Flare Loops

1d Gas dynamics & 0-d models
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Feb. 15, 2017



| W

Bllu=ub

Flow inside a static
tube: length coord s
X-section A(s)

J0 p 1 0
—=-V-(pu) > —=—-——(Apu
0t (o) ot Aas( pu)
0 1
p(5+u-V)u=—Vp+;JxB+pg+V-(MVu)

~ p(a_u+ua_u)—_a_p+pg +i(i‘ua_u)
b component -2 PR Py [P L




Energy equation

Thermal energy density
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A Conductive flux
T(x)
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Conductive flux
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Conductive flux L to B
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Constraints on heat flux:

heat exchange
across bndry

Volumetric heating Q=-V-FE

fﬁ i fF VT

Entropy dS 0 ; ~
change »‘[ d'x = f

2"d law of thermo: ‘Ii VT < O‘

Classical flux: VT F. = —(VT)*E-(VT)

K must have no negative e-values



Energy loss by optically thin radiation

collisional - hv=AE

excitation P - N
/ {\N spontaneous
\
- '\ , Y emission
\ /

/7
. \s_/

e Z(+s)

e collides with element Z ionized +s
* e loses AE=m_(v?-v?)/2

e excites ion to state @ AE

* ion de-excites, emitting y w/ hv=AE
. [y escapes to °°] carrying away AE

optically thin radiation



Energy loss by optically thin radiation

e excitation cross section:

GZ,S(Ve) I
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* dveragey energy transition]
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Energy loss by optically thin radiation

Assumption Il: ionization equilibrium:
fraction F, (T,) of element Z ionized
to+ts = n, . =F,(T)n,
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Energy loss by optically thin radiation

Assumption Il: ionization equilibrium:

to+ts = n, . =F,(T)n,

fraction F, (T,) of element Z ionized

V, o Assumption lll: known abundances
e 7(+s) =Azny
H & He fully ionized: n, = EnHAZESFZ,s ~ny, (1+24,,)=1.17n,
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Energy loss by optically thin radiation

Assumption Il: ionization equilibrium:

e Z(+s)

H & He fully ionized: =, =E

Assumption I: e’s have Maxwellian dist’'n w/ temp T,

LZ,5 = nZ,sne

volumetric

fraction F, (T,) of element Z ionized

to+ts = n, . =F,(T)n,

Assumption lll: known abundances

n, =A; ny,

nyA, ¥ sF, ~n, (1+24,,)=1.17n,
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Energy loss by optically thin radiation

Assumption Il: ionization equilibrium:
fraction F, (T,) of element Z ionized
to+s = n, . =F,(T)n,

Assumption lll: known abundances

@
e 7(+s) n,=A;ny

H & He fully ionized: n, = EnHAZESFZ,s ~ny, (1+24,,)=1.17n,
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volumetric energy 2
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loss rate to 7/(+s) LZ,S = nenZ,sRZ,s (Te) = ﬁAZFZ,S (7; )RZ,S (T;)
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V4 ) )

rate

[ erg cm™3 s] Radiative loss function A(T,) /
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Emission measure

a sidebar
kij = hc/AEij

Corona & TR:

mostly optically thin

* Collisional excitation

* Spontaneous emission

I, = [n2(x) G,IT,(x)]d’x ~ Gl(i)[fnf (x) d3x]
s

Emission measure: EM [cm3 ]

Regions of highest density emit most —
n,Tx10 = 1~ EM 1 x100



The 1d flare loop
0(s,t), u(s,t) & T(s,t)

Fixed A(s) & g (s)
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Integral quantities

M = Lf o(s,t)A(s)ds
S - pls, s, AGs,)
£, =T[%P“2+%P+p/@]‘4ds flare heat
df;ot ~ _Lf n>A(T)A ds'+ Lu’A ) +|§ pb'tA - K%A ) J:thAdS

o enthalpy flux
radiative loss conductive flux



Their evolution: 0d models

L/2
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What will be the value of F;?

B2 c 82 3/2
Fy= V,=
- \ ! g8777 ! 2\/;(4”)
! B=100G
) f N / p=10"gcm?

K@ = F, =¢3x10"ergs” cm™
Compare to upward fluxes:

(b) - Steady AR:

F ~10’ ergcm™2 st
- Luminosity (white light)
L./4ntR. %2 = 6 x 1010
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enthalpy flux

Evaporation™: dn

— 2 .
£ 1 Antiochos & ” =N, U, massfluxincreases n,
Sturrock 1978; -
Cargill et al. 1995 F lc
[ !
d — 8K, —
357\ _—2 5 _ 0 7/2 )
—(3p)=-nAT)+3p,u, ——3T " + 24,
7y — TL
Ecor * Heat flows into TR
B — conductive flux: F_
_I .
o * TR expandsinto
% corona — enthalpy flux: F
E ~ & * NochangeinE,
2 N & no losses (i.e. rad)
> .
[} lg =ty _ = No changeinE_,

‘\E = p~ n xT=const.

tr * Historical term based on analogy.

Not genuine evaporation
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Evaporation: ¢ =

Antiochos & Sturrock 1978;
Cargill et al. 1995
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Radiative cooling  cargiletal. 1995
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Radiative cooling ~ remain equal
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. . EBTEL — Klimchuk
Evaporation again: .o 2008 i
[ !
d — 8K, =
E(jp)"“ ‘ e A(T),-I_‘Lpir m 7L2T +L17fl
Y
R, Fe
x y * Heat flows into TR
G— -} .
> = — conductive flux: F_
e £ * TR expands into
£ - corona — enthalpy flux: F_
1 S l l  TRradiates R, =¢,R_,
—\é I_\ L} * NochangeinE,
"(g; Et/ j 2> I:e = I:c_ R‘cr= I:c_ Ccho
e r
E b= 2 2 (S )
d _ _ _ dﬁe _ 1 8K, = — =
E(%p) ~ _(1 + Cl )nez A(T) + %F}l dl_ = %utrne = Ska(7Lg T7/2 _Clnez A(T))

2 eqns. for unknowns p(t) & n (t) — T=p/(2k,n.)
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T [MK]
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E 11 2
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T [MK]
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E 12 2
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E2/3 EL
12
M, e = 2.6x10 ENTE empk—930( > )
IF flare were a single loop
E4/3 E4/3
24 49 3
max(EM)=Vin, . =7x10 T =7x10"cm V1/3322/3
27 9
1/3
(= 930(EL) = 9x10° k| Lanlo Eyo = E/10% ergs
P V V27 ~ E7/4
\
o W s W CEM
GOES peak: F =10 63m_EM 7" =4x107 2 L;/43{23/4
# 7

Warren & Antiochos 2004 /

M4 flare
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/ -0 ¢  Example
. . . . . o = model:

heated in groups of n

— 3 n=26 9V Hori et al. 1997, Warren
““[; ] et al. 2002, Reeves &
T 2 n(t) has decaying 320 & Warren 2002, Warren
ﬁ'c_:' envelope 1 _ 2006, Qju et al. 2012,
— 10 2013, ..
+ ]
0 o, E=2x10%erg
£ 1000 loops:
%, 4 e F,=10"erg/s/cm?
g 5 e L=5x%x10°cm
ot e E=2x10%erg
o 200 400 EOO &5o0 1040 1200
t =]
E4/3
Each loop: max(EM)=7x10"cm’—2-=0.03x10"cm’
V27 L9
E4/3
Flare as 1 loop: max(EM)=7x10¥cm’ —2 - =30x10"cm’

1/3 72/3
V27 L9
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flare as 1 loop
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Summary

* Evolution following energy release — governed by 1d
gas dynamics

* Single loop experiences 3 phases:

— Heating (TT @ ~const.n,)
— Evaporation (T ,n.1T, p~const.or { )
— Radiative cooling (Td,n. )

* Real flare may be composite of many loops

Next time:

Evolution in one dimension



