
Particle Acceleration by Magnetic Reconnection & 
production of gamma-rays in Relativistic Jets and 
Accretion disks 

Gamma-Ray 2024 Workshop, Milan, September 3rd, 2024

Particle Acceleration by 3D Turbulent Reconnection: 
the transition from kinetic to macro scales 

Midwest Magnetic Field Workshop, Madison, USA, May 8, 2024



7

Figure 5. 3D visualization of the current density magnitude, |J|, at t = 0 (left) and t = 2.0 (right) for the simulation with
S = 105, Prm = 1, Bz = 0.5 and � = 2.0. Perturbation is injected up to t = 0.1 tA with kinj = 128 and Pinj = 0.5.

Figure 6. Color-maps of 2D cuts (xy� and xz�planes) of the current density magnitude at di↵erent times for the same
simulation shown in Fig. 5.

In Figures 6 and 7, we display the time evolution of the423

current density and vorticity (|!| = |r⇥v|) magnitudes,424

respectively, for the same simulation depicted in Fig. 5.425
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Figure 15. Time evolution of the reconnection rate for the simulation with S = 105, � = 2.0, ⌘ = 10�5 and Prm = 50. The
blue dashed lines represent the average reconnection rates of hVrec/VAi = 0.008 (tearing mode/plasmoid unstable regime) and
0.05 (fully turbulent regime).

Figure 16. Comparison of the mean current density mag-
nitude profile along the y�axis between the turbulent case
(solid) and the one where only plasmoid instability (dashed)
enhances the reconnection.

the fact that for the simulation represented by the black696

dashed line, we do not inject any type of perturbation.697

Conversely, for the simulation represented by the solid698

line, turbulence is injected with Pinj = 0.1 and kinj = 128699

from t = 0 up to 0.1, tA. At each position y, we com-700

pute the spatial average of the current density magni-701

tude h|J|i over the region (x, z) 2 [�0.1, 0.1]⇥[�0.5, 0.5].702

We determine the average thickness of the current layer703

at each time step of the simulation by fitting a Gaussian704

function to the h|J|i profile and adopt h�i = 2
p

2 ln 2�,705

the full width at half maximum (FWHM) of the distri-706

bution, where � is the standard deviation of the fitted707

Gaussian.708

We notice from Figure 17 (left) that the averaged709

thickness of the current sheet h�i is systematically larger710

for the turbulent system compared to the case where711

only the tearing mode instability takes place. This is712

consistent with one of the most significant predictions713

of the theory of Lazarian & Vishniac (1999), which sug-714

gests that in the presence of turbulence, the width of the715

current sheet is a function of turbulence intensity rather716

than the Ohmic resistivity of plasma.717

By accounting the reconnection rate from Eq. (14),718

as the ratio h�i/hLi, it is evident that the turbulent719

regime attains the highest reconnection rate (Fig. 17,720

right). This reaches rates three times higher than the721

ones generated solely by the tearing mode instability722

(black dashed line), in the absence of initial perturba-723

tions. We also note that these rates are smaller than724

the ones obtained from the time derivative of the mag-725

netic flux (compare with Figs. 9 and 15), which may726

be related to the approximation of Eq. (14), valid for727

a 2D laminar flow. But, as a matter of comparison, we728

(See poster G. Vicentin et al.) 
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(Lazarian-Vishniac 99)



- Probes kinetic scales ~ 100-1000 c/ωp
(microscopic: 10-10 – 10-17 orders smaller than 
real systems)

- Fast reconnection driven by tearing mode 
instability (plasmoids): 2D

- Particle acceleration up to ~1000 mc2

- Dominant electric field: resistivive hJ

- 3D: Fermi acceleration and/or drift? no 
consensus

- 3D: Power law spectrum due to drift 
acceleration ?

(e.g. Comisso & Sironi 2019; Zhang et al 2021, 2023; 
Sironi 2022; Chernoglazov et al 2023; Gou et al. 2019; 

2023)

Two Parallel Worlds: 
Kinetic and MHD Reconnection Acceleration

Kinetic (PIC)

- Probes macroscopic astrophysical scales

- Fast reconnection driven by turbulence (3D) 
(K-H; MRI, Kink CDKI, tearing, etc)

- Particle acceleration up to ~1010 mc2

- Dominant electric field: non-resistive –vxB

- Fermi acceleration dominates until Larmor 
radius > thickness of largest reconnection 
layers ~ injection scale of turbulence 

- drift acceleration beyond that

- Power law spectrum determined by Fermi 
and drift acceleration

 (Kowal, deGDP & Lazarian 2011; 2012; de Gouveia Dal 
Pino & Kowal 2015; del Valle et al. 2016; Kadowaki et al 

2021; Medina-Torrejon et al 2021, 2023)

MHD

Solves injection energy problem: initial 
acceleration of CRs -> caution needed to 
extrapolate to large scales

Solves saturation energy of CRs: 
final acceleration
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Figure 15. Time evolution of the reconnection rate for the simulation with S = 105, � = 2.0, ⌘ = 10�5 and Prm = 50. The
blue dashed lines represent the average reconnection rates of hVrec/VAi = 0.008 (tearing mode/plasmoid unstable regime) and
0.05 (fully turbulent regime).
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Agreement from MHD turbulent CS to turbulent jets

Particle acceleration by magnetic reconnection in relativistic jets 5

Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete: t = 20 (top), and 45 L/c
(bottom). Left panels: the black lines represent the magnetic field, and the circles the 50 000 particles distribution. The color
and size of the circles indicate the value of their kinetic energy normalized by the rest mass ((� � 1)). Right panels: the orange
color represents iso-surfaces of half of the maximum of the current density intensity |J |, the black lines the magnetic field, and
the green squares correspond to the positions of the fastest magnetic reconnection events, with reconnection rate � 0.05. See
text for more details.
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RMHD-PIC RMHD+test particles
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Figure 11. Particle energy spectrum as a function of the
normalized kinetic energy at two di↵erent early time steps of
the acceleration (in hours) for the jet snapshot t = 50L/c.
The dotted gray line is the initial Maxwellian distribution.
The high energy tail of each distribution is fitted by a power-
law.

As described in section 2.2, in most of the particle
runs, we have allowed the particles to re-enter the sys-
tem only through the jet periodic boundaries, along the
z direction. Nevertheless, we have also performed a few
tests where we allowed the particles to be re-injected
into the system through all the boundaries, i.e., also
when crossing the jet outflow boundaries in the x and
y directions, aiming at increasing the number of accel-
erated particles. In Table 2, these few tests are labeled
with “p”. Figure 12 shows one of these tests performed
for the jet model j240 in the snapshot t = 50 L/c (model
t50p), for which 1,000 particles were initially injected. It
can be compared with its counterpart model shown in
the bottom panel of Figure 5, in which 10,000 particles
(rather than 1,000) were injected and allowed to re-enter
the system only in the z direction (test particle model
t50o, Table 2). We note that both models have very
similar behaviour, except for the amount of particles
that are being accelerated along the system evolution.
While in model t50o (bottom panel of Figure 5), there
are more particles in the beginning of the evolution, due
to the much larger number of injected particles, in model
t50p (Figure 12), we see a larger number of particles
that are accelerated up to the maximum energy at the
exponential regime and beyond, due to the larger num-
ber of re-injected particles in the periodic boundaries in
all directions. We also see in Figure 9 that both mod-
els have similar acceleration properties, i.e., acceleration
rate, power-law index ↵, and kinetic energy growth rate.

3.2.7. Magnetic field e↵ects

As in Figure 5 (bottom diagram, test particle model
t50o), Figure 13 also shows the kinetic energy evolu-

Figure 12. Particle kinetic energy evolution, normalized
by the rest mass energy, for particles injected in t = 50L/c
snapshot of the jet model (j240, see Table 2). This test is
similar to that of the bottom diagram of Figure 5, except
that here particles were periodically re-injected through all
the boundaries of the jet system (see model t50p in Table 2).
The color bar indicates the number of particles. The small
plot on the upper left shows the evolution of the particles
gyro-radius.

Figure 13. Kinetic energy evolution for particles injected
at snapshot t = 50L/c of the jet model j240 with an initial
background magnetic field at jet axis B0 = 9.4 G and a
background density ⇢0 = 104 cm�3 (see Table 2). The initial
conditions are the same as in the test particle model (t50o)
shown in the bottom panel of Figure 5, except that there
B0 = 0.094G and ⇢0 = 1 cm�3, leaving unaltered the Alfvén
velocity in both tests (see text for details). The color bar
indicates the number of particles and the small plot in the
detail shows the evolution of the particles gyro-radius.
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Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete: t = 20 (top), and 45 L/c
(bottom). Left panels: the black lines represent the magnetic field, and the circles the 50 000 particles distribution. The color
and size of the circles indicate the value of their kinetic energy normalized by the rest mass ((� � 1)). Right panels: the orange
color represents iso-surfaces of half of the maximum of the current density intensity |J |, the black lines the magnetic field, and
the green squares correspond to the positions of the fastest magnetic reconnection events, with reconnection rate � 0.05. See
text for more details.

Aartsen et al. (2018), Science.

Emission scenario:
Single-zone Lepto – Hadronic model 
for TXS 0506+056 neutrino flare



Lepto-Hadronic Model based on Reconnection 
Acceleration for TXS 0506+056

Blazar TXS 0506+056 (Aartsen et al. Science 2018)

Simultaneous detection of gamma-rays and neutrinos
Detection of gamma-rays and high-energy neutrinos ~290 TeV 
from the blazar TXS 0506+056 (Aartsen et al. 2018). 

First direct evidence of the presence of high energy protons



Lepto-Hadronic Model based on Reconnection 
Acceleration for TXS 0506+056

ü Jet at the transition from magnetically dominated to kinetically dominated: particle
acceleration controlled by reconnection

ü Jet background described by striped reconnection model (Giannios & Uzdenzky 2019)
ü Photon Field: due to internal dissipation ->  Synchrotron photons

de Gouveia Dal Pino, Rodriguez-Ramirez+ (2024, in prep.)

Blazar TXS 0506+056

Simultaneous detection of gamma-rays and neutrinos
Detection of gamma-rays and high-energy neutrinos ~290 TeV 
from the blazar TXS 0506+056 (Aartsen et al. 2018). 

First direct evidence of the presence of high energy protons

(Aartsen et al. Science 2018)
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Figure 4. Jet properties given by the stipe jet model (Section 2) as functions of the distance from the SMBH. All curves in this plot are calculated assuming an
SMBH of "⌫� = 109 M� , and a jet total power of !j = 80!Edd ("⌫� ) . The pink shaded regions indicate a location interval compatible with the constraint
obtained from Figure 3 (see the text). The different curve styles in this plot are calculated assuming different values for the terminal Lorentz factor of the jet flow
as labelled. Blue and grey colours indicate curves obtained assuming ;min/'g = 100 and 1000, respectively ('g = ⌧"⌫�/22). These intervals will serve as
guidelines for modeling the MM SED of TXS 0506+056.
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Figure 5. Sketch: PODERIA TER 3 BLOBS somente?

flux moves further away from the reach of the Icecube detector, and
the flux of VHE W-rays (E>100 GeV) is enhanced (middle diagram)
Figure 6), and finally, when the blob moves to B = 15 pc, the largest
position within the considered range �B (B = 15 pc) (bottom panel of
Figure 6), the SED matches the observed EM data points, including
the VHE gamma-rays, and exhibits the lowest flux of neutrinos.

The behaviour of this SED sequence is consistent with the arrival
time delay between the HE neutrino observed in the direction of TXS
0506+056 (which is simultaneous to the (high sate) peak emission of
this source around ⇠1 GeV), and the subsequent appearance of the
VHE W-ray signal (with no further neutrino detection).

The time interval comprising the sequence of SEDs shown in
Figure 6 can be estimated as follows. As the blob moves donwstream,
it suffers relativistic beaming with apparent superluminal motion, that
must be corrected according to (e.g. de Gouveia dal Pino & Opher
1991, and references therein)

�Caparent = �C (1 + I) [1 � V̄j cos(\j)] ⇡ �C
(1 + I)
�̄2

j
(28)

where the last approximation is obtained considering a second order
expansion of cos(\j) and \j ⇠ 1/�̄j. In equation (28), �C is the time
interval between the emission sequence within the length interval
�B, as measured in the BH frame. We evaluate this time interval
as �C = �B/Ē 9 ⇠ �B/2, being Ēj = 2V̄j the average velocity of
the jet flow within �B. Using �B = 10pc, �̄j ⇠ 10, equation (28)
gives an observed time interval of �C = 0.44 yr. We note that this
observed time interval is consistent with the total duration of the
TXS 0506+056 2017 MM flare (Aartsen et al. 2018).

5 SUMMARY AND DISCUSSION

In this paper, we interpret the multi-messenger association of the
2017 neutrino flare from the blazar TXS 0506+056 as due to mag-
netic dissipation in the blazar jet, and derive the MM emission as
driven by magnetic reconnection. We assume a single-zone lepto-
hadronic approach and allow the emission blob to move downstream
the jet in order to evaluate the SED in multiple locations. The SED
profiles derived in the present study are based on the following con-
siderations:

(i) MM emission is produced in a spherical blob within the jet
that is allowed to move downstream, while accelerating electrons
and protons by magnetic reconnection;

(ii) We consider no influence from external low-energy photons

MNRAS 000, 1–11 (2023)



Lepto-Hadronic Model based on Reconnection 
Acceleration for TXS 0506+056

Aartsen et al. (2018), Science.

Emission scenario:
Single-zone Lepto – Hadronic model 
for TXS 0506+056 neutrino flare

Blazar TXS 0506+056 (Aartsen et al. 2018, Science)
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blazar spectrum peaking at ⇢pk,✓ and ⇢pk,h are produced mostly by
synchrotron and SSC radiation, respectively, we first constrain the
possible values of ⌫0 and � of the emission region as follows.

We note that in the co-moving frame of the emission region, rela-
tivistic electrons with Lorenz factor W0e produce syncrhotron emission
with frequency a0syn = W02e a0L, being a0L = 4⌫0/(2c<e2) the Larmor
frequency, and 4 the electron charge (Longair 2011). The associated
SSC photons boosted by the same electrons electrons emit at fre-
quency a0ssc ⇡ W02e a0syn (Ghisellini 2013). Thus, the frequencies of
synchortron and SSC peaks can be related as a0syn ⇡ (a0ssc/a0syn)a0L.
On the other hand, the synchrotron and SSC frequencies in the ob-
server frame can be approximated as asyn = a0syn�j/(1 + I) and
assc = a0ssc�j/(1 + I), respectively. Thus, given the energies of the
low and high energy bumps of the balzar spectrum, the co-moving
magnetic field and the jet bulk Lorentz factor at the emission region
can be constrained as:

⌫0 =
⇢2

pk,✓
⇢pk,h

<e2

4\
(1 + I)
�j

. (26)

In this equation, ⇢pk,✓ ⇠ 3 eV and ⇢pk,h ⇠ [3 � 15] GeV are the
energies at which the low and high energy bumps of the blazar SED
are observed (Aartsen et al. 2018).

To find jet solutions consistent with the constraint given by equa-
tion, we first combine equations (2), (6), and (9) to express the co-
moving magnetic field as a explicit function of local jet Lorentz
factor:

⌫0 (�j) =
8brec!j

⇣
1 � �j/�1

⌘

�21Vj2;min�2
j Z

2
⇣
�j
⌘ (27)

We display the ⌫0 � �j representation of the jet model solutions
in Figure 3 considering a jet of total power of !j = 80!Edd ("⌫� )
and launched by a SMBH of "⌫� = 109 M� . The blue, green
and cyan curves in Figure 3 are calculated assuming the values of
;min/'g = 100, 500, and 1000, respectively, whereas different curve
thickness are associated to the values of �j = 20, 30, and 40 as
indicated. Over-plotting the relation given by equation (26) (red curve
in Figure 3), we then see that the jet model is consistent with the
hybrid radiation scenario for 11 . �j  33 and ⌫0 ⇠ [0.1 � 0.5]G.

In Figure 4, we display the jet model solutions for ⌫0, �j, %diss and
f = !B/!K (see Section 2) as functions of the jet axis B. Considering
the ranges for ⌫̃ and �j constrained from Figure 3, we see that the
possible locations for the emission regions can be limited within the
interval of �B ⇠[5 - 20] pc, which we highlight with the pink shaded
regions in this figure. For this length range, the jet dissipation power
falls within %diss ⇠[5-9]⇥1047 erg s�1 and the jet magnetization
within f = !B/!K ⇠[0.2-3].

4.2 Multi-messenger SED profiles

We derive lepto-hadronic SED profiles from the emission region,
which is a spherical blob moving downstream in the jet see Figure ?
with the schematic representation of the emission blob. [Juan, aqui eu
sugiro que vc coloque uma figura como a do paper de Mrk501]. Com
certeza, estou nisso! This region has uniform macroscopic proper-
ties, parameterized according to the GU19 model, as described in
Section 2. The properties of the blob are then calculated as function
of the jet longitudinal distance B.

We probe MM emission of TXS 0506+056 employing the lep-
tonic and hadronic processes described in Section 4.1 at different
locations within an interval �B ! [5 � 15] pc. This is within the
range constrained in Figure 4.

Figure 3. Constraining the parametric space. Solutions of the stripe jet
model in the ⌫̃ � �j space (see the text). Blue, cyan and green curves are
calculated with ;min/'g = 100, 500, and 1000, respectively, whereas curves
with different thickness are obtained assuming different values for the terminal
Lorentz factor of the jet flow, as labelled. The shaded region among the two red
curves corresponds to the ⌫̃�� constraint given by equation(26), considering
⇢pk,l = 3 eV, and ⇢pk,h 2 [3, 15] GeV.

Table 1. Parameters for the jet emission model at each position B8 of the blob,
leading to the calculated SED curves of Figure 6. Quantities with the (*) label
are derived parameters.

Parameter s1 s2 s3

"BH [M�] 1.0E9 1.0E9 1.0E9
_ = !j/!Edd 80.0 80.0 80.0
5✓ = ✓min/'g 1.0E3 1.0E3 1.0E3
�1 30.0 30.0 30.0
@e = @p ? 1.8 1.8 1.8
=br ? 3.5 3.5 3.5
[p 0.5 0.5 0.5
B [pc] 5.0 10.0 15.0
5v = Ab (1+I)

2�Cv� (B) 0.8 1.0 1.3
[e 1.4E-4 2.4E-4 3.3E-4
⇢
0
e,0 [MeV] 2.1E2 1.6E2 2.0E-3

!j [erg/s] * 1.0E49 1.0E49 1.0E49
j (B) * 0.2 0.3 0.3
� 9 (B) * 7.3 8.9 9.9
⌫̃(B) [G] * 1.4E0 5.6E-1 3.3E-1
!B/!K (B) * 3.1 2.4 2.4
Ab [cm] * 3.4E16 5.2E16 7.3E16
⇢
0
p,max [PeV] * 6.0E0 2.1E1 4.2E1

⇢
0
e,max [PeV] * ? 00.0E0 0.0E0 0.0E0

As the blob moves downstream, we calculate the MM emission
profiles in a sequence of SEDs. Each SED shares the same values for
the parameters ! 9 , � 9 , and ;min. Then, each SED profile within the
sequence is obtained by freely tuning the parameters Ab, [e, [p, and
⇢e,0 (see Section 3) to match the TXS 0506+056 SED data set. The
assumed and derived parameters of the emitting blob at the different
positions along the jet are given in Table 1.

We show in Figure 6, the sequence of MM SED profiles as the blob
is moved downstream. The SED with the peak of the neutrino flux
closest to the Icecube upper limits is obtained at the blob location
closest to the jet core (B = 5 pc), corresponding to the region of
highest magnetization f ⌘ !B/!K (top panel). This SED does not
reproduce yet the VHE gamma-rays (> 100 GeV) of the data set.

As the blob moves to larger distances B, the peak of the neutrino
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and cyan curves in Figure 3 are calculated assuming the values of
;min/'g = 100, 500, and 1000, respectively, whereas different curve
thickness are associated to the values of �j = 20, 30, and 40 as
indicated. Over-plotting the relation given by equation (26) (red curve
in Figure 3), we then see that the jet model is consistent with the
hybrid radiation scenario for 11 . �j  33 and ⌫0 ⇠ [0.1 � 0.5]G.

In Figure 4, we display the jet model solutions for ⌫0, �j, %diss and
f = !B/!K (see Section 2) as functions of the jet axis B. Considering
the ranges for ⌫̃ and �j constrained from Figure 3, we see that the
possible locations for the emission regions can be limited within the
interval of �B ⇠[5 - 20] pc, which we highlight with the pink shaded
regions in this figure. For this length range, the jet dissipation power
falls within %diss ⇠[5-9]⇥1047 erg s�1 and the jet magnetization
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We derive lepto-hadronic SED profiles from the emission region,
which is a spherical blob moving downstream in the jet see Figure ?
with the schematic representation of the emission blob. [Juan, aqui eu
sugiro que vc coloque uma figura como a do paper de Mrk501]. Com
certeza, estou nisso! This region has uniform macroscopic proper-
ties, parameterized according to the GU19 model, as described in
Section 2. The properties of the blob are then calculated as function
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We probe MM emission of TXS 0506+056 employing the lep-
tonic and hadronic processes described in Section 4.1 at different
locations within an interval �B ! [5 � 15] pc. This is within the
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with different thickness are obtained assuming different values for the terminal
Lorentz factor of the jet flow, as labelled. The shaded region among the two red
curves corresponds to the ⌫̃�� constraint given by equation(26), considering
⇢pk,l = 3 eV, and ⇢pk,h 2 [3, 15] GeV.

Table 1. Parameters for the jet emission model at each position B8 of the blob,
leading to the calculated SED curves of Figure 6. Quantities with the (*) label
are derived parameters.
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As the blob moves downstream, we calculate the MM emission
profiles in a sequence of SEDs. Each SED shares the same values for
the parameters ! 9 , � 9 , and ;min. Then, each SED profile within the
sequence is obtained by freely tuning the parameters Ab, [e, [p, and
⇢e,0 (see Section 3) to match the TXS 0506+056 SED data set. The
assumed and derived parameters of the emitting blob at the different
positions along the jet are given in Table 1.

We show in Figure 6, the sequence of MM SED profiles as the blob
is moved downstream. The SED with the peak of the neutrino flux
closest to the Icecube upper limits is obtained at the blob location
closest to the jet core (B = 5 pc), corresponding to the region of
highest magnetization f ⌘ !B/!K (top panel). This SED does not
reproduce yet the VHE gamma-rays (> 100 GeV) of the data set.

As the blob moves to larger distances B, the peak of the neutrino

MNRAS 000, 1–11 (2023)

𝐸pk,l ∼ 3 eV and 𝐸pk,h ∼ [3 −15] GeV 

Multimessenger emission from reconnectionin blazars 7

Figure 4. Jet properties given by the stipe jet model (Section 2) as functions of the distance from the SMBH. All curves in this plot are calculated assuming an
SMBH of "⌫� = 109 M� , and a jet total power of !j = 80!Edd ("⌫� ) . The pink shaded regions indicate a location interval compatible with the constraint
obtained from Figure 3 (see the text). The different curve styles in this plot are calculated assuming different values for the terminal Lorentz factor of the jet flow
as labelled. Blue and grey colours indicate curves obtained assuming ;min/'g = 100 and 1000, respectively ('g = ⌧"⌫�/22). These intervals will serve as
guidelines for modeling the MM SED of TXS 0506+056.

Figure 5. Sketch: PODERIA TER 3 BLOBS somente?

flux moves further away from the reach of the Icecube detector, and
the flux of VHE W-rays (E>100 GeV) is enhanced (middle diagram)
Figure 6), and finally, when the blob moves to B = 15 pc, the largest
position within the considered range �B (B = 15 pc) (bottom panel of
Figure 6), the SED matches the observed EM data points, including
the VHE gamma-rays, and exhibits the lowest flux of neutrinos.

The behaviour of this SED sequence is consistent with the arrival
time delay between the HE neutrino observed in the direction of TXS
0506+056 (which is simultaneous to the (high sate) peak emission of
this source around ⇠1 GeV), and the subsequent appearance of the
VHE W-ray signal (with no further neutrino detection).

The time interval comprising the sequence of SEDs shown in
Figure 6 can be estimated as follows. As the blob moves donwstream,
it suffers relativistic beaming with apparent superluminal motion, that
must be corrected according to (e.g. de Gouveia dal Pino & Opher
1991, and references therein)

�Caparent = �C (1 + I) [1 � V̄j cos(\j)] ⇡ �C
(1 + I)
�̄2

j
(28)

where the last approximation is obtained considering a second order
expansion of cos(\j) and \j ⇠ 1/�̄j. In equation (28), �C is the time
interval between the emission sequence within the length interval
�B, as measured in the BH frame. We evaluate this time interval
as �C = �B/Ē 9 ⇠ �B/2, being Ēj = 2V̄j the average velocity of
the jet flow within �B. Using �B = 10pc, �̄j ⇠ 10, equation (28)
gives an observed time interval of �C = 0.44 yr. We note that this
observed time interval is consistent with the total duration of the
TXS 0506+056 2017 MM flare (Aartsen et al. 2018).

5 SUMMARY AND DISCUSSION

In this paper, we interpret the multi-messenger association of the
2017 neutrino flare from the blazar TXS 0506+056 as due to mag-
netic dissipation in the blazar jet, and derive the MM emission as
driven by magnetic reconnection. We assume a single-zone lepto-
hadronic approach and allow the emission blob to move downstream
the jet in order to evaluate the SED in multiple locations. The SED
profiles derived in the present study are based on the following con-
siderations:

(i) MM emission is produced in a spherical blob within the jet
that is allowed to move downstream, while accelerating electrons
and protons by magnetic reconnection;

(ii) We consider no influence from external low-energy photons
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with<4 andf) being the electron mass and Thompson cross-section,
respectively.

For leptons, the relevant radiative losses in this work are Syn-
chrotron (eq. 39) and SSC.

The IC cooling rate for an electron in both Thomson and
Klein–Nishina regimes is given by (Blumenthal & Gould 1970):

Juan will fill out the missing radiative times here: SSC and B-H.
We can also remove the pp process which is not important .........

................

......................
Figure 7 compares the reconnection acceleration time with the

total radiative cooling time of the CR protons in the emission blob
at the plasma frame, in three different positions along the jet. These
positions correspond to those at which the SED is determined in
Figure 6. The blob parameters for each position are provided in
Table 1. In each panel, the acceleration time (blue line) due to particle
acceleration by magnetic reconnection is calculated from Equation
33 for the Fermi regime, which is independent of particle energy.
This time is very similar across all blob positions, consistent with the
minimal changes in blob properties as it moves downstream. This line
intercepts the total radiative cooling time curve at a proton energy
⇢? ' 6 ⇥ 1015 eV for the blob at position B = 5 pc, ⇢? ' 2 ⇥ 1016

eV for the blob at position B = 10 pc, and ⇢? ' 4 ⇥ 1016 eV for the
blob at position B = 15 pc, which are well below the threshold ⇢

C⌘

in all cases, indicating that protons with energies above these values
will loose their energy radiatively inside the emission blob.
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Figure 7. Cooling time of the CR protons (source frame) which produce the
hadronic emission components of the SED spectrum in Figure 6, calculated
for three different positions of the emission blob in the jet, B = 5 (top), 10
(middle) and 15 pc (bottom panel). The different cooling processes (photo-
pion production, photo-pair (B-H) production, and proton synchrotron) are
displayed with thin curves of different line style as indicated, whereas the total
cooling time is plotted by the red thick curve. We over-plot the proton accel-
eration time due to magnetic reconnection in the Fermi acceleration regime
(blue line). The resulting total radiative cooling time curve is intercepted by
the acceleration time curve at the vertical dashed black line. This indicates
the maximum energy required in our modelling to produce the theoretical
SED sequence of Figure 6 (see text for details).
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APPENDIX: PARTICLE ACCELERATION TIME AND
RADIATIVE LOSS TIMES

The acceleration time caused by magnetic reconnection is ultimately
constrained by the size of the acceleration region (;022) divided by the
reconnection velocity (EA42). For turbulence-induced reconnection,
EA42 is a substantial fraction of the Alfvén speed, EA42 ⇠ 0.03 �
0.1E

�
, where E

�
is the Alfvén speed (Lazarian & Vishniac 1999;

Kowal et al. 2009; del Valle et al. 2016; Medina-Torrejón et al. 2021,
2023; Vicentin et al. 2024).

As remarked in Section 1, during the Fermi regime of particle
acceleration through reconnection, it is anticipated that particles ex-
perience an exponential growth in energy over time (e.g. de Gou-
veia Dal Pino & Lazarian 2005). MHD simulations with test parti-
cles align with this expectation, revealing a reconnection accelera-
tion time with a weak dependence on particle energy, expressed as
C022 / ⇢�0.2�0.1 for relativistic reconnection velocities (e.g. del
Valle et al. 2016; Liu et al. 2017; Medina-Torrejón et al. 2021, 2023).
In a recent study, Xu & Lazarian (2023) revisited the earlier work by
de Gouveia Dal Pino & Lazarian (2005), and derived the following
condition for fastest acceleration time (in the Fermi regime) within
a turbulence-induced magnetic reconnection layer of reconnection
velocity EA42 and thickeness �:

C022 ⇠ 4�
23DA

(29)

where

3DA ⇡ 2VA42 (3V2
A42

+ 3VA42 + 1)
3(VA42 + 0.5) (1 � V2

A42
)
, (30)

with VA42 = EA42/2 and 2 the light speed. This relation has been
recently successfully confirmed by means of 3D MHD simulations
of turbulent relativistic jets with test particles (de Gouveia Dal Pino,
Elisabete M. and Medina-Torrejón 2024).

In this work � corresponds to the size of the acceleration region
which in turn is given by the blob size, � ⇠ 2A

1;>1
. We take from the

numerical simulations EA42 ' 0.01E
�

(e.g. Medina-Torrejón et al.
2021, 2023), where the Alfvén speed in the relativistic regime is:

EA ⇡
E
�,0r

1 +
⇣
EA,0
2

⌘2
(31)

where E
�,0 = ⌫̃/

p
4cd̃. For the jet model adopted in this work, EA,0

can be calculated through equations (8) and (9), giving:

EA,0 = 2

s
1 � j
j

, (32)

where j depends on the jet location as given by equations (5) -(6).
For instance, taking the parameters for the inner position of the

blob at position B = 5 pc from Table 1, ⌫ = 1.4 G, A
1
= 3.4 ⇥ 1016,

and j ' 0.2, we obtain:

C022 ' 2.5 ⇥ 108 B, (33)

which is independent of the particles energy, as expected in the Fermi
regime. This regime of acceleration will persist until a threshold
energy which is attained when the particles Larmor radius becomes
larger than the thickness of the reconnection layer, A! ' 2A

1;>1

For the parameters of the inner blob, this implies a proton energy
threshold ⇢

C⌘
' 2.9⇥1019 eV. This value is also consistent with those

obtained in MHD numerical simulations of relativistic jets with test
particles for similar background magnetic fields, in the abscence of
radiative losses (Medina-Torrejón et al. 2021).

In the subsequent drift regime, occurring after particles have at-
tained the threshold energy and exited the reconnection zones, the
energy growth with time becomes strongly dependent on the energy
and therefore, slower. The acceleration time in this regime is approx-
imately described by the equation C

022,3A8 5 C
' ⇢?/(@⌫EA42) (de

Gouveia Dal Pino & Kowal 2015; del Valle et al. 2016; Zhang et al.
2023b). The MHD numerical simulations with test particles have
confirmed that the extended acceleration time observed in the drift
regime is attained only for ⇢? > ⇢

C⌘
(Kowal et al. 2012; del Valle

et al. 2016; Medina-Torrejón et al. 2021).
The acceleration time can be employed for a comparison with

the time scales of relevant radiative losses, in order to constrain the
maximum possible energy of the particles within our system. From
the very high threshold energy obtained above for the Fermi regime,
this will be the dominating process for particle acceleration within
the blob, as we will see below.

For protons, the relevant cooling times are due to proton-proton
interactions, photo-pion, Bethe-Heitler pair production, and proton
Synchrotron radiation.

The rate of energy losses due to proton-proton interactions is
computed as (e.g. Khiali et al. 2015; Rodríguez-Ramírez et al. 2020,
and references therein).:

C�1
??

(⇢? , =0) =  ??2=0f?? (⇢?), (34)

where ⇢? is the HE proton energy,  ?? ⇠ 0.5 is the inelasticity
factor, =0 is the local density of thermal ions, and f?? is the total
cross section for ?-? interactions taken from Kelner et al. (2006):

f?? = (34.3 + 1.88! + 0.25!2)
"
1 �

✓
⇢
C⌘?

⇢

◆4
#2

mb, (35)

where mb stands for millibarn, ! = ln(⇢/1TeV), and the thresh-
old kinetic energy for neutral pion (c0) production is ⇢thp =

2<c22
⇣
1 + <c

4<?

⌘
⇡ 280 MeV, being <c22 = 134.97 MeV the rest

energy of c0. This particle decays into two photons with a probability
of 98.8 percent.

The rate of energy losses of protons due to photo-pion production
is computed as (e.g., Atoyan & Dermer 2003; Romero et al. 2010;
Khiali et al. 2015):

C�1
?W

(⇢?) =
<2

?
25

2⇢2
?

π 1
nC⌘??

2W?

3n
=
?⌘

(n)
n2

π 2n W?

nC⌘??

3n 0n 0 ?W (n 0)f?W (n 0),

(36)

where, n 0 is the photon energy in the rest-frame of the incident
proton, and n

C⌘??
= 145 MeV is the photon energy threshold for pion

production in the same frame. For the inelasticity and the total cross
section of the interaction, ?W andf?W , we follow the approximation
given by Atoyan & Dermer (2003):

f?W (nA ) ⇡
(

340 `barn for 300 MeV  n 0  500 MeV,

120 `barn for n 0 > 500 MeV,
(37)

 ?W (nA ) ⇡
(

0.2 for 300 MeV  nA  500 MeV,

0.6 for nA > 500 MeV.
(38)

Charged particles with energy ⇢ , mass < and charge number Z
spiralling in a magnetic field ⌫ produce Synchrotron radiation at a
rate:

C�1
BH=

(⇢) = 4
3

⇣<4

<

⌘3 f)
<42

⌫2

8c
⇢

<22 , (39)
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RADIATIVE LOSS TIMES

The acceleration time caused by magnetic reconnection is ultimately
constrained by the size of the acceleration region (;022) divided by the
reconnection velocity (EA42). For turbulence-induced reconnection,
EA42 is a substantial fraction of the Alfvén speed, EA42 ⇠ 0.03 �
0.1E

�
, where E

�
is the Alfvén speed (Lazarian & Vishniac 1999;

Kowal et al. 2009; del Valle et al. 2016; Medina-Torrejón et al. 2021,
2023; Vicentin et al. 2024).

As remarked in Section 1, during the Fermi regime of particle
acceleration through reconnection, it is anticipated that particles ex-
perience an exponential growth in energy over time (e.g. de Gou-
veia Dal Pino & Lazarian 2005). MHD simulations with test parti-
cles align with this expectation, revealing a reconnection accelera-
tion time with a weak dependence on particle energy, expressed as
C022 / ⇢�0.2�0.1 for relativistic reconnection velocities (e.g. del
Valle et al. 2016; Liu et al. 2017; Medina-Torrejón et al. 2021, 2023).
In a recent study, Xu & Lazarian (2023) revisited the earlier work by
de Gouveia Dal Pino & Lazarian (2005), and derived the following
condition for fastest acceleration time (in the Fermi regime) within
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velocity EA42 and thickeness �:
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23DA

(29)

where

3DA ⇡ 2VA42 (3V2
A42

+ 3VA42 + 1)
3(VA42 + 0.5) (1 � V2

A42
)
, (30)

with VA42 = EA42/2 and 2 the light speed. This relation has been
recently successfully confirmed by means of 3D MHD simulations
of turbulent relativistic jets with test particles (de Gouveia Dal Pino,
Elisabete M. and Medina-Torrejón 2024).

In this work � corresponds to the size of the acceleration region
which in turn is given by the blob size, � ⇠ 2A

1;>1
. We take from the

numerical simulations EA42 ' 0.01E
�

(e.g. Medina-Torrejón et al.
2021, 2023), where the Alfvén speed in the relativistic regime is:

EA ⇡
E
�,0r
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EA,0
2
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(31)

where E
�,0 = ⌫̃/

p
4cd̃. For the jet model adopted in this work, EA,0

can be calculated through equations (8) and (9), giving:

EA,0 = 2

s
1 � j
j

, (32)

where j depends on the jet location as given by equations (5) -(6).
For instance, taking the parameters for the inner position of the

blob at position B = 5 pc from Table 1, ⌫ = 1.4 G, A
1
= 3.4 ⇥ 1016,

and j ' 0.2, we obtain:

C022 ' 2.5 ⇥ 108 B, (33)

which is independent of the particles energy, as expected in the Fermi
regime. This regime of acceleration will persist until a threshold
energy which is attained when the particles Larmor radius becomes
larger than the thickness of the reconnection layer, A! ' 2A

1;>1

For the parameters of the inner blob, this implies a proton energy
threshold ⇢

C⌘
' 2.9⇥1019 eV. This value is also consistent with those

obtained in MHD numerical simulations of relativistic jets with test
particles for similar background magnetic fields, in the abscence of
radiative losses (Medina-Torrejón et al. 2021).

In the subsequent drift regime, occurring after particles have at-
tained the threshold energy and exited the reconnection zones, the
energy growth with time becomes strongly dependent on the energy
and therefore, slower. The acceleration time in this regime is approx-
imately described by the equation C
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maximum possible energy of the particles within our system. From
the very high threshold energy obtained above for the Fermi regime,
this will be the dominating process for particle acceleration within
the blob, as we will see below.

For protons, the relevant cooling times are due to proton-proton
interactions, photo-pion, Bethe-Heitler pair production, and proton
Synchrotron radiation.

The rate of energy losses due to proton-proton interactions is
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and references therein).:
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120 `barn for n 0 > 500 MeV,
(37)

 ?W (nA ) ⇡
(

0.2 for 300 MeV  nA  500 MeV,

0.6 for nA > 500 MeV.
(38)

Charged particles with energy ⇢ , mass < and charge number Z
spiralling in a magnetic field ⌫ produce Synchrotron radiation at a
rate:

C�1
BH=

(⇢) = 4
3

⇣<4

<

⌘3 f)
<42

⌫2

8c
⇢

<22 , (39)
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Figure 4. Jet properties given by the stipe jet model (Section 2) as functions of the distance from the SMBH. All curves in this plot are calculated assuming an
SMBH of "⌫� = 109 M� , and a jet total power of !j = 80!Edd ("⌫� ) . The pink shaded regions indicate a location interval compatible with the constraint
obtained from Figure 3 (see the text). The different curve styles in this plot are calculated assuming different values for the terminal Lorentz factor of the jet flow
as labelled. Blue and grey colours indicate curves obtained assuming ;min/'g = 100 and 1000, respectively ('g = ⌧"⌫�/22). These intervals will serve as
guidelines for modeling the MM SED of TXS 0506+056.

Figure 5. Sketch: PODERIA TER 3 BLOBS somente?

flux moves further away from the reach of the Icecube detector, and
the flux of VHE W-rays (E>100 GeV) is enhanced (middle diagram)
Figure 6), and finally, when the blob moves to B = 15 pc, the largest
position within the considered range �B (B = 15 pc) (bottom panel of
Figure 6), the SED matches the observed EM data points, including
the VHE gamma-rays, and exhibits the lowest flux of neutrinos.

The behaviour of this SED sequence is consistent with the arrival
time delay between the HE neutrino observed in the direction of TXS
0506+056 (which is simultaneous to the (high sate) peak emission of
this source around ⇠1 GeV), and the subsequent appearance of the
VHE W-ray signal (with no further neutrino detection).

The time interval comprising the sequence of SEDs shown in
Figure 6 can be estimated as follows. As the blob moves donwstream,
it suffers relativistic beaming with apparent superluminal motion, that
must be corrected according to (e.g. de Gouveia dal Pino & Opher
1991, and references therein)

�Caparent = �C (1 + I) [1 � V̄j cos(\j)] ⇡ �C
(1 + I)
�̄2

j
(28)

where the last approximation is obtained considering a second order
expansion of cos(\j) and \j ⇠ 1/�̄j. In equation (28), �C is the time
interval between the emission sequence within the length interval
�B, as measured in the BH frame. We evaluate this time interval
as �C = �B/Ē 9 ⇠ �B/2, being Ēj = 2V̄j the average velocity of
the jet flow within �B. Using �B = 10pc, �̄j ⇠ 10, equation (28)
gives an observed time interval of �C = 0.44 yr. We note that this
observed time interval is consistent with the total duration of the
TXS 0506+056 2017 MM flare (Aartsen et al. 2018).

5 SUMMARY AND DISCUSSION

In this paper, we interpret the multi-messenger association of the
2017 neutrino flare from the blazar TXS 0506+056 as due to mag-
netic dissipation in the blazar jet, and derive the MM emission as
driven by magnetic reconnection. We assume a single-zone lepto-
hadronic approach and allow the emission blob to move downstream
the jet in order to evaluate the SED in multiple locations. The SED
profiles derived in the present study are based on the following con-
siderations:

(i) MM emission is produced in a spherical blob within the jet
that is allowed to move downstream, while accelerating electrons
and protons by magnetic reconnection;

(ii) We consider no influence from external low-energy photons

MNRAS 000, 1–11 (2023)

Fermi reconnection acceleration:
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Ē

j
=

2
V̄

j
the

average
velocity

of
the

jet
fl
ow

w
ithin

�
B.

U
sing

�
B
=

10pc,
�̄

j
⇠

10,
equation

(28)
gives

an
observed

tim
e

interval
of

�
C
=

0
.44

yr.
W

e
note

that
this

observed
tim

e
interval

is
consistent

w
ith

the
total

duration
of

the
T

X
S

0506+
056

2017
M

M
fl
are

(A
artsen

et
al.2018).

5
S
U

M
M

A
R

Y
A

N
D

D
IS

C
U

S
S
IO

N

In
this

paper,
w

e
interpret

the
m

ulti-m
essenger

association
of

the
2017

neutrino
fl
are

from
the

blazar
T

X
S

0506+
056

as
due

to
m

ag-
netic

dissipation
in

the
blazar

jet,
and

derive
the

M
M

em
ission

as
driven

by
m

agnetic
reconnection.

W
e

assum
e

a
single-zone

lepto-
hadronic

approach
and

allow
the

em
ission

blob
to

m
ove

dow
nstream

the
jet

in
order

to
evaluate

the
S
E

D
in

m
ultiple

locations.
T

he
S
E

D
profi

les
derived

in
the

present
study

are
based

on
the

follow
ing

con-
siderations:

(i)
M

M
em

ission
is

produced
in

a
spherical

blob
w

ithin
the

jet
that

is
allow

ed
to

m
ove

dow
nstream

,
w

hile
accelerating

electrons
and

protons
by

m
agnetic

reconnection;
(ii)

W
e

consider
no

infl
uence

from
external

low
-energy

photons

M
N

R
A

S
000,1–11

(2023)

8 E. M. de Gouveia Dal Pino et al.

Figure 6. Blazar MM spectrum profiles computed based on lepto-hadronic
emission powered by magnetic reconnection in the jet. The curves in this
Figure are calculated by the jet model described in Section 2 together with
the lepto-hadronic radiation model detailed in Section 3. The over-plotted
data points correspond to the observed MM SED of the 2017 neutrino flare
from the source TXS 0506+056, adapted from refXXX. The red thick curve in
each panel plots the all flavor neutrino emission whereas the blue thick curve
plots the total emission composed by radiation of leptonic (cyan curves)
and hadronic (crimson curves) origin. The emission profiles in each panel
correspond to different locations B of the jet as labelled. The magnetisation
f = !B/!K label in each panel is a derived quantity associated to the location
B and calculated through the jet model (see text).

on the emission volume and hence the Synchrotron photons of the
accelerated electrons internally provide the target radiation field for
inverse Compton (IC) scattering, photo-hadronic interactions, and
W�ray attenuation within the emission volume;

(iii) The high energy peak (⇢
?:

⇠ 15 Gev) of the blazar spectrum
is dominated by the SSC emission of the primary electrons;

(iv) The macroscopic properties of the emission volume, such as

the local magnetic field, the jet bulk Lorentz factor, and the magnetic
dissipation power are parameterised as functions of the jet propaga-
tion axis B, following the model of GU19.

Combining the conditions (iii) and (iv), we have constrained the
possible locations of the flare emission in the jet within the range
�B ⇠ [5- 15] pc, assuming a BH of "⌫� = 109 M� launching a
jet with total power of ! 9 = 80!Edd ("⌫� ) (see Figures 3 and 4).
We then calculated MM SED profiles with the lepto-hadronic model
at multiple positions along the range �B. Comparing the calculated
SED models to the SED data set of the 2017 MM flare from TXS
0506+056, we find the following features.

The most intense observable flux of HE neutrinos is produced at
the position within the range �B closest to the jet core, where mag-
netisation is highest, as expected. At this position, the SED profile
does not reproduce the VHE components of the SED data set. At
the farthest position within �B, the calculated SED is consistent with
the observed electromagnetic data including the VHE gamma rays
(⇢ ⇠ 1 TeV), and has the lowest flux of neutrinos. The behaviour
of this sequence of emission profiles is consistent with the observed
time delay between the arrival of the HE neutrino from the direction
of TXS 0506+056 (which is simultaneous with the high state W-ray
emission at ⇠1 GeV, and the subsequent appearance of the VHE
signal (with no further substantial neutrino detection).

The time interval corresponding to the covered range�B of the SED
sequence must be corrected for the apparent superluminal motion that
the blob suffers when is moved downstream the relativitic jet. With
this correction, we find �C = 0.44 yr, which is consistent with the
estimated ⇠ 6 months duration of the flare (Aartsen et al. 2018).

Despite the simplicity of our model, the results suggest that the
observed MM emission of TXS 0506+056 could be explained by
the sequence of SED profiles obtained from magnetic reconnection
power dissipation and acceleration occurring approximately within
the distance range of 5 to 15 pc along the jet, away from the central
BH.

Future refinement of this model should include a multi-zone de-
scription and numerical simulations of radiative transfer and cosmic
ray cascading to produce more realistic SEDs.
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with<4 andf) being the electron mass and Thompson cross-section,
respectively.

For leptons, the relevant radiative losses in this work are Syn-
chrotron (eq. 39) and SSC.

The IC cooling rate for an electron in both Thomson and
Klein–Nishina regimes is given by (Blumenthal & Gould 1970):

Juan will fill out the missing radiative times here: SSC and B-H.
We can also remove the pp process which is not important .........

................

......................
Figure 7 compares the reconnection acceleration time with the

total radiative cooling time of the CR protons in the emission blob
at the plasma frame, in three different positions along the jet. These
positions correspond to those at which the SED is determined in
Figure 6. The blob parameters for each position are provided in
Table 1. In each panel, the acceleration time (blue line) due to particle
acceleration by magnetic reconnection is calculated from Equation
33 for the Fermi regime, which is independent of particle energy.
This time is very similar across all blob positions, consistent with the
minimal changes in blob properties as it moves downstream. This line
intercepts the total radiative cooling time curve at a proton energy
⇢? ' 6 ⇥ 1015 eV for the blob at position B = 5 pc, ⇢? ' 2 ⇥ 1016

eV for the blob at position B = 10 pc, and ⇢? ' 4 ⇥ 1016 eV for the
blob at position B = 15 pc, which are well below the threshold ⇢

C⌘

in all cases, indicating that protons with energies above these values
will loose their energy radiatively inside the emission blob.
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Figure 7. Cooling time of the CR protons (source frame) which produce the
hadronic emission components of the SED spectrum in Figure 6, calculated
for three different positions of the emission blob in the jet, B = 5 (top), 10
(middle) and 15 pc (bottom panel). The different cooling processes (photo-
pion production, photo-pair (B-H) production, and proton synchrotron) are
displayed with thin curves of different line style as indicated, whereas the total
cooling time is plotted by the red thick curve. We over-plot the proton accel-
eration time due to magnetic reconnection in the Fermi acceleration regime
(blue line). The resulting total radiative cooling time curve is intercepted by
the acceleration time curve at the vertical dashed black line. This indicates
the maximum energy required in our modelling to produce the theoretical
SED sequence of Figure 6 (see text for details).
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APPENDIX: PARTICLE ACCELERATION TIME AND
RADIATIVE LOSS TIMES

The acceleration time caused by magnetic reconnection is ultimately
constrained by the size of the acceleration region (;022) divided by the
reconnection velocity (EA42). For turbulence-induced reconnection,
EA42 is a substantial fraction of the Alfvén speed, EA42 ⇠ 0.03 �
0.1E

�
, where E

�
is the Alfvén speed (Lazarian & Vishniac 1999;

Kowal et al. 2009; del Valle et al. 2016; Medina-Torrejón et al. 2021,
2023; Vicentin et al. 2024).

As remarked in Section 1, during the Fermi regime of particle
acceleration through reconnection, it is anticipated that particles ex-
perience an exponential growth in energy over time (e.g. de Gou-
veia Dal Pino & Lazarian 2005). MHD simulations with test parti-
cles align with this expectation, revealing a reconnection accelera-
tion time with a weak dependence on particle energy, expressed as
C022 / ⇢�0.2�0.1 for relativistic reconnection velocities (e.g. del
Valle et al. 2016; Liu et al. 2017; Medina-Torrejón et al. 2021, 2023).
In a recent study, Xu & Lazarian (2023) revisited the earlier work by
de Gouveia Dal Pino & Lazarian (2005), and derived the following
condition for fastest acceleration time (in the Fermi regime) within
a turbulence-induced magnetic reconnection layer of reconnection
velocity EA42 and thickeness �:

C022 ⇠ 4�
23DA

(29)

where

3DA ⇡ 2VA42 (3V2
A42

+ 3VA42 + 1)
3(VA42 + 0.5) (1 � V2

A42
)
, (30)

with VA42 = EA42/2 and 2 the light speed. This relation has been
recently successfully confirmed by means of 3D MHD simulations
of turbulent relativistic jets with test particles (de Gouveia Dal Pino,
Elisabete M. and Medina-Torrejón 2024).

In this work � corresponds to the size of the acceleration region
which in turn is given by the blob size, � ⇠ 2A

1;>1
. We take from the

numerical simulations EA42 ' 0.01E
�

(e.g. Medina-Torrejón et al.
2021, 2023), where the Alfvén speed in the relativistic regime is:

EA ⇡
E
�,0r

1 +
⇣
EA,0
2

⌘2
(31)

where E
�,0 = ⌫̃/

p
4cd̃. For the jet model adopted in this work, EA,0

can be calculated through equations (8) and (9), giving:

EA,0 = 2

s
1 � j
j

, (32)

where j depends on the jet location as given by equations (5) -(6).
For instance, taking the parameters for the inner position of the

blob at position B = 5 pc from Table 1, ⌫ = 1.4 G, A
1
= 3.4 ⇥ 1016,

and j ' 0.2, we obtain:

C022 ' 2.5 ⇥ 108 B, (33)

which is independent of the particles energy, as expected in the Fermi
regime. This regime of acceleration will persist until a threshold
energy which is attained when the particles Larmor radius becomes
larger than the thickness of the reconnection layer, A! ' 2A

1;>1

For the parameters of the inner blob, this implies a proton energy
threshold ⇢

C⌘
' 2.9⇥1019 eV. This value is also consistent with those

obtained in MHD numerical simulations of relativistic jets with test
particles for similar background magnetic fields, in the abscence of
radiative losses (Medina-Torrejón et al. 2021).

In the subsequent drift regime, occurring after particles have at-
tained the threshold energy and exited the reconnection zones, the
energy growth with time becomes strongly dependent on the energy
and therefore, slower. The acceleration time in this regime is approx-
imately described by the equation C

022,3A8 5 C
' ⇢?/(@⌫EA42) (de

Gouveia Dal Pino & Kowal 2015; del Valle et al. 2016; Zhang et al.
2023b). The MHD numerical simulations with test particles have
confirmed that the extended acceleration time observed in the drift
regime is attained only for ⇢? > ⇢

C⌘
(Kowal et al. 2012; del Valle

et al. 2016; Medina-Torrejón et al. 2021).
The acceleration time can be employed for a comparison with

the time scales of relevant radiative losses, in order to constrain the
maximum possible energy of the particles within our system. From
the very high threshold energy obtained above for the Fermi regime,
this will be the dominating process for particle acceleration within
the blob, as we will see below.

For protons, the relevant cooling times are due to proton-proton
interactions, photo-pion, Bethe-Heitler pair production, and proton
Synchrotron radiation.

The rate of energy losses due to proton-proton interactions is
computed as (e.g. Khiali et al. 2015; Rodríguez-Ramírez et al. 2020,
and references therein).:

C�1
??

(⇢? , =0) =  ??2=0f?? (⇢?), (34)

where ⇢? is the HE proton energy,  ?? ⇠ 0.5 is the inelasticity
factor, =0 is the local density of thermal ions, and f?? is the total
cross section for ?-? interactions taken from Kelner et al. (2006):

f?? = (34.3 + 1.88! + 0.25!2)
"
1 �

✓
⇢
C⌘?

⇢

◆4
#2

mb, (35)

where mb stands for millibarn, ! = ln(⇢/1TeV), and the thresh-
old kinetic energy for neutral pion (c0) production is ⇢thp =

2<c22
⇣
1 + <c

4<?

⌘
⇡ 280 MeV, being <c22 = 134.97 MeV the rest

energy of c0. This particle decays into two photons with a probability
of 98.8 percent.

The rate of energy losses of protons due to photo-pion production
is computed as (e.g., Atoyan & Dermer 2003; Romero et al. 2010;
Khiali et al. 2015):

C�1
?W

(⇢?) =
<2

?
25

2⇢2
?

π 1
nC⌘??

2W?

3n
=
?⌘

(n)
n2

π 2n W?

nC⌘??

3n 0n 0 ?W (n 0)f?W (n 0),

(36)

where, n 0 is the photon energy in the rest-frame of the incident
proton, and n

C⌘??
= 145 MeV is the photon energy threshold for pion

production in the same frame. For the inelasticity and the total cross
section of the interaction, ?W andf?W , we follow the approximation
given by Atoyan & Dermer (2003):

f?W (nA ) ⇡
(

340 `barn for 300 MeV  n 0  500 MeV,

120 `barn for n 0 > 500 MeV,
(37)

 ?W (nA ) ⇡
(

0.2 for 300 MeV  nA  500 MeV,

0.6 for nA > 500 MeV.
(38)

Charged particles with energy ⇢ , mass < and charge number Z
spiralling in a magnetic field ⌫ produce Synchrotron radiation at a
rate:

C�1
BH=

(⇢) = 4
3

⇣<4

<

⌘3 f)
<42

⌫2

8c
⇢

<22 , (39)
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APPENDIX: PARTICLE ACCELERATION TIME AND
RADIATIVE LOSS TIMES

The acceleration time caused by magnetic reconnection is ultimately
constrained by the size of the acceleration region (;022) divided by the
reconnection velocity (EA42). For turbulence-induced reconnection,
EA42 is a substantial fraction of the Alfvén speed, EA42 ⇠ 0.03 �
0.1E

�
, where E

�
is the Alfvén speed (Lazarian & Vishniac 1999;

Kowal et al. 2009; del Valle et al. 2016; Medina-Torrejón et al. 2021,
2023; Vicentin et al. 2024).

As remarked in Section 1, during the Fermi regime of particle
acceleration through reconnection, it is anticipated that particles ex-
perience an exponential growth in energy over time (e.g. de Gou-
veia Dal Pino & Lazarian 2005). MHD simulations with test parti-
cles align with this expectation, revealing a reconnection accelera-
tion time with a weak dependence on particle energy, expressed as
C022 / ⇢�0.2�0.1 for relativistic reconnection velocities (e.g. del
Valle et al. 2016; Liu et al. 2017; Medina-Torrejón et al. 2021, 2023).
In a recent study, Xu & Lazarian (2023) revisited the earlier work by
de Gouveia Dal Pino & Lazarian (2005), and derived the following
condition for fastest acceleration time (in the Fermi regime) within
a turbulence-induced magnetic reconnection layer of reconnection
velocity EA42 and thickeness �:

C022 ⇠ 4�
23DA

(29)

where

3DA ⇡ 2VA42 (3V2
A42

+ 3VA42 + 1)
3(VA42 + 0.5) (1 � V2

A42
)
, (30)

with VA42 = EA42/2 and 2 the light speed. This relation has been
recently successfully confirmed by means of 3D MHD simulations
of turbulent relativistic jets with test particles (de Gouveia Dal Pino,
Elisabete M. and Medina-Torrejón 2024).

In this work � corresponds to the size of the acceleration region
which in turn is given by the blob size, � ⇠ 2A

1;>1
. We take from the

numerical simulations EA42 ' 0.01E
�

(e.g. Medina-Torrejón et al.
2021, 2023), where the Alfvén speed in the relativistic regime is:

EA ⇡
E
�,0r

1 +
⇣
EA,0
2

⌘2
(31)

where E
�,0 = ⌫̃/

p
4cd̃. For the jet model adopted in this work, EA,0

can be calculated through equations (8) and (9), giving:

EA,0 = 2

s
1 � j
j

, (32)

where j depends on the jet location as given by equations (5) -(6).
For instance, taking the parameters for the inner position of the

blob at position B = 5 pc from Table 1, ⌫ = 1.4 G, A
1
= 3.4 ⇥ 1016,

and j ' 0.2, we obtain:

C022 ' 2.5 ⇥ 108 B, (33)

which is independent of the particles energy, as expected in the Fermi
regime. This regime of acceleration will persist until a threshold
energy which is attained when the particles Larmor radius becomes
larger than the thickness of the reconnection layer, A! ' 2A

1;>1

For the parameters of the inner blob, this implies a proton energy
threshold ⇢

C⌘
' 2.9⇥1019 eV. This value is also consistent with those

obtained in MHD numerical simulations of relativistic jets with test
particles for similar background magnetic fields, in the abscence of
radiative losses (Medina-Torrejón et al. 2021).

In the subsequent drift regime, occurring after particles have at-
tained the threshold energy and exited the reconnection zones, the
energy growth with time becomes strongly dependent on the energy
and therefore, slower. The acceleration time in this regime is approx-
imately described by the equation C

022,3A8 5 C
' ⇢?/(@⌫EA42) (de

Gouveia Dal Pino & Kowal 2015; del Valle et al. 2016; Zhang et al.
2023b). The MHD numerical simulations with test particles have
confirmed that the extended acceleration time observed in the drift
regime is attained only for ⇢? > ⇢

C⌘
(Kowal et al. 2012; del Valle

et al. 2016; Medina-Torrejón et al. 2021).
The acceleration time can be employed for a comparison with

the time scales of relevant radiative losses, in order to constrain the
maximum possible energy of the particles within our system. From
the very high threshold energy obtained above for the Fermi regime,
this will be the dominating process for particle acceleration within
the blob, as we will see below.

For protons, the relevant cooling times are due to proton-proton
interactions, photo-pion, Bethe-Heitler pair production, and proton
Synchrotron radiation.

The rate of energy losses due to proton-proton interactions is
computed as (e.g. Khiali et al. 2015; Rodríguez-Ramírez et al. 2020,
and references therein).:

C�1
??

(⇢? , =0) =  ??2=0f?? (⇢?), (34)

where ⇢? is the HE proton energy,  ?? ⇠ 0.5 is the inelasticity
factor, =0 is the local density of thermal ions, and f?? is the total
cross section for ?-? interactions taken from Kelner et al. (2006):

f?? = (34.3 + 1.88! + 0.25!2)
"
1 �

✓
⇢
C⌘?

⇢

◆4
#2

mb, (35)

where mb stands for millibarn, ! = ln(⇢/1TeV), and the thresh-
old kinetic energy for neutral pion (c0) production is ⇢thp =

2<c22
⇣
1 + <c

4<?

⌘
⇡ 280 MeV, being <c22 = 134.97 MeV the rest

energy of c0. This particle decays into two photons with a probability
of 98.8 percent.

The rate of energy losses of protons due to photo-pion production
is computed as (e.g., Atoyan & Dermer 2003; Romero et al. 2010;
Khiali et al. 2015):

C�1
?W

(⇢?) =
<2

?
25

2⇢2
?

π 1
nC⌘??

2W?

3n
=
?⌘

(n)
n2

π 2n W?

nC⌘??

3n 0n 0 ?W (n 0)f?W (n 0),

(36)

where, n 0 is the photon energy in the rest-frame of the incident
proton, and n

C⌘??
= 145 MeV is the photon energy threshold for pion

production in the same frame. For the inelasticity and the total cross
section of the interaction, ?W andf?W , we follow the approximation
given by Atoyan & Dermer (2003):

f?W (nA ) ⇡
(

340 `barn for 300 MeV  n 0  500 MeV,

120 `barn for n 0 > 500 MeV,
(37)

 ?W (nA ) ⇡
(

0.2 for 300 MeV  nA  500 MeV,

0.6 for nA > 500 MeV.
(38)

Charged particles with energy ⇢ , mass < and charge number Z
spiralling in a magnetic field ⌫ produce Synchrotron radiation at a
rate:

C�1
BH=

(⇢) = 4
3

⇣<4

<

⌘3 f)
<42

⌫2

8c
⇢

<22 , (39)
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Figure 4. Jet properties given by the stipe jet model (Section 2) as functions of the distance from the SMBH. All curves in this plot are calculated assuming an
SMBH of "⌫� = 109 M� , and a jet total power of !j = 80!Edd ("⌫� ) . The pink shaded regions indicate a location interval compatible with the constraint
obtained from Figure 3 (see the text). The different curve styles in this plot are calculated assuming different values for the terminal Lorentz factor of the jet flow
as labelled. Blue and grey colours indicate curves obtained assuming ;min/'g = 100 and 1000, respectively ('g = ⌧"⌫�/22). These intervals will serve as
guidelines for modeling the MM SED of TXS 0506+056.

Figure 5. Sketch: PODERIA TER 3 BLOBS somente?

flux moves further away from the reach of the Icecube detector, and
the flux of VHE W-rays (E>100 GeV) is enhanced (middle diagram)
Figure 6), and finally, when the blob moves to B = 15 pc, the largest
position within the considered range �B (B = 15 pc) (bottom panel of
Figure 6), the SED matches the observed EM data points, including
the VHE gamma-rays, and exhibits the lowest flux of neutrinos.

The behaviour of this SED sequence is consistent with the arrival
time delay between the HE neutrino observed in the direction of TXS
0506+056 (which is simultaneous to the (high sate) peak emission of
this source around ⇠1 GeV), and the subsequent appearance of the
VHE W-ray signal (with no further neutrino detection).

The time interval comprising the sequence of SEDs shown in
Figure 6 can be estimated as follows. As the blob moves donwstream,
it suffers relativistic beaming with apparent superluminal motion, that
must be corrected according to (e.g. de Gouveia dal Pino & Opher
1991, and references therein)

�Caparent = �C (1 + I) [1 � V̄j cos(\j)] ⇡ �C
(1 + I)
�̄2

j
(28)

where the last approximation is obtained considering a second order
expansion of cos(\j) and \j ⇠ 1/�̄j. In equation (28), �C is the time
interval between the emission sequence within the length interval
�B, as measured in the BH frame. We evaluate this time interval
as �C = �B/Ē 9 ⇠ �B/2, being Ēj = 2V̄j the average velocity of
the jet flow within �B. Using �B = 10pc, �̄j ⇠ 10, equation (28)
gives an observed time interval of �C = 0.44 yr. We note that this
observed time interval is consistent with the total duration of the
TXS 0506+056 2017 MM flare (Aartsen et al. 2018).

5 SUMMARY AND DISCUSSION

In this paper, we interpret the multi-messenger association of the
2017 neutrino flare from the blazar TXS 0506+056 as due to mag-
netic dissipation in the blazar jet, and derive the MM emission as
driven by magnetic reconnection. We assume a single-zone lepto-
hadronic approach and allow the emission blob to move downstream
the jet in order to evaluate the SED in multiple locations. The SED
profiles derived in the present study are based on the following con-
siderations:

(i) MM emission is produced in a spherical blob within the jet
that is allowed to move downstream, while accelerating electrons
and protons by magnetic reconnection;

(ii) We consider no influence from external low-energy photons

MNRAS 000, 1–11 (2023)

Fermi reconnection acceleration:

Xu & Lazarian 2023; 
de Gouveia Dal Pinno & Medina-Torrejon 2024
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Blazar Mrk 501: TeV spikes during X-ray high state
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In the next section, we describe the analytic considera-

tions of the proposed emission scenario. In Section 3, we

apply the model to reproduce three SED datasets of Mkr

501 corresponding to spectra before, during, and after
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the implications of our model fitting in Section 4, and in
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TABLE I. Input parameters for the two-zone jet emission

model discussed in text.

Parameter
a

MJD 55 MJD 57 MJD 59

lg lmin/Rg 2.000 2.000 2.000
�1 25.000 25.000 25.000
⌘acc 0.008 0.008 0.008
lg r̃0 �0.387 �0.387 �0.387
lg ⌘0 �2.577 �2.577 �2.577
↵0 2.600 2.600 2.600
z1[pc] 0.550 0.550 0.550
lg r̃1 �2.071 �2.071 �2.022
lg ⌘1 �4.000 �2.523 �3.328
lg �m,1 3.914 5.658 5.114
↵1 2.900 2.900 2.900

a “lg x” indicates the base 10 logarithm of the quantity x.

[1] D. Giannios and D. A. Uzdensky, GRB and blazar jets

shining through their stripes, MNRAS 484, 1378 (2019),

arXiv:1805.09343 [astro-ph.HE].

[2] MAGIC Collaboration, V. A. Acciari, S. Ansoldi, L. A.

Antonelli, and et al., Study of the variable broadband

emission of Markarian 501 during the most extreme Swift

X-ray activity, A&A 637, A86 (2020), arXiv:2001.07729

[astro-ph.HE].

ü Jet at the transition from magnetically dominated
to kinetically dominated: particle acceleration
by reconnection

ü Same jet background model: striped
reconnection (Giannios & Uzdenzky 2019)

ü Two-zone model (electron Syn & SSC): 
§ base quiescent emission
§ transient emission (inner magnetized

region)

6

FIG. 5. Jet properties predicted by the striped jet model

and corresponding to the parameter configurations of the SED

models in Figure ??.

(Magic Coll. 2020) 
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FIG. 2. Multi-wavelength SEDs of Mrk 501 measured on four di↵erent days selected from the daily data-sets reported in [2].

The overlaid curves are obtained through the two-zone jet-reconnection model discussed in the text.

TeV spikes: explained by a
leptonic transient emission in
a compact zone, located in a
more magnetized and slower
flow compared to the region
that produced quiescent SED
component.



Applications to accretion disk VHE 
Phenomena

Fast m
agnetic

reconnection
in

turbulent accretion
disks

and
jets

Luís H.S. Kadowaki

Figure
2: The top diagram shows the time evolution of the averaged magnetic reconnection (black line)

measured by an observer in the coordinate frame. The blue shading corresponds to the standard deviation.

The bottom diagram shows the system at t = 1000 (in units of G
M/c 3). As time goes by the MRI sets in,

allowing the accretion process and the formation of a turbulent environment. The black circles correspond

to the local maxima identified by the algorithm and the white circles correspond to the confirmed magnetic

reconnection sites (Kadowaki et al., in prep.).

de Gouveia Dal Pino et al. 2019, in these Proceedings). To this aim, we have extended the study

above, using the special relativistic code Raishin [24] in a 3D domain with 240 cells in each direc-

tion. We have assumed an adiabatic index G = 5/3 with an initial helical force-free configuration

(~j⇥ ~B = 0) and the jet density profile higher than the environment (see [41]). We have imposed

outflow conditions in the
x and

y boundaries and periodic conditions in the vertical boundaries.

The bottom diagram of Figure 3 shows the density isosurface (green color) of the jet with the

streamlines (black lines) of the magnetic field at t = 54.5L/c (where
L is the longitudinal scale of

the jet and
c the speed of light). The red points correspond to reconnection sites identified by the

algorithm [30]. As in Figure 2, the instability allows the development of magnetic reconnection
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Fast Reconnection in GRMHD simulations of accretion flows 

around BHs driven by 

magneto-rotational instability turbulence 

(de Gouveia Dal Pino et al. 2018; Kadowaki et al. 2019)

Ø
Average reconnection 

velocities <V
rec>~ 0.05 V

A

(See
also: de

Gouveia
Dal Pino

&
Lazarian

2005; Koide
&
Arai 2008; Dexter, McKinney, Tcheckovskoy2014; Parfrey

et al. 2015;

Kadowaki +
2015; Singh

+
2015; Pohl et al. 2016; de Gouveia Dal Pino+

2018…)



CR Reconnection Acceleration
in the accretion flow of BHs

de Gouveia Dal Pino & Lazarian, A&A 2005
de Gouveia Dal Pino, Piovezan, Kadowaki A&A 2010
Kadowaki, de Gouveia Dal Pino & Singh, ApJ 2015
Singh, de Gouveia Dal Pino & Kadowaki, ApJ 2015

GRMHD simulations of accretion flows around BHs 
reconnection driven by magneto-rotational turbulence

(de Gouveia Dal Pino et al. 2020; Kadowaki et al. 2018;
Vincentin+ in pr.)



Galactic Center SgrA*: Reconnection acceleration 
driven by turbulent accretion flow

Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista, ApJ 2019

J1745-290 

CTA

Application: Milky Way Galactic center - SgrA* 
->  gamma ray emitter

PeVatron source detected - HESS J1745-290! 

VHE emission due to CR acceleration by 
reconnection in the surrounds of BHs 

Rodriguez-Ramirez, de Gouveia Dal Pino, Alves-Batista, ApJ 2019 

We combine 3 techniques (to deal with full emission and also gamma-
ray absorption by pair production)

SWGO

+ ++ =

CTA
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Neutrinos and Gamma Rays from NGC1068 

(IceCube Collaboration, 2022, Science)

The absence oÿ      rays 
indicates 

auto-absorption due to 
a dense photon field

      The emission may 
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Summary
• 3D MHD simulations of particle acceleration driven by turbulent reconnection align

with theory predictions: dominance of Fermi over drift process up to large
saturation energy, in contrast to recent 3D PIC predictions (Sironi 2022; Zhang,
Giannios & Sironi 2023)

• Particle energy grows ~ exponentially in time during Fermi: tacc ~ independent of E, 
in contrast to drift: tacc ~ E  (very inefficient to accelerate at large energies) 

• Magnetic reconnection particle acceleration model applied to blazar TXS 0506+056
explains VHE and neutrino emission and observed time delay

• Magnetic reconnection particle acceleration model applied to blazar Mrk 501
explains TeV spikes as due to transient leptonic emission (located in a more
magnetized and slower region than the one that produces the quiescent component
of the SED)

• Reconnection acceleration in turbulent accretion flows around BHs may also explain
VHE phenomena (e.g. SgrA*, and maybe NG1068 ?….)



EXTRA SLIDES



Magnetic Reconnection Particle Acceleration from 
3D-MHD Simulations of Relativistic Jets

Medina-Torrejon, de Gouveia Dal Pino, Kowal, ApJ 2023

• RMHD-PIC PLUTO code Godunov Based (HLLD)  (Mignone et al. 2018)
• Particles evolve with flow (Boris particle pusher method) 
• 2563 resolution

~1

Curvature drift
Fermi
Drift

Particle acceleration by magnetic reconnection in relativistic jets 5

Figure 1. Three dimensional view of the � ⇠ 1 jet evolved with the MHD-PIC mode at bete: t = 20 (top), and 45 L/c
(bottom). Left panels: the black lines represent the magnetic field, and the circles the 50 000 particles distribution. The color
and size of the circles indicate the value of their kinetic energy normalized by the rest mass ((� � 1)). Right panels: the orange
color represents iso-surfaces of half of the maximum of the current density intensity |J |, the black lines the magnetic field, and
the green squares correspond to the positions of the fastest magnetic reconnection events, with reconnection rate � 0.05. See
text for more details.

Accelerated Particles (red)        ßà      Fast reconnection sites                    

CORRELATE quite well !!



Reconnection in 3D MHD flows: 
due to Turbulence26 Author et al.

Fig. 10 Numerical simulations illustrating the violation of flux freezing. The
origin of the magnetic field line is back tracked in time and instead of a single
line at earlier moments the cloud of progenitor lines is observed in turbulent
fluid. From Eyink et al. 2013.

in Eyink et al. (2011) this processes challenges the nature of the concept of
the field line in turbulent fluid.

The reconnection di↵usion can be illustrated in the picture of eddies that
we advocated in §for MHD turbulence. Fig. (11) illustrates the process of re-
connection di↵usion considering two adjacent magnetized eddies. As the eddies
rotate the magnetic field that initially belong to one eddy get connected to
another eddy. This type of exchange of magnetic field lines happens at all
scales in the cascade enabling the di↵usion of magnetic field in respect to the
highly conducting medium.

5.2 Basics of Reconnection di↵usion

Consider the large-scale magnetic di↵usion. This di↵usion is driven by largest
scale eddies, but it is di↵erent from the one in un-magnetized fluids.

As we discusssed above, the important consequence of the fast magnetic
reconnection induced by MHD turbulence is the fast di↵usive transport of
large-scale magnetic fields permeating the plasma. The e↵ective di↵usion co-
e�cient for the large-scale magnetic is the reconnection di↵usion [RD] coe�-
cient ⌘RD) depends on the turbulence parameters rather than on the details
of the microscopic transport phenomena for the magnetic field, if an inertial
range exists for the magnetic turbulence, i.e., the magnetic Reynolds number

Turbulent flows violate flux freezing 
(Lazarian & Vishniac 1999): 
origin of magnetic field back tracked in 
time and instead of a single line at earlier 
time, there are  several progenitor lines 
(lines suffer Richardson diffusion) 

(Eyink et al., Nature 2013)

Plasma does not stay in same magnetic field 
line, but diffuses -> enabling reconnection 
diffusion

ηRD ∼nRD ~ l vl min (1,MA3)

(Lazarian 2005; Santos-Lima et al. 2010; 
Lazarian et al. 2012; 2012; 2021; Koshikumo
et al. 2024)

Title Suppressed Due to Excessive Length 27

Fig. 11 Left plot: Initial moment of eddies with associated magnetic flux
tubes. Right plot: Next moment with magnetic flux tubes reconnected and
matter exchanged. From Lazarian et al. 2012.

RM is larger than unity. The RD coe�cient follows the turbulent transport
coe�cient, which was derived in [104] (see also [105]):

⌘RD ⇠ LU min
�
1,M3

A

�
, (32)

where U is the turbulent velocity at the outer scale L, and MA ⌘ U/VA is
the Mach Alfvénic number of the turbulence. When the magnetic forces have
little impact on the dynamics of the turbulent cascade (the super-Alfvénic
case MA > 1), the above expression results in the well-known hydrodynamical
turbulent transport rate ⇠ LU . The subAlfvénic case (MA < 1) takes into
account the change in the nature of turbulence due to the magnetic forces.

Below we briefly discuss the assumptions made in the formal derivation
of ⌘RD under the hypothesis of incompressible turbulence (for more details,
see [106]). We focus on the non-trivial subAlfvénic case.

Large-scale magnetic fields di↵use at a rate similar to fluid par-
ticles. The fast reconnection mediated by turbulence allows large-scale field
lines to continuously change topology by the multidude of reconnection event
happening along the field lines in the plasma. As a consequence, they can be
transported across the plasma. The interesting transport rate to consider is the
di↵usivity perpendicular to the local mean magnetic field, the RD coe�cient
⌘RD. This di↵usivity is assumed to be similar to the di↵usion coe�cient of a
fluid particle perpendicular to the local mean magnetic field D?, statistically
defined by

D? =

Z 1

�1
dt

0h�u0
?(0) · �u0

?(t
0)i, (33)

where u0(t0) represents the velocity of the Lagrangian fluid particle at time
t
0, that is, the fluid velocity at the position of a trace particle at time t

0, and



Turbulence drives Fast Reconnection 
in 3D MHD flows

(Lazarian & Vishniac 1999; Eyink et al. 2011; 2013; Lazarian et al. 2020)

Magnetic lines wandering and 
slippage: many simultaneous 
reconnection events

Vrec = VA  ( h
LVA

) −1/2	 (DL )
−1/2

74 KOWAL ET AL. Vol. 700

Figure 10. Topology and strength of the velocity field (left panel) and magnetic field (middle panel) in the presence of fully developed turbulence at time t = 12. In
the right panel we show distribution of the absolute value of current density | !J | overlapped with the magnetic vectors. The images show the XY -cut (upper row) and
X-Z-cut (lower row) of the domain at the midplane of the computational box. Turbulence is injected with power Pinj = 1 at scale kinj = 8. Magnetic field reversals
observed are due to magnetic reconnection rather than driving of turbulence, which is sub-Alfvénic.

Figure 11. Topology and strength of the velocity field (left panel) and the magnetic field (middle panel) during the Sweet–Parker reconnection at t = 7. The strength
is calculated from the components of V and B perpendicular to the normal vector of the X-Y plane. In the right panel we show the absolute value of current density
| !j | overlapped with the magnetic vectors. The images show the XY -cut through the domain at Z = 0 at time t = 7 for a model with B0z = 0.1, ηu = 10−3, ηa = 0.0,
and the resolution 256 × 512 × 256.

Tested in 3D res-MHD (Smax=106)
numerical simulations (Kowal+2009, 
2012; 2015; 2019; 2020; Takamoto+2015; 
Oishi+2015; Beresnyak2017; Vicentin +2024) 

Vrec~ 0.01-0.1 VA



1st-order Fermi
de Gouveia Dal Pino & Lazarian, A&A 2005;
del Valle, de Gouveia Dal Pino, Kowal, MNRAS 2016

<DE/E> ~ vrec/c

Particles are accelerated in reconnection 
sites mainly by Fermi process

Reconnection Acceleration Exponential energy growth in time

-

B vrec

e = -v x Bq(e +
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1st-order Fermi: particles
bounce back and forth between 2
converging magnetic flows:
shrinking loop: increases p∥

(de Gouveia Dal Pino & Lazarian, A&A
2005)

Particles are accelerated in reconnection 
sites also by Grad-B drift

B+
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Fig. 32 Left: Shrinking magnetic loop within the turbulent reconnection re-
gion with a particle that gains higher pk as it follows the magnetic field (from
[225]). Right: Particle with a su�ciently large Larmor radius interacts with
converging magnetized flow and increases its perpendicular momentum p? as
a result. From [226], © 2012.

first-order Fermi formalism (e.g [221; 222; 223]), they found that the particle
energy gain after each round trip is (see also [224; 200]):

h�E/Eicycle = 8/3(Vr/c). (73)

Since this process implies an energy gain after each round trip that is pro-
portional to the particle energy, it grows exponentially in time being, there-
fore, much more e�cient than the linear betatron acceleration. [219] have also
demonstrated that the accelerated particles would follow a power-law distri-
bution with index p ' �1.5.

Eq. 73 also implies that reconnection has to be fast, i.e. VR has to be of the
order of the local Alfvén speed VA, in order for the Fermi acceleration to be
e↵ective. The ubiquitous turbulence in astrophysical flows is able to drive fast
reconnection according to LV99, as stressed in the previous sections and [219]
actually conceived their first-order Fermi picture in the presence of turbulent
reconnection.

Fig. 32 illustrates this mechanism as described above. Both parallel and
perpendicular momenta to the local magnetic field can be enhanced due to the
process. While the increase of the parallel component of the particle momen-
tum trivially arises from the shrinking of the magnetic field line, the increase
of the perpendicular momentum requires some explanation. One can see from
Fig. 32 that due to magnetic reconnection the fluxes are moving towards each
other with the velocity Vr = VR in the Fig.. As a result, a charged particle
gets deflected by these converging magnetic mirrors and increases its p?. The
Larmor radius increases due to the p? increase and the particle trajectory is a
spiral with increasing radius as shown in the right panel. The observer viewing
the reconnection layer perpendicular to the guide field, i.e. along the A-A di-
rection of the upper right subpanel, sees the field reversal at the reconnection
layer with magnetic field coming towards the observer above the reconnection

Drift: at larger Larmor radius
particle interacts with converging
magnetic flow and gain energy
during every gyration: increases p⊥

(Kowal, deGDP, Lazarian, PRL 2012;
Lazarian et al. 2012)
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smaller. By comparison, a typical coronal density of
109/cm3 implies di ∼ 103 cm, in a system with a typical
scale of 109 cm. A model capable of explaining observa-
tions such as that of5 will involve a significant extrapo-
lation to physically relevant domains.
Astrophysical magnetic reconnection occurs in a wide

variety of regimes. The “guide field” (magnetic field com-
ponent perpendicular to the reconnecting components
and parallel to the reconnection electric field) is an im-
portant parameter: anti-parallel (small guide field) re-
connection is common in the magnetotail, while compo-
nent reconnection is common in environments such as the
solar corona, where the guide field may be many be sev-
eral times the magnitude of the reconnecting field. Anti-
parallel reconnection necessarily contains regions where
|B| is small and particles become unmagnetized (i.e., Lar-
mor radii exceed local scale lengths). Electrons remain
magnetized during guide field reconnection even for very
small values of the ratio of the guide field to the recon-
necting field25.
Electrons and ions, having disparate masses, can be ac-

celerated by distinct mechanisms. Small-scale processes
important for electrons may be washed out at the rela-
tively large ion length scales. Acceleration arising from
discontinuities may have a greater impact on massive par-
ticles. For example,26 and27 explore how heavy ions are
accelerated by a pick-up process in reconnection outflows,
a mechanism which does not impact electrons. We con-
sider only electron acceleration in this paper.
Fully three-dimensional treatments are an ultimate

goal in the kinetic treatment of particle acceleration. In
two dimensions, magnetic islands (closed loops of mag-
netic flux) are efficient particle traps. However, oblique
tearing modes and other instabilities in 3D generate flux
tubes18. These three-dimensional equivalents of islands
are porous, allowing particles to escape. 2D models de-
pendent on the structure of the magnetic fields (e.g. the
contracting islands model) may require modification in
order to address acceleration in the more complex geo-
metrical situation in 3D. Hence a more general descrip-
tion of how particles are accelerated during reconnection
in 2D and 3D systems is needed.
In order to more fully establish the mechanisms for

electron acceleration during reconnection, we develop a
guiding-center theory that can be used to diagnose how
electrons gain energy during reconnection. We identify
key mechanisms, including the curvature, gradient B and
parallel electric fields, and evaluate their relative contri-
butions in 2D kinetic simulations with a modest to strong
guide field. The results are easily generalizable to 3-D
configurations. This is a similar approach to that used
by28 in their treatment of particle acceleration in rela-
tivistic, antiparallel reconnection.
In Section II we derive a local bulk expression for par-

ticle acceleration and discuss the physical significance of
each term. In Section III we delineate our simulation
methods and initial conditions. We present the results
from 2D simulations in Section IV and examine momen-

tum spectra in Section V. We discuss the significance of
these results in Section VI.

II. ELECTRON ACCELERATION IN THE GUIDING
CENTER LIMIT

In order to examine various effects contributing to the
particle energy evolution, we begin with a standard treat-
ment of the guiding-center approximation given by29.
The evolution of the energy ε of a single particle in the
guiding-center limit is given by:

dε

dt
= (µ/γ)∂tB + q(v‖b+ vc + vg) ·E (1)

where b = B/|B|, µ = mγ2v2⊥/2B, is the magnetic mo-
ment, γ is the relativistic Lorentz factor, v‖ = v · b, and
vc and vg are the curvature and grad-B drifts:

vc =
v2‖b

Ωce
× κ (2)

vg =
v2⊥b

2Ωce
×

∇B

B
(3)

In Eqs. (2) and (3) the electron cyclotron frequency
Ωce = eB/γmec. The curvature is κ = b ·∇b. If we sum
over all particles in a local region, (1) becomes:

dU

dt
=

β⊥

2

∂

∂t

(

B2

8π

)

+E·

[

J‖ +
β‖

2

c

4π
B× κ+

β⊥

2

c

4π
B×

∇B

B

]

(4)
which may be rewritten as:

dU

dt
= E‖J‖ +

p⊥
B

(

∂B

∂t
+ u

E
·∇B

)

+ p‖uE
· κ (5)

where U is the total kinetic energy, uE is the E-cross-B
drift, p‖ is the parallel pressure, p⊥ the perpendicular
pressure, β‖ = 8πp‖/B

2, and β⊥ = 8πp⊥/B2.
The first term in Eq. (5) is the acceleration by the

parallel electric field. The second term corresponds to
perpendicular heating due to the conservation of µ (the
term in parentheses is dB/dt). The third term drives
parallel acceleration and arises from the first-order Fermi
mechanism described in15,16. Freshly reconnected field
lines downstream from a reconnecting X-line accelerate
as a result of the tension force (∼ B2

κ) and causes them
to “straighten”. Particles that reflect from this moving
field line receive a Fermi “kick” and thereby gain energy.
Figure 1 shows a cartoon model of this effect. A particle
trapped in a magnetic island whose ends are contracting
due to these tension forces will repeatedly gain energy as
it reflects from the ends of the island. More generally,
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FIG. 4. Top: Evolution of the Lorentz factor for 10 represen-
tative particles selected to end up in di↵erent energy bins at
ct/l = 12 (matching the di↵erent colors in the colorbar on the
right). Middle: Probability density functions of |Jz,p|/Jz,rms

experienced by the injected particles at their tinj (red circles)
and by all our tracked particles at ct/l = 4 (blue diamonds),
with a half-normal distribution overplotted as a solid black
line. Bottom: Zoom of Jz at ct/l = 4 with the open cir-
cles indicating the positions of the particles that are injected
around this time [66].

Acceleration Mechanisms.— In order to unveil the par-
ticle acceleration mechanisms, we have tracked the tra-
jectories of a random sample of ⇠ 106 particles from
a 2D simulation with �0 = 10, �Brms0/B0 = 1, and
L/de0 = 1640. In Fig. 4(a) we show the Lorentz fac-
tor evolution of 10 particles that eventually populate the
nonthermal tail (i.e., with � > 30 at ct/l = 12, compare
with the cyan line in Fig. 2(b)). A common feature of
these tracks is the rapid energy increase from � ⇠ �th0

up to � ⇠ 10 � 100. Indeed, we have verified that the
overwhelming majority (⇠ 97%) of the particles belong-
ing to the nonthermail tail (i.e., with � > 30 at ct/l = 12)
experience in their life such a sudden episode of energy
gain. This event is extracting the particles from the ther-
mal pool and injecting them into the acceleration process
(i.e., it controls the physics of particle injection). In-
spired by Fig. 4(a), we identify the injection time tinj as
the time when the energy increase rate (averaged over
�t = 45 de0/c) satisfies ��/�t > �̇thr, and prior to this
time the particle Lorentz factor was � < 4�th0 ⇠ 6. We
typically take �̇thr ' 0.01

p
�0�th0!p0, but we have veri-

fied that our identification of tinj is nearly the same when
varying �̇thr around this value by up to a factor of three.
Having determined the injection time, we can explore

the properties of the electromagnetic fields at the injec-
tion location. The red circles in Fig. 4(b) show the proba-
bility density function (PDF) of the electric current den-
sity |Jz,p| experienced by the particles at their injection
time (normalized by the root-mean-square Jz,rms in the
whole domain at that time). The peak of the PDF is
at |Jz,p| ⇠ 4 Jz,rms, and ⇠ 95% of the injected particles
reside at |Jz,p| > 2 Jz,rms, a threshold that is usually em-
ployed to identify current sheets [59]. This should be
contrasted with the blue diamonds, showing the PDF of
the electric current experienced by our tracked particles
at ct/l = 4, regardless of whether they are injected or
not. As expected, this peaks at zero, and only ⇠ 9%
of particles have |Jz,p| > 2 Jz,rms. The tail of the blue
curve at |Jz,p| > 2Jz,rms is due to the intermittent nature
of current sheets in turbulence [e.g., 16, 36, 37, 60–63],
while for |Jz,p| < 2Jz,rms the blue PDF lies close to a
half-normal distribution (solid black line).
In summary, particle injection into the acceleration

process occurs at current sheets; more specifically, at re-
connecting current sheets. This is illustrated in Fig. 4(c),
where we show Jz/en0c in a subset of the simulation do-
main at ct/l = 4. The overplotted open black circles
indicate the locations of particles whose tinj is around
this time. Clearly, most of the particles participating in
the injection episode reside at active reconnection lay-
ers, fragmenting into plasmoids. Despite the small filling
fraction of current sheets, the injection e�ciency (i.e., the
fraction of particles going through the injection phase) is
expected to be independent of box size. In fact, the life-
time of a current sheet of characteristic length l is the
eddy turnover time l/�Vrms (here, �Vrms is the velocity
fluctuation amplitude). During this time, reconnection
proceeds at a rate �Rc and the current sheet will “pro-
cess” a plasma surface ⇠ �Rl2(c/�Vrms), i.e., a fixed frac-
tion of the 2D domain (a similar argument holds in 3D).
Acceleration by the reconnection electric field [54–56]

governs the first phase of particle energization, as shown
in Fig. 5. Here, each colored curve represents the average
Lorentz factor of particles having the same injection time
tinj (within �tinj = 0.48ct/l). The linear growth from

Comisso & Sironi, PRL 2019
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FIG. 2. Top: Time evolution of the particle spectrum for the
simulation in Fig. 1. At late times, the spectrum displays an
extended power-law tail with slope p = �d logN/d log(� �
1) ⇠ 2.9. The inset shows the dependence of the power-law
index p on �B2

rms0/B
2
0 and �0. Bottom: Particle spectra at

late times (ct/l = 12) for simulations with fixed �0 = 10,
�Brms0/B0 = 1 and l = L/8, but di↵erent system sizes
L/de0 2 {410, 820, 1640, 3280, 6560}. The insets show the
dependence of the power-law index p (top; dashed line is
the asymptotic slope p = 2.9) and the cuto↵ Lorentz fac-
tor �c (bottom; dashed line is the predicted scaling �c ⇠p
�z�th0(l/de0), see text) on the system size.

�c — defined as the Lorentz factor where the spectrum
drops one order of magnitude below the power-law best
fit — linearly increases with system size (bottom inset
in Fig. 2(b)). As discussed below, stochastic acceleration
by turbulent fluctuations dominates the energy gain of
nonthermal particles. High-energy particles will cease to
be e�ciently scattered by turbulent fluctuations when
their Larmor radius exceeds the energy-carrying scale
l = 2⇡/kN , implying an upper limit to their Lorentz
factor of �c ⇠ e

p
hB2il/mc2 ⇠ p

�z�th0(l/de0), which
successfully matches the scaling of �c on system size in
the inset of Fig. 2(b) (this argument assumes that the
turbulence survives long enough to allow the particles to
reach this upper limit). By varying l/L, we have explic-
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FIG. 3. Top: Current density Jz at ct/l = 4 from a 3D simula-
tion with �0 = 10, �Brms0/B0 = 1, L/de0 = 820, and l = L/4,
showing the copious presence of current sheets [66]. Bottom:
Time evolution of the corresponding particle spectrum. The
inset shows for two di↵erent box sizes that the time-saturated
particle spectra are almost identical between 2D (blue) and
3D (red).

itly verified that �c / l, rather than �c / L.

We have confirmed our main results with large-scale
3D simulations, since several properties of the turbulence
itself, as the energy decay rate and the degree of intermit-
tency, are known to be sensitive to dimensionality [49].
Results from our largest 3D simulation, with L/de0 = 820
and l = L/4, are presented in Fig. 3. The plot of Jz in
the fully-developed turbulent state (top) shows the pres-
ence of a multitude of current sheets, as found in our 2D
setup. The evolution of the particle energy spectrum is
presented in Fig. 3(b). A pronounced nonthermal tail
develops, whose power-law slope and high-energy cuto↵
are remarkably identical to its 2D counterpart (in the in-
set, we compare the time-saturated spectra of 2D and 3D
simulations for two di↵erent box sizes, showing that the
spectra nearly overlap).
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Figure 10. Topology and strength of the velocity field (left panel) and magnetic field (middle panel) in the presence of fully developed turbulence at time t = 12. In
the right panel we show distribution of the absolute value of current density | !J | overlapped with the magnetic vectors. The images show the XY -cut (upper row) and
X-Z-cut (lower row) of the domain at the midplane of the computational box. Turbulence is injected with power Pinj = 1 at scale kinj = 8. Magnetic field reversals
observed are due to magnetic reconnection rather than driving of turbulence, which is sub-Alfvénic.

Figure 11. Topology and strength of the velocity field (left panel) and the magnetic field (middle panel) during the Sweet–Parker reconnection at t = 7. The strength
is calculated from the components of V and B perpendicular to the normal vector of the X-Y plane. In the right panel we show the absolute value of current density
| !j | overlapped with the magnetic vectors. The images show the XY -cut through the domain at Z = 0 at time t = 7 for a model with B0z = 0.1, ηu = 10−3, ηa = 0.0,
and the resolution 256 × 512 × 256.

4

FIG. 1. Left column: Particle kinetic energy distributions for 10,000 protons injected in the Sweet-Parker reconnection (top),
fast magnetic reconnection (middle), and purely turbulent (bottom) domains. The colors indicate which velocity component
is accelerated (red or blue for parallel or perpendicular, respectively). The energy is normalized by the rest proton mass.
Subplots show the particle energy distributions at t = 5.0. Right column: The exemplary XY cuts through the domain at
Z = 0 of the absolute value of current density | !J | overlapped with the magnetic vectors for the Sweet-Parker reconnection
(top), fast reconnection (middle), and purely turbulent domains (bottom). Models with B0z = 0.1, η = 10−3, and the resolution
256x512x256 for reconnection and B0z = 0.2 and the resolution 128x256x128 for the turbulent cases are shown.

As a consequence, an undesired converging flow arises
along the mean field due to large scale Alfvén waves,
which enhances the acceleration rate for particles with
Larmor radii approaching the turbulent injection scale.
After reaching an energy level of about 104 proton mass,
this acceleration is significantly suppressed and α drops
down to ∼ 0.67. In the model with fast reconnection
the presence of the large scale current sheet provides the
converging flow. This flow brings scattering centers al-
lowing a continuous growth of the particle energy until
the saturation level. In pure turbulence, the absence of
a converging flow results in a random particle scattering
on approaching and receding small scale current sheets
(although at a smaller rate), so that the overall acceler-
ation is a second-order Fermi process. This point still

requires further studies, as reconnection layers in pure
turbulence can be responsible for first-order Fermi ac-
celeration of low energy particles. As before, the rapid
transition to smaller acceleration rate occurs when the
particle gyroradius reaches the size of the turbulent do-
main and its irregularities (around t = 10). We note that
we have neglected here the time evolution of the MHD
environment since this is much longer than the particle
time scales. In fact, particles are accelerated by magnetic
fluctuations in the turbulent field and interact resonantly
with larger and larger structures as their energy increases
due to the scatterings. In a steady state turbulent envi-
ronment, as considered here, particles will see on average
the same sort of fluctuation distribution, so that after
several Alfvén times, one should expect no significant

3D MHDFer
mi

Drift

A m
att

er 
of 

int
erp

ret
ati

on
? 

3

10-1 100 101 102 103

γ -1

10-6

10-5

10-4

10-3

10-2

10-1

100

101

dN
/d

ln
(γ

 -
1
)

p=2.9

(a)

ct/l
0.0 4.0 8.0 12.0

10-1 100 101

(δBrms0/B0)
2

1

2

3

4

5

p

σ0=10

σ0=40

σ0=2.5

σ0=160

100 101 102 103

γ -1

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

dN
/d

ln
(γ

 -
1
)

p=2.9

(b)

(6560de0)
2

(3280de0)
2

(1640de0)
2

(820de0)
2

(410de0)
2

  

2.0
2.5
3.0

p

103 104

L/de0

102

103

104

γ
c

3 102. 3 103.

FIG. 2. Top: Time evolution of the particle spectrum for the
simulation in Fig. 1. At late times, the spectrum displays an
extended power-law tail with slope p = �d logN/d log(� �
1) ⇠ 2.9. The inset shows the dependence of the power-law
index p on �B2

rms0/B
2
0 and �0. Bottom: Particle spectra at

late times (ct/l = 12) for simulations with fixed �0 = 10,
�Brms0/B0 = 1 and l = L/8, but di↵erent system sizes
L/de0 2 {410, 820, 1640, 3280, 6560}. The insets show the
dependence of the power-law index p (top; dashed line is
the asymptotic slope p = 2.9) and the cuto↵ Lorentz fac-
tor �c (bottom; dashed line is the predicted scaling �c ⇠p
�z�th0(l/de0), see text) on the system size.

�c — defined as the Lorentz factor where the spectrum
drops one order of magnitude below the power-law best
fit — linearly increases with system size (bottom inset
in Fig. 2(b)). As discussed below, stochastic acceleration
by turbulent fluctuations dominates the energy gain of
nonthermal particles. High-energy particles will cease to
be e�ciently scattered by turbulent fluctuations when
their Larmor radius exceeds the energy-carrying scale
l = 2⇡/kN , implying an upper limit to their Lorentz
factor of �c ⇠ e

p
hB2il/mc2 ⇠ p

�z�th0(l/de0), which
successfully matches the scaling of �c on system size in
the inset of Fig. 2(b) (this argument assumes that the
turbulence survives long enough to allow the particles to
reach this upper limit). By varying l/L, we have explic-
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FIG. 3. Top: Current density Jz at ct/l = 4 from a 3D simula-
tion with �0 = 10, �Brms0/B0 = 1, L/de0 = 820, and l = L/4,
showing the copious presence of current sheets [66]. Bottom:
Time evolution of the corresponding particle spectrum. The
inset shows for two di↵erent box sizes that the time-saturated
particle spectra are almost identical between 2D (blue) and
3D (red).

itly verified that �c / l, rather than �c / L.

We have confirmed our main results with large-scale
3D simulations, since several properties of the turbulence
itself, as the energy decay rate and the degree of intermit-
tency, are known to be sensitive to dimensionality [49].
Results from our largest 3D simulation, with L/de0 = 820
and l = L/4, are presented in Fig. 3. The plot of Jz in
the fully-developed turbulent state (top) shows the pres-
ence of a multitude of current sheets, as found in our 2D
setup. The evolution of the particle energy spectrum is
presented in Fig. 3(b). A pronounced nonthermal tail
develops, whose power-law slope and high-energy cuto↵
are remarkably identical to its 2D counterpart (in the in-
set, we compare the time-saturated spectra of 2D and 3D
simulations for two di↵erent box sizes, showing that the
spectra nearly overlap).


