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Tearing initiates reconnection in high 5; plasmas

* Oppositely-directed B field lines can reconnect and release magnetic energy

* Reversing B field forms current sheet of width a, length L, Alfven speed v,,

resistivity N
* If = —£2 =5, = 10* reconnection is initiated by onset of tearing instability as a shrinks
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Onset occurs when tearing rate dominates formation

* Recent works examine onset process

(e.g. Uzdensky and Loureiro 2016, 212
Tolman et al. 2018) £ 1.0
: 2 0.8+
* Important for turbulence studies, e |
timescales of solar flares £006 $ | w7, tearing growth rate
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* Tearing onsets when linear growth rate Onset condition
Yy becomes larger than formation rate I

* Formation rate [ usually modeled as
constant

y (Increases as sheet narrows) >» T (often
modeled as constant)
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Many plasmas are poorly ionized
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We study onset in poorly ionized plasmas

* Poorly ionized plasmas are different in multiple ways

* We study a magnetohydrodynamic poorly ionized plasma
* Neutral fluid + ionized fluid
* Coupled by ion-neutral collisions, ionization, recombination

* We use:
* Simulation using Athenak, astrophysical magnetohydrodynamics (MHD) code
* Analytics

* We ask: When does tearing onset! What type of mode onsets!
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Outline

* Tools for studying onset

* Analytic description of formation process, with consideration of onset
* Type of mode that disrupts sheet

 Simulations of all the above
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Tools for studying onset
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We use MHD and hydrodynamic equations

Quantity Definition

Neutral momentum equation 0. D; Neutral and ionized
mMass density
P,, P; Neutral and ionized
lonized momentum equation pressure
DU —> — ¥ _). ' |
Pi : T Vnipn(gi o Tjn) — —VPi + (VXB)XB + fpn(vn o le) Yoo Vi Neutral anq onizec
dt velocity
Induction equation Isothermal EOS V. Vni Neutral-ion collision
o frequenc
0B - -1 lp. =p.C2% P, = p.C? quency
- 4 2 n Pnln, I Pili
ot Vx(¥; xB) +1V°B a Recombination
lonized continuity Neutral continuity coefficient
dp; . , | [9pn . , ¢ lonization coefficient
E + V- (piUi) — Epn — AP; ot + V- (pnvn) — _Epn + ap; E’ Magnetic field
C;, C, Sound speed
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Strong coupling approximation gives B field change

Induction equation lonized momentum eqguation

aE) — — DU —> —> = = - —
= Vx(; xB) +nVv?B pi——+ VaiPn(V; = Vn) = =V + (VXB)XB + §py (¥, — ;)

Strong coupling:ion inertia negligible, drag force balances magnetic force

0B L
= Vx(V, XB) + Vx{

|(VxB)xB|xB

Vi Pn

} + nV2B

Magnetic field evolves due to neutral advection, ambipolar diffusion,
resistive diffusion
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Poorly ionized tearing growth rate somewhat different

* Tearing growth rate is modified in poorly
ionized plasma

* First considered in Zweibel 1989

* In weakly ionized, very unstable plasmas, rate
given approximately by

1/2
1% /
Va,io V4 no

Vnio

Tearing in a current sheet, from Zweibel Apd 1989

* Tearing “weighed down” by collisions with

neutrals
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Analytic description of formation process
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Current sheet formation has 3 stages

1.5 1.5 1.5
1.0} 1.0} 1.0 /
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- - ambipolar diffusion -
% 0.0 % 0.0 % 0.0
, i ambipolar diffusion
_(.5L neutral adve on 0.5 _05
10— —1.0 —1.0 /
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a(t) a(t) a
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First stage is driven by neutral advection

B . VxB)xB|xB
0B = VX (V,, XB) + VX {—l( XB)xB|x

Vni Pn

+ nV2B
ot } !

VA no Bo 1.5
a

e Consider neutral advection term ~

2
vA,nO B 0

* Consider ambipolar diffusion term ~

2 )
a“ Vnio

* On large length scales, formation dominated by R A
neutral advection

vA,nO

a(t) > ay =

Vnio
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Onset cannot occur during first stage

0B Vx( ><B)
= v, .
End of neutral advection

ot
* Formation rate given by
a(t

* Recall tearing rate

o o N

L [ ]
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..... . v, tearing growth rate
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* Minimum width is Ay = V4 1,0/ Vnio I
* So, we have
’ Small parameter (10~8 at typical molecular cloud parameters)
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Second stage is driven by ambipolar diffusion

* For a y-directed field, ambipolar diffusion term
reads

2
0B, 0 ( B} 0B, 15

ot Ox VyiPn 0X

* The steady state of this equation is

B, (x) ~ x/3

* Ambipolar diffusion thus naturally sharpens current | | | | |
heet 23 -2 -1 0 1 2 3

* Sharpening mechanism first proposed in
Brandenburg and Zweibel Ap) 1994
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Ambipolar rate of formation increases with time

* Can use expression for ambipolar diffusion to

estimate a formation rate

....... Y, tearing growth rate

I', formation rate

0 2
time (arbitrary units)

Recall condition for tearing onsetis y > I’
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Onset cannot occur during formation process

( B32, aBy)

0By, 0
VniPn O0X

ot  Ox

Increases with time
Poorly ionized tearing growth rate is




Finite ion pressure and resistivity halt formation process

1.5 ,
|
* Steady state of ambipolar . i
. . .l ] |
diffusion term, B, (x) ~ x1/3, — |
y o 50jg, |
involves current singularity 0.5 \ l I
5 ? / ambipolar diffusion
* Finite ion pressure, resistivity N 0.0 R
: o ambipolar diffusion
remove singularity; strong 05
coupling assumption breaks
(Brandenburg and Zweibel Ap} —1.0
1995 ; |
) _l'd—i’} —2 —1 0 1 2 3
* Formation process will stop z/ag
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Final stage is steady-state current sheet

* Steady-state current sheet is final situation
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Tearing onset easily occurs in final current sheet

* |n stationary current sheet, tearing can easily onset

1.5
* Onset time given by time for magnetic field to ! /
diffuse inwards: v_:o (inverse neutral-ion collision 0.5
frequency) = 00]
~ ~ _05_
Lonset tform ] /
~1.0
_1.5_3 5 — O ] 5 )
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Type of mode that disrupts sheet
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Onset mode, growth rate can be found from steady state

After strong coupling breaks, current
sheet will reach a final steady state

Tearing onsets as in a stationary
current sheet

Woavelength and growth rate of mode
that disrupts sheet can be found by
doing stationary linear stability analysis

Wavelength of the mode that first
disrupts the forming sheet decreases as
ionization fraction decreases
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In order to determine onset
mode, need width of inner
layer, other parameters

We find these using “twiddle
algebra”

Backed up by numerical work:

Heitsch & Zweibel (2003)

Should be thought of like a
Sweet-Parker type calculation
for a poorly ionized sheet

Width of CS determined by scaling arguments

_—

T/ ag
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Width of CS determined by scaling arguments

* Plasma in inner region of current sheet recombines:

lonized continuity

dp; N
——+ V- (pi¥) = §pyp — ap;

* lonized pressure at center of CS roughly balances
magnetic field far from sheet

We find a ~ % \/i (other parameters in paper)
0 a
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From parameters, can find overall spectrum

* Earlier, we saw approximate asymptotic

expressions for tearing growth

* Actually, tearing growth is more complex

* Spectrum of wavenumber k unstable, with
complicated dispersion relation (see paper)

* Function of a, plasma parameters

Tearing in a current sheet, from Zweibel Apd 1989
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From parameters, can find overall spectrum

Let us consider how spectrum
depends on CS parameters

Fix:

& = 0.1vy0,C; = Cp, = AgVnio, N = 107 *afvyio

Vary recombination coefficient o

Corresponds to varying ionization
fraction:

lonized continuity Steady-state

V- (0;%;) = &p, — ap;?

Q= |
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Mode with fastest growth rate will dominate onset
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Simulations of all the above
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Simulations verify analytics

We run suite of AthenaK simulations
* Simulate coupled evolution of neutral and ionized fluid

Small range of ionization fractions: 4% to 10%

* Large ionization fractions do not obey conditions
necessary for strong coupling

* Small ionization fractions quickly require huge

levels of resolution
4 a()

Slightly curved magnetic field

Seeded with amplitude 10~/ Gaussian-random
momentum perturbations

Far from sheet: 256 X512 resolution
Close to center: SMR level 6-7 (equivalent resolution

16384x32768 to 32768x65536)

—

Zao
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Breaking of strong coupling, plasmoids observed

Parameters: & = 0.1 vy, C; = C,, = QgVnio, N = 107 %a2v,,, 220 = 22, £ — 0,07

Vnio Pno

=
tVniO —() ()
tvnio —0 .0
1.0} | | .
— B/B, 0.1
s o _Pi/Pno — o
D.oF S 0.0
< il
=
0.0F / g —0.1 -
= e || _ —().2 ST .+
—0.5 ~092 ().() § 2
y/ag
1 | | | : I

X/ao j/vniO Pno Tolman | 29



Breaking of strong coupling observed in simulation

Dvi

Pi At + Vpipn (Vi — V) = —VP + (VXE)XE + &pn (U, — ;)

1.00¢ | | | | ] I
Vix/Vni an : _Vnipn(vi,x — vn,x)/ V%iopnoao
0.75+ By /By - — aﬁfpi/pnOaOV%iO
0.21
pi /pnO
0.50F
0.0
0.25F
0.00 / —0.2¢1
—0.20r
—0.4¢ | | | -
0.0 1.0 —0.2 —0.1 0.0 0.1 0.2
X/a() X/a()
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Breaking of strong coupling observed in simulation

Dvi

Pi At + Vpipn (Vi — V) = —VP + (VXE)XE + &pn (U, — ;)

100 - vi,x/vnioao 1 O i * - vnipn(vi,x — vn,x)/v%iopnoao
/i |
0.75} B — v/ Bo | - a"xPi/PnoaoV%io
— Pi/Pno 0.97 N —
0.50} _
0.0 _
0.25¢ _ ‘—”///
0.00
—0.25} —1.0}
| ' ' ' _0.2 0.1 | 1 9
0.0 0.2 0.4 0.6 0.8 1.0 U 0 0.0 0 0
x/a
x/ag /ag
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Breaking of strong coupling observed in simulation

Dvi

Pi At + Vpipn (Vi — V) = —VP + (VXE)XE + &pn (U, — ;)

1.5 1

150F
10 i ._Vnipn(vi,x — vn,x)/vniopnoao
b nw IOO i — aJr:Pi/,DnOangio
0.5 501
0.0 0 —" —
Pi/Pno
0.5k + : el
—1.0¢ 7 — 1007
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Can observe tearing eigenmodes in simulation

* Tearing first observed in profile of B,

* We can see these profiles at right for

two simulations

Top parameters: =222 = 10, £ = (.1

Vnio Pno

Bottom parameters: =22 = 60, 22 = (.04

Vnio Pno

0.0 01 02 0.3
Same for both: & = 0.1 v,,;0, C; = C,, = agVyi0,1 = 10" *asv,,;0 y/a,
—0.016—0.008 0.000 0.008 0.016

Bx/BO
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Onset time roughly corresponds to formation time

tvniO

1.4 o Formation time
o Onset time
1.2}
1.0
®
0.8t ®
0
s
10 20 30 4() o0 60
dPno
Vnio
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Simulation width roughly agrees with analytics

0.0035 ¢
0.0030}
S
< 0.0025}
0.0020} L -
00015k ® Simulation data _
10 20 30 40 50 60
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Vnio
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Simulation growth rates roughly agree with analytics

Simulation data
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Simulation wavenumbers roughly agree with analytics
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Simulation eigenfunction roughly agrees with analytics

I

o~ e gimulation eigenfunction tv,;s 1.6

————— analytic eigenfunction
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Conclusions

* Ambipolar diffusion naturally triggers reconnection in partially ionized plasmas

* Onset time determined by time to diffuse magnetic field inwards: V., ;5

* Growth rate and wavenumber of mode that disrupts sheet can be predicted

* Wavelength of the mode that first disrupts the forming sheet decreases as ionization
fraction decreases

Based on work in preparation: stay tuned for paper!
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