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Anomalous Cosmic Ray (ACR)

* The conventional model is that anomalous cosmic
rays are interstellar pickup ions accelerated at the
heliospheric termination shock (HTS) via diffusive
shock acceleration (DSA).

* VVoyager observations suggest that DSA alone may
not be sufficient to explain the generation of ACR.
Some observational features include: (a) ACR
intensity peak behind the HTS, within about 1 au;
(b) ACR intensity continues to increase behind the
HTS on larger scales ~ 10 au.



* Voyager 1 crossed the HTS on 2004 December 16,
and Voyager 2 on 2007 August 30.
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Blunt shock model

* The shock geometry has been proposed to be an
important factor that determine the ACR intensity
behind the HTS. A blunt shock model is consistent with

some of the observational features.

* The increase of the ACR 160
intensity behind the HTS is 1
attributed to the magnetic
connectivity to the

acceleration sites on the
flank of the HTS. .

-100

50

0

[AU]

-150

| | | |
-200 -100 0 100



Acceleration by turbulence?

* Fisk & Gloeckler (2006, 2012) suggest a pump
acceleration mechanism by compressible
turbulence in the heliosheath. Energetic particles
are accelerated out of the thermal particles due to
compression of the plasma flow.



Reconnection mechanism

» Simulations by Drake et al. (2010) suggest that the
HTS compresses the sectored heliospheric
magnetic field, leading to stronger magnetic
reconnection in the heliosheath and particle
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Acceleration Mechanisms

» Particle acceleration may result from first-order or second-order Fermi

processes associated with compressible or incompressible flux rope dynamics
(Drake et al. 2006; Bian & Kontar 2013; Zank et al. 2014; le Roux et al. 2015).

le Roux et al. (2018)
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» Reconnection induced electric field generated by
island merging can accelerate particles near X-line
regions directly (Oka et al. 2010; Zank et al. 2014).
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Statistical Acceleration

> Compressible process (magnetic 1sland

contracting):
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gr NeVis
V) 1
— =—-N-V;.
2t 2Vl

» Incompressible process (magnetic
island merging, total area conserved):
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» Reconnection electric field acceleration:
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Parker-like Transport Equation

» General transport equation for a nearly 1sotropic particle distribution:
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Mono-energetic injection of particles at x = (
Assume:
¢ Steady-state 1D problem;
¢ An incompressible super-Alfvenic flow;
» Anti-reconnection electric field velocity: Vg # Neglect second-order energy diffusion terms
» Magnetic island contraction rate: 77, # Introduce an escape term corresponding to
» Particle escape time (assumed as a constant): 7, | particle loss from a finite acceleration region!
» Spatial diffusion coefficient: k

Zhao et al. (2018)



Analytic Solution

» General solution for the particle velocity distribution function:
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Comparison against observations

 Comparison from the Zank et al. (2015) results.
Left: Voyager 2 measurements of energetic particle
flux amplification at the HTS crossing. Right: results
from the analytic model including DSA and
reconnection.
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Magnetic islands/flux ropes

* The acceleration mechanisms rely on the presence
of multiple magnetic islands/flux ropes. A crucial
problem is the lack of observational evidence of
magnetic islands.

Coherent quasi-2D nonlinear structures possessing a twist, or
islands with an out-of-plane axial or guide magnetic field component.

x: Projected Spacecraft Path " o = ) ) . .
s S @ Multiple X-line magnetic reconnection generates

magnetic islands in the solar wind.

L—# ' | @ MHD turbulence dissipates via highly dynamical
- localized reconnection events, spawning magnetic islands
(e.g., Greco et al. 2009; Zhou et al. 2015).

Spacecraft Path

" ; Poloidal flux (a) @ The disturbed HCS generates small-scale magnetic
Magn etic}lux rope structure (Hu 2017) islands in its neighborhood (Khabarova et al. 2015, 2016).



Identifying magnetic islands/flux ropes

* From in-situ measurements,
magnetic flux ropes are
characterized by a rotation in
magnetic field direction along the
spacecraft trajectory.

 Various methods can be used to
identify magnetic islands: visual
inspection, magnetic hodogram,
GS reconstruction, etc.
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Magnetic helicity

e Spectrograms of reduced magnetic helicity can be used
as indicating magnetic flux ropes.

* Normalized magnetic helicity, cross helicity, and residual
energy:

2Im [W/ (v, t) - Wy (v, 1)]

o, 1) = \Wr(v, > + |Wr(v, O + Wy,
_ (z+2) — (z72) o 2(zt - z7)
@) + (2) )+ @)

* To obtain the spectrograms, the continuous wavelet
transform (CWT) is applied with a Morlet wavelet.
: - 1 _
W (5)= Exn,w*[(” ”)5’], W(t) = —==exp 3 7 exp !

n’=0 S




Voyager 2 Data

Zhao et al. (2019)
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Wavelet spectrograms
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GS reconstruction

* We use the Grad-Shafranov (GS) technique to
reconstruct the magnetic flux ropes that are
identified in the wavelet spectrograms.

* The figure shows the flux rope cross section and
the Pt-A curve.
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Turbulence power

* We calculate the turbulence power spectra
upstream and downstream of the HTS using the

wavelet method. A Kolmogorov-like k>/3 power law
is obtained both upstream and downstream.

Global wavelet spectrum

104

— downstream
— upstream

* The increased power
downstream indicates
the generation of
turbulence and possibly
magnetic islands.
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Model comparison

* We use the theoretical model of Zank et al. (2014),
extended by Zhao et al. (2018) with the following
parameters.

 Diffusion coefficient 1.12 x 10% cm*s™"

* Mean free path ~ 0.006 au for ~7 MeV particles

* Diffusion time scale 7= Latr/U =57 x 10°s

* Island contraction time scale 7= 7a/(a/7) = 3.4 x 10°s
* Escape time scale 7 =7/(7a/7) =9.1 x 10*s

e Electric field Me=(Ve/Uy"' ~ 18



 Comparison of the
intensity-time profiles of
ACRs between model
and observations at
different energy
channels.

Zhao et al. (2019)

OHO O B H NOOKFRNNUOHRENNWLWA
oo L © L1 oo o ol colouououLo
T — T T

0.08

COO00O00000CO000
[S=lelelelelololeto sl eTate)

0.00
07

UVIOFNWAUIONON A O
T T T T IS

ACR Flux (/cm?/s/sr/MeV)

[ 1.8-2.2 MeV

- : : :

3 1
| 2.2-3.0 MeV ! ]
i o 1

L 3.0-4.6 MeV

" 4.6-6.2 MeV

| 6.2-7.7 MeV

- 7.7-10.3 MeV

[ 10.3-12.8 MeV

| 12.8-15.3 MeV

[ 15.3-17.9 MeV

/01 08/01

2007 2007

09/01

2007

10/01
2007

11/01
2007

12/01
2007

01/01
2008

02/01

2008



Flux (cm? s sr MeV) ™!

Flux (cm? s sr MeV) ™!

Particle energy spectra

10!

=
(=}
o

=
o
-

1072

10!

=
o
El

=
o
-

1072

2007-09-22

Index = -2.36+0.05

Model index = -2.44

10!
Energy (MeV)

2007-11-28

Index = -1.93+0.05

Model index = -1.99 |

1071
Energy (MeV)

Flux (cm? s sr MeV) !

Flux (cm? s sr MeV) !

10!

=
o
El

=
o
[N

102

10!

=
o
El

iy
o
[N

1072

2007-10-11

Index = -2.35+0.04

Model index = -2.38

10!
Energy (MeV)

2007-12-05

Index = -1.92+0.06

Model index = -1.92

10t
Energy (MeV)

cm? s sr MeV)!

~

Flux

Flux (cm? s sr MeV)~!

10t

=
o
E)

10

102

10t

[y
o
E)

iy
o
-

102

2007-11-05

Index = -2.19+0.05
Model index = -2.20

10!
Energy (MeV)

2007-12-14

Index = -1.87+0.04

Model index = -1.83

1071
Energy (MeV)




Summary

* Voyager observations suggest that DSA alone does
not account for all particle acceleration.

* Magnetic reconnection may contribute to particle
acceleration in the heliosheath accompanying DSA.

* The model is supported by wavelet spectral analysis
that identifies small-scale magnetic flux ropes in
the heliosheath and energetic particle spectra.

* Observed energetic particle spectrum ~ 100 days
after the HTS crossing shows agreement with the
analytical model.



Magnetic field and plasma parameters in the

heliosheath .

(b)
Table 1. Magnetic field and plasma parameters in the inner heliosheath
(c)
|Bl Uy np ng Npui Ne T Tou Te Va C, Vi B wep  Wpe
(d)

nT km/s em™ em™ em™ em™® MK MK MK km/s km/s km/s rad/s rad/s

0.1 145 0.002 0.1 0.0005 0.0025 0.052 9.36 0.052 44 164 170 17 0.01 2821

NoOTE—The Alfvén speed V4 and the sound speed C, are calculated over all species of charged particles (€)
(solar wind protons, electrons and PUIs). The estimated fast magnetosonic speed V; assumes
perpendicular propagation only. The plasma beta 3 takes into account the PUI pressure. wy, denotes the (f)

proton gyrofrequency and wy, the electron plasma frequency.

(9)

* Voyager 2 magnetic field and solar wind proton measurements
in the mner heliosheath during the period from 2013-10-29 to
2015-01-01.
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Turbulence and Taylor’s hypothesis in the
Heliosheath

The following questions need to be revisited: 5 Vogagerd.anfoSiAb
e — ] —
* What is the shape of wavenumber spectrum? et g
Zieger et al. (2020) suggested that the magnetic E 07 s 10
power spectrum observed by Voyager is not 5 P & ]
Kolmogorov like although it looks like Q753/3, 2 o oo
10’3- 2013D0OY302 —2015DOY1 10:3-
* Is the high compressibility an observational bias? 106 - Q) ms Q(Hz)
Compressible modes may be easier to see because o) — o o
they propagate faster. g \ § )
o N B
* How important are Alfven waves? Alfven waves are 3 1w g 10
observable even when the flow velocity is . .
perpendicular to the mean magnetic field because = %

they can propagate relative to the spacecraft. = T -



Fast (MHD and multifluid) and Alfven modes: The relationship between fast mode speed,
Alfven speed, and flow speed cause the observed compressibility to be larger than the
“true” compressibility by a factor of ~3.

(a)

PSD(B) (nT?/Hz)

106

Table 1. Parameters of the isotropic models of Alfvén and fast turbulence

Parameters Alfvén Fast

Co (nT?/Hz) 6x10710 2x10710
ko (km™1) 1x1078  5x107°

q 5/3 5/3
(b) 101
P3PS P3PS, PRPY
— 10PP
=4
& 100 gLl
= WL
a
1 2013DOY 302 — 2015DOY 1
2013DO0OY 302 -2015D0OY1
10-7 105 10 10* 10-3  10-2 107

1077 10 103 10°* 1073 1072

Zhao et al. (2024); Zieger et al. (2020)
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Prospectives for New Horizons

* New Horizons may observe energetic particle fluxes
increase after termination shock crossing.

* The shape of the energetic particle time-intensity
profiles may indicate the acceleration mechanisms.

* The location of New Horizons affects the
connectivity to the termination shock.

* The spectrum shape may indicate the partitioning
of power among the various wave modes.



