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Magnetic reconnection at the Earth and Flux Transfer Events (FTEs)

* Dungey cycle: the global convention enabled by magnetic reconnection

Kivelson and Russell , 1995
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The first observation of magnetic flux ropes near the magnetopause by ISEE 1 and 2 spacecraft (Russell
and Elphic, 1978)

Since these flux ropes were moving and contained magnetic flux (about 20 MWDb here), we called them
flux transfer events (FTES).



Flux tube entanglement: interlinking and generating
new flux tube pairs through magnetic reconnection

Nishida et al., 1989 Lee et al., 1993
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Magnetic reconnection in solar corona

* |t has been proposed that the solar flares were triggered by an observed interaction of two

or more flux tubes leading to magnetic reconnection (Frazier & Stenflo 1972; Kiplinger et al.
1983 ; Hanaoka 1994 ; and Falewicz & Rudawy 1999; Linton et al., 2001)

e The collision and reconnection of flux tubes could be involved in:
* Two ribbon flares (Sturrock et al. 1984 ; Machado et al. 1993 ; Klimchuk 1997)
e X-ray-bright points (Priest, Parnell, & Martin 1994)

Kopp and Pneuman,

 Compact flares (Jakimiec et al. 1998) Vs . Sol. Phys., 1978
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Early studies on the flux tube interaction in solar corona 1

(b) Case 2.
¢ J ¢ J
.‘
\ Case 1 2 3 .
\ Current Attracting | Attracting Repelling Repelling
\ B, Parallel | Opposite Parallel Opposite
— — Helicity injection Yes Zero or small | Zero or small Yes
Final state force-free Yes No Yes No
(c) Case 3. (d) Case 4. Reconnection No Yes No Yes?
Magnetic nulls No Yes No No

Closed field lines No Yes No Yes

+ J v J 4y J
/
’ / “Flux merging in case 4 occurs at the boundary.

 Depending on the direction of the twist (helicity) and the relative signs of
the longitudinal magnetic field Bz , the system falls into four classes

5 Y -T Lau et al., PoP 1996



Early studies on the flux tube interaction in solar corona 2

* Linton et al., The Astrophysical Journal, 2001
» Different angles between the colliding flux tubes
e Co- or counter-helicity flux tubes
* Four classes of interaction:
 Bounce (no appreciable reconnection)
. Merge

* Slingshot (T he most efficient reconnection)

 Tunnel (a double reconnection)

Linton et al., 2001



Flux tube entanglement has been seen by
MMS at the Earth

* Flux tube entanglement and reconnection at the interface has been observed
by the MMS (Kacem et al., 2018; Qieroset et al., 2019; Fargette et al., 2020;
Hwang, Dokgo et al., 2020; Kieokaew et al., 2020)
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Temporal Evolution of Flux Tube Entanglement at the
Magnetopause as Observed by the MMS Satellites

Y. Qix, C.T.Russell, Ying-Dong Jia, M. Hubbert

First published: 20 November 2020 | https://doi.org/10.1029/2020GL090314 |

* A significant increase in both
magnetic field strength and total
pressure (the sum of plasma thermal
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Early Stage

Event no. 13

60 1,
40 _—— . 8 =
B 20 M
INT] 0 N
:3,8 tot
J ‘6188 para
200
[NA/m?] 0
-200 perp
3.0
2.5 o
2.0
Pressure ¢ o .
[nPa] 1.0 e
0.5 —— D
0.0 - _
1000 . %
lon Spec. 1000 E
[eV] 4 .
LN
10000 f VI AT (R IO e TN J 100 O¢
Elec. Spec. 1000 it Ll R et AR L | &)
100 £
_ |§ro —
Seconds 20 00 ”
2015 Dec 03 1024 1025
0.0020 [~ .
0.0015 =
C : \ 0.0010 =
urv. (norm -
0.0005 |-
[kmA-1] !
0.0000 |
-0.0005 =
-0.0010L,
Seconds 35

2015 Dec 03 1024:

e ft1b

ft1a

ft2a



Mid Stage
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Late stage
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8 events can be identified as one of the three stages

No. Date Time Duration [sec] V_cs [km/s] CS I[)suerca]tion CS[;?tio CS[m (]jth m
9 2015-12-08 10:27:40 26 222.7 3.90 5.20 202.66 Early
13 2015-12-03 10:24.00 53 /3.1 6.36 5.04 246.35 Early
6 2015-11-21 01:56:50 99 72 3.65 3.58 259.92 Mid
3 2015-11-07 14:16:42 33 90.1 6.46 6.36 191.91 Mid
11 2015-11-06 13:24.00 58 113.8 5.12 6.44 337.99 Mid
1 2016-12-10 04:53:32 65 54.5 1.85 1.83 65.40 Late
8 2016-12-28 04:59:18 34 130.2 2.32 2.49 102.86 Late
14 2016-01-18 01:23:00 65 67.7 1.29 3.950 56.87 Late
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JGR Space Physics

Research Article (3 Full Access

Temporal Evolution of Flux Rope/Tube Entanglement in
3-D Hall MHD Simulations

Ying-Dong Jia®, Yi Qi, San Lu, C.T. Russell

First published: 12 February 2021 | https://doi.org/10.1029/2020JA028698 |
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Questions to be answered

? Can flux ropes/flux tubes reconnect?

“? |s the process driven by the ambient plasma or by magnetic tension force from
the far end of the ropes”?




4 different cases

BC case A BC case B
Dynamic pressure Tension force
IC type 1: Flux rope Case Al Case Bl

IC type 2: Be = 0 Flux tube Case A2 Case B2

15



Entangled flux ropes: reconnection occurs successfully

a) T=20 min 1 @) b) T=40 min



Entangled flux tubes: reconnection still occurs

(@) T=20 min (b) T =40 min
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Hybrid simulation went through similar processes

3D Cartisien Nx*Ny*Nz = 160*80*80 Initial setup: plasma = uniform Ni & Ti
Number particles/cell = 200 Magnetic field = zero background + flux tubes
Lx*Ly*Lz = 80*60*60 (d;) Boundary condition: x fix; y & z periodic

B=4, Corresponding to Bo=10nT, ni=10/cc Ti=100eV Driven flow velocity=0.2Vao

Qt =4 44

132 176 280
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Cases 3 and 4: Different Boundary Conditions: only move the foot
points of the tubes

a) D)
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Reconnection happens but cannot fully resolve the entanglement

(a) T =20 min
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Guo, Jin; Lu, San et al. in prep

Global hybrid simulation: step (a) -> (b)

Multiple
Reconnection
Sites

(a) Q t =25 (b) 2t = 35
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Summary

e MMS observations:  Hall MHD simulations:

* Flux rope reconnection has been modeled

e 17 flux tube entanglement events using at different conditions (helicity, beta, flow
MMS velocity...)

8 out of 17 events show characteristics of * Previously entangled flux tubes reconnect
three temporal evolutionary stages of into untangled ropes.

entanglement
* This process is mainly driven by the

* As the entanglement evolves, a new pair of momentum of converging plasma
flux ropes with different connectivity than - |
that of the initial pair is eventually produced. * Hybrid simulations

Of this new flux rope pair, one has both
ends in the magnetosphere while the other |
has both ends connected to the * The generation of entanglement

magnetosheath. » Details at the entanglement interface
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Future work

 Expand the study and compare various plasma environments:

Enviroments

Magnetosphere

Solar corona

Observation MMS, planetary missions EUV imagers
Global simulation MHD + Hybrid MHD
Small scale details Hybrid Hybrid
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