al. 2024)

+ so basically, n1,, =~ U,/ (mpcz)
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Astrophysical Implications: NGG 1068 corona

+ The proton density in the corona above is
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Implications for the diffuse
neutrino signal
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Obtain a galaxy-dependent Coronal Neutrino Luminosity
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Obtain a galaxy-dependent Coronal Neutrino Luminosity
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Obtain a galaxy-dependent Coronal Neutrino Luminosity

T dnp
The Neutrino Luminosity: Ly(aEp) = 76 4 3 tdlfftp_ylEl% dE,

Put everything together:

If tdlfft_l < 1: Mbarek (2026 PRD)
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s ghirglril 104 erg s~! o, x+UV [ Lx Lyy ] o G

2 q7r

&fﬂ?LO e 2LO

X,

with C(r) = ~ (4 x 107°)(3 x 10°)" erg

5
8rcry, | 10m, C
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Obtain a galaxy-dependent Coronal Neutrino Luminosity

: s oy vy
The Neutrino Luminosity: Ly(aEp) ~ 7ch ity Ede
p
Put everything together:
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TICTy ) Omy, e
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Integrate cosmologically, and obtain the neutrino diffuse
Flux

<max d Lmax d 1+ E o
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8 10_9 op = 2 2 _I_
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Integrate cosmologically, and obtain the neutrino diffuse
Flux
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T/\ 1045 - «  Implications
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o Y P gy = 10 / roy = 50749 v p Y. X
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Diffusive escape might not be enough, but!

, t= 1688‘;901
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Diffusive escape might not be enough, but!

oy, t=168839.04

T \\\\ 1 GRMHD simulation of the
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Wi - inner black hole region
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To Conclude

* Robust AGN-corona predictions require a better
understanding of particle acceleration across scales

# PIC and MHD simulations suggest energy-
dependent acceleration at the largest scales

+ Energy dependence of 7, . leads to source-specific

CC
neutrino luminosities and diffuse-flux contributions

« X-ray-luminous AGN coronae can explain the diffuse
neutrino flux below PeV energies
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Generally dealt with using a Fokker-Planck formalism

5, N o Lo 5,
— V@V L+ G- V- - *Diyp—
St l y\]f() ( )ﬁ) 3 p5p p2 5pp ) 5]7

spatial ditfusion momentum diffusion

However:  The validity and appropriate form of the Fokker—
Planck equation for turbulence is not yet known (e.g.
Zhdankin et al. (2020), Isliker et al. (2020))
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Does this work with PI1C?

* Simulation Properties

+ 2D driven ion-electron turbulence with mass ratio m,/m, = 5, d, = 1.5

« 6BIB =1

“ t,.. = L/4c: particles are taken out when their displacement reaches L /4

tvao/S=2.88
J, n;
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Interlude: The scattering time

~ 2l > Coetficient r dependent on properties of system

Lemoine (2023); Kempski et al. (2023) — Larmor radius

~N/K
)/ﬁ Lemoine (2023)
« '
/ ©

R > 1 R~ gk 2] Rl KR <1
10° i l:0.57€; B ' ;
+ Probability of interaction depends on e Lemoine (2023)
filling factor at each scale: 107 g,
l —— 1=0.10¢, ‘.
e forl ~ R <102 oo
e S R
1 o !
107~ ‘ '
T The slope a sets the probability | X
distribution with & _ o (&)~ for ; e, . ks T
e 10° 10* 10° 102 10" 10 100 10> 103
[ ~

X = ]/(\' ll
Probability distribution of the

26 magnetic field curvature &, in the system



Confined Population: Energy Gain &
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For plasma with 6, > 0.1 and 6B/B 2 1,
Vega et al. (2024) pointed out:
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Observables: Photon Fields

X-ray emission from NGC 1068 a,, relation in Seyfert galaxies
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The neutrino production efficiency
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The black hole mass distribution vs. redshift
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Impact of Bethe-Heitler
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Upper Panel: Optical
depth of yy interactions
for produced y-ray
depending on the target
photons.

Lower Panel: y-ray
spectrum suppression
based on X-ray and
Optical-UV.
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