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Energy budget in the quiet corona

magnetically closed magnetically open
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radiation = 100 % of energy input radiation = 10 % of energy input | 5

assume the same energy input into open and closed regions:

— almost ALL emission we see on the disk outside coronal holes
originates from magnetically closed structures (loops) !




Basic building blocks I: coronal loops

EUV / X-ray filtergrams
Fe IX/X (17.1 nm)
~10°K
9. November 2000

Do loops really outline
the magnetic field ?

Transition Region and
Coronal Explorer
(TRACE) — NASA

~70000 km ~ 0.1 Rg@

Basic building blocks II: transition region loops

transition region from chromosphere to corona

» small loops across network-boundaries

» low loops across cells

Certainly
not all structures are resolved!
= isitall loops ?
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Peter (2001) A&A 374,1108
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see also

Feldman et al. (2003),
ESA SP-1274:

"Images of the Solar
Upper Atmosphere

from SUMER on SOHO".

28.1.1996
C Il (97.7 nm)
~80 000 K

SUMER
EUV spectrograph




MHD equations

. 1
V x B = pj jxB=_ (VxB)xB

VxE=-98 V.-E= lpg induction eq.
€ 8B =Vx(vxB)—Vx(yVxB)

j=oc(E+vxB)

mag. diffusivity n = iﬂ_
continuityeq. 8gp + V- (pu) = 0 #

momentumeq. POt + p(s-V)s = —Vp + pg + jxB + V-1

viscous stess hensorl-r:
V--r=pu(An—[—§V(V-u))

energy eq. (3;+u-V)e+ng-u=—V-q—Lm+nj2+Qm

internal energy: e=mn EkBT = for coronal diagnost.ics i.t is essential
2 to get energy equation right

The heating rate sets the coronal pressure

> dump heat in the corona Fy

radiation is not very
efficient in the corona (106K)

> heat conduction V-q
transports energy down

» energy is radiated in the
low transition region
and upper chromosphere F5q

height r >

L increase the heating rate:
radiation depends on

particle density more has to be radiated ==> higher base pressure

pressure: p ~ F 4 =) transition region moves to lower height !

-—) Peorona ~ FH The “details” might change (e.g. spatial distribution of heating)
but the basic concept remains valid!




Radiative losses

in an optically thin medium in equilibrium through collisionally excited emission lines:

Lad = fonm Pag & n2Pag
often:
o | | o piecewise
exitation: emissivity: power law:  Ppg =x1T™

Ciz oty & OX Rypper X AR

Problems: radiative losses at constant pressure
> di.fferent studies give % : T e o TFe | Bremsstrahlung
different losses: 2 g2l . L L L L
often factor 2x or more (!) | & -
5 .
» ionization equilibrium ~ o3l
i B & _
may be bad assumption o f — 4 factor 2 ()
Needed (but difficult...): § 0L i
o E 3
. . j e
§e|f—con3|stent treatment: ,3 ; Cook et al. (1989) -
> get ionization stages 8 1075 ———— Hildner (1974) -
I d s t li ; E —eem—— MeClymond & Canfield ( I'Jzi.‘lf
» calc. dominant lines 2 F / o = = — Percs ctal. (1982) ]
N = Ca i i PR a PR | M o aaaal’]
> integrate for total losses B ot 105 e 107
> feed into energy equation temperature T [K]

The dynamic Sun

SOHO / EIT
He Il (304 A)
~ 30 000 K

The Sun
is changing
everywhere
all the time!

2000/01 /08 02:40:36




How to describe this mess ? — Ask right questions!
» investigate individual structures
pick a “good / typical” example — but what is “good / typical” ?

N

» study “ensemble averages”
— structures on a star come in many types
— it is not sufficient for a “good” model to reproduce a singular observation...

example for ensemble observations: quiet Sun Doppler shifts
10

C IV (1538 ) average Doppler shifts at disk center
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Modeling approach

We observe only photons: flux, polarisation, and energy

ingeneral: | 1 orved quanity © = fK(T,p,u,B,...)dl (*)

with a kernel K including e.g. atomic physics, radiative transfer, etc...

physical *“* 1D loop code physical quantities
model 3D MHD code T,puB
- -

U

spectral synthesis
radiative transfer
NER

forward model approach: apply@Eq (*)
start from ab-initio model

with good control of assumptions,
synthesize observables

and compare these to observations

synthesized Pe) “real”
s <E> o

observation

observation




1D loop models

» adaptive mesh
contin.uity Pp + g(pu) =0 » proper energy equation
equation ot oz - heat conduction

- parameterized heating

» non-equilibrium ionization

LS I ,Dau P o = ﬁp £9 > self-consistent treatment
i o Py T A 7 seeonst
equation ot oz oz of radiative losses
Miiller, Hansteen & Peter (2003)
5 5 5 5 A&A 411, 605
u

ey (pe)+—(pue) + P = =t Hiy g
equation ot oz oz oz

radiative losses: self-consistently

heating rate Hp, or from table

temperature T

heating: H ., oc exp(-z/ 1)

heat conduction: q = K0T5/2 a
oz
rate equations for el binati
ionisation and g(n_ k)+g(n_ku) _ ionization+ recombination
radiation otm " oz " + exitation + deexcitation

Condensations in coronal loops

Temperature » vary damping length 4,,, of heating rate oc exp (-z/4,,)
constant heating vs. footpoint concentrated

» for wide range of 4, : thermal instability at top
=» condensation

An=3Mm An=2Mm

An=5Mm

0.0 5.4
Temperature [10u K]

> quasi-periodicand | 2 &
chaotic repetitions | S
of condensations | —

o 4
for heating £

constant in time ! 2

» spectral signatures

0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 B0 100
comparable to

Mdller, Peter & Hansteen (2004) A&A 424, 289

. z [Mm] z [Mm] z [Mm]
observations distance along ——
(TRACE 1550 A) the loop 20 s

7.0
temperature [105 K]




Condensations: observation and model

phase diagram: T ~p

loop model: ~ 2 hours

Total Radiative Losses

0 1 z a a 6 [
meen Iop prassure <po- [10° Paj

time = 0 min

Mdiller, Peter & Hansteen (2004) A&A 424, 289

» thermal instability is driven by
lack of heating in top part of the loop

EIT 17.1 nm / BBSO Ha
~10% K ~10% K

» occurring even with time-constant heating

» due to non-linear interaction of
heating, radiative losses and heat conduction

A concept to heat the corona: magnetic braiding

Eugene Parker (1972, ApJ 174, 499):
braiding of magnetic field lines
m mm m WM through random motions
F=

on the stellar surface
ﬁ - braided magnetic field

L in the corona

> - strong currents
j~vxB

- Ohmic dissipation
L~ H~nj?

F20 - heating of the corona

Problem: a“realistic” computational model is “costly”...




The driving force in the photosphere

Dutch Open Telescope, La Palma
12. Sept. 1999  (Sitterlin & Rutten)
~ 38000 km x 25000 km, =27 min

T2mm

simulated granulation  (Voronoi tessellation):

> “corks” on the solar surface (Boris Gudiksen) SR T e T

» matches solar velocity and vorticity spectra
(observed + convection simulations)

3D MHD coronal modeling

» 3D MHD model for the corona: Gudiksen & Nordlund (2002) ApJ 572, L113
50 x 50 x 30 Mm Box (1503) (2005) ApJ 618, 1020 & 1031
— fully compressible; high order Bingert, Peter, Gudiksen & Nordlund (2005)
— non-uniform mesh i I
. histogram of currents o
> full energy equation steg ! 8
(heat conduction, rad. losses) S’
) ) S mean B? &
> starting with scaled-down E o B
MDI magnetogram S S
. c
— no emerging flux = o
) ) o .— Mean J? S
» photospheric driver: 3 =
foot-point shuffled by convection =
> braiding of mag fields o
(Galsgaard, Nordlund 1995; JGR 101, 13445) vertical z [ Mm] :%

=» heating: DC current dissipation
(Parker 1972; ApJ 174, 499)

= heating rate 77 j2 ~ exp(- z/H)

= |oop-structured 108K corona




Force-free fields with twist and flux braiding

No plasma / only magnetic field:
solve jxB=0

= twist in B is everywhere

= currents are everywhere

potential field

current IogloJ2 [W/m§]

- average currents with height
v in 3D MHD coronal simulation
_sfk\  with heating through flux braiding

Bingert, Peter, Dobler (2006)

20
vertical z [ Mm]

density stratification +

« smbuiseanoul

(2]

< footpoint motions with

» B close to potential:

< = heating rate (7j2) is

= concentrated at

> low heights !!

E eg.

2 force-free with high twist Galsgaard & Nordlund (1996)
[2)

Emissivity from a 3D coronal model

— temperature
Emissivity at each grid point and time step:
e(x,t) = hvn,Ayy = nZ2 G(T,n,) [%}

G(T.n,) = Ay

From the MHD model: —density p  (fully ionized) - n,

at each
> T grid point and time

Ny Mion Mot My
NeNMign Nt Ny Ng
L L total ionization ~0.8

abundance = const.

ionization
excitation } = 1(M)

ion

Assumptions:

— photospheric abundances

- G depends mainly on T (and weakly on n,)

— equilibrium excitation and ionisation (not too bad...)

use CHIANTI atomic data base to evaluate ratios (Dere et al. 1997)




Synthetic spectra

1) emissivity at each grid point - f(o,T) — > (Xt
2) velocity along the line-of-sight from the MHD calculation 2> Uios
3) temperature at each grid point > T
line profile at each grid point: line width corresponding [2Kg T (X,1)
. W, S [[—————=
2 to thermal width  ~th =V my,
|(Xt):|exp_w i i i
v\ 0 w2 total intensity corresponding | i
g to emissivity 10 %th = €(X)
integrate along line-of-sight Dopplor shif [fonis] relative intosity £5<E>
=3 -0 a4 m ool 410 Lo0 1000 10000
maps of spectra I——— ]
as would be obtained by a scan CIv (1545 &) leeT=5.02
with an EUV spectrograph, G .

e.g. SUMER 2w

E »
analyse these spectra like -
observations E .- y

i)
— calculate moments: E 0
line intensity, shift & width 3 “: §

— emission measure (DEM) “'“ T . e o om wmag e
— etc. ... hodizontsl conaients X [Blen[ X [Bin]

Coronal evolution

Mg X (625 A) > large coronal loops connecting active regions
~108 K » gradual evolution in line intensity (“wriggling tail”)

> higher spatial structure and dynamics in Doppler shift signal

- itis important to have full spectral information!
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TR evolution: C Iv (1548 A)

C v (1548 A) » very fine structured loops — highly dynamic
~10° K » also small loops connecting to “quiet regions”

» cool plasma flows — locks like “plasma injection”

- dynamics quite different from coronal material !
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Doppler shifts

) temporal and spatial average
spatial averages [T . . ‘ T .
- Doppler i
— very good match in TR Q@ shift - 1
| J 4
t L “‘ ‘o 118
— overall trend vy vs. T 10 CoE - 4
. — O N
quite good 2 H“ “ oen HE
. . 4 - 2
— still no match in low corona = C}”‘“ CWow } = e v 1<
= * : —H| =
0nn = + :
— boundary conditions? I L i ; } } 113
. . . 5 [ % ol : 7
— missing physics? = 3 - 1S
g | - Mex 1| =
1 - <
L il :" il 'g
temporal \/ariability 1 I B EEEEENobservations * 112
L * J | o3
. N c Y
— high variability as observed E] I line shifts from overage : Yee, 113
o -5 synthetic spectra : * - _"E’
— for some times almost A'O' — '4'5‘ — ‘5'0‘ — '5‘5‘ — ‘6'0' - §
net blueshifts in low corona! : ' ' ) ' =
line formation temperature log T [K] g,
== no “fine-tuning” applied !
=) hest over-all match of models so far




Emission measure

dk E Jsiu
DEM:'@E 27;—1

CHIANTI inversien fit
of synthetic spectra

DEM inversion using CHIANTI: 3

2 ¥ observed Q5 DEM mEmmENE

1 — using synthetic spectra 25 ‘

derived from 3D MHD model E
24 F
2 — using solar observations : Ne il

(SUMER, same lines) 23k

£ differential
m=) good match to observations!! zzf_ measure (ceMy 1D loop model — flat
DEM increases R ———

towards low T in the model ! 4.0 5 o 5.5 6.0
line formation temperature log T [ K]

emission measure log DEM [cm™S K-1]

ol oo bvoncnr s b b b lf
Peter, Gudiksen & Nordlund (2004) ApJ 617, L85

Temporal variability: individual examples

_'"A_ CIV (1548 A)

Mg X (525 Ay

: 10 el %2030 0 10 30 % - '
roaphaly magnethe fekd Loppien st (mn] ~WK e gy ol

sl coovtem ¥ (Mo

> large variability in TR A real observation:
' o K%~ SUMER / SOHO
g » smooth yarlatlgn in SV (1394 A) ~ 105K
£ coronal intensity N
g? 1x1”, 10 sec exposures
3 > variability in coronal shift | 1.00
. comparable to TR !!
g » ~5 — 7 min variability 5 J\\w/\ﬁ\/\j’/\"‘
= signature of the g 010
g photospheric driver? 5
E - -
8 > similar variations found ootl
0 5 10 15 in observations! 0 ® e }Enin] 1
fime [min]




Temporal variability: average properties

. 1.0
observations: l
[Brkovi¢, Peter & Solanki (2003), A&A 403, 725] 08

» rms intensity fluctuations have

0.
pronounced peak at ~10° K

=
T
1

=

[ % ’

IR\ f"} I

L

> rms Doppler shift variations
increase monotonically

rms of intensity /(1)

0.0/ N L N
synthetic spectra from 3D model S ——

I specira from 3D coronal model
— real Sun shows variations

I l I I trend in ohservation L
11 ]H.L.LI‘J“
on much shorter times (seconds)

= lack of spatial resolution L] PN

in 3D MHD model ? 43 a4 35 60
line formation temperature log T [K]

e

+ very good match
of observed trend(s)

S

+ correct description of
“overall” variability

)

rms of Doppler shift [km/s]

Peter, Gudiksen & Nordlund (2006) ApJ 638, 1086

A multi—structured low corona

The 3D model i
with spectral synthesis
confirms old suspicions
based on
spectroscopic
and magnetic field .
observations ! ~10%km
= line formation tamperainfs
Bt w1
11 ¥ km
o \QETWORI( LANE

T v ]
= ﬂl!.'l -._\ 23 LB I i e e e T e e e
= cll 1 e » 1|8 o quiet Sun
_E = o @ g#g notwork
g' THei NeVEI E 2 26 ( )

1 Polor & Juigo {1898) o
1 | Sarcirretal {1677F NgX E % 5 25 R

e L) Foxi }| | @ <="Ynodel predictions bolow 10°P K~
g1 pocmena o | 24 :
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line formation temperaturs log{ T [K] } temperatue log T [K]




Coronal emission and plasma—/

«©
100 8
g
@ 10 . g
i ., § 8
g i Lonyl| S
o 0.1 E (¥ °
o, E 2 S
0.01 < -
L E © o3
E @
0001 £
001l | @
-2 -1 0 1 40 45 50 55 6.0 5
relative intensity log(f'<1>) temperature log T [K] e
> atmosphere is mostly in low—/ state,
» numerous f>1 regions even at high 7 (but mostly at low density)
» source region of coronal emission: » corona is not in a pure low—/ state:
90% of emission from log 1/{1) >0 plasma able to distort magnetic field
> there ~5% of volume at 5 >1 to some extent

Coronal emission and magnetic field lines |

The "usual" paradigm: The coronal emission is aligned
with the magnetic field

Z [Mm]

0 10 20 30 40 50
X [Mm]

Peter, Gudiksen & Nordlund (2004) ApJ 618

emission synthesized from a 3D coronal model
side view / at the limb




Coronal emission and magnetic field lines I

CIV~105K \

synthesized
emission
top view /

on the disk

Mg X ~106 K \

potential
field

0 10 20 30 40 50 O ) eXyapolation
horizontal coordinate X :
Peter, Gudiksen & Nordlund (2004) ApJ 618

horizontal coordinate Y [Mm]

Not all emission we see
in EUV / X-rays
outlines field lines !!!

Gudikéen & Nordlund (2002

Dissipation mechanism — the MHD point of view

I . . UL 2
Why is it (apparently) possible to ignore the fact R, = — = —
that the magnetic Reynolds R, number is huge, K ™
work with large scale near-singular structures, simulations: Ry well below 1000

and get decent results? = relatively high resistivity 7

(Ake Nordlund) or low conductivity o

dissipation generates subsidiary smaller and smaller scale structures
= until scales are small enough to support dissipation...

dissipated power =

dissipated energy _ E/V .g 7
volume and time =~ 7 Bi(e) ~ ni 'BQL2

from the energy eq.:
Ohmic dissipation

Using 7 from transport theory: scales L very small (« km) = too small for simulations

energy will always be dissipated at the smallest resolved scale...
= choose 7, so that size of resulting current sheets L ~ grid size




Dissipation mechanism — the kinetic point of view

where do the conductivity o and

magnetic diffusivity n= 1/(uo) come from ? linearized BGK ()
F _ {6F 1 3fp F 8fy
atf'['ﬂ'vz.f'i'va.f = (at)d_l? T (f fl)) E:> UF-";E——UBfI
BGK ~ 1954
moments of LHS result in e ( m )”’ (_m(u—uo)*)
fluid equations (e.g. MHD) LA mkT) O 2epT
to investigate electric conductivity: ® = ZeE 8f B -
homogeneous: @, =0 ; =, T = const. /v By = h
static: ug =10 -
const. E field: F=ZeE = —ﬁv 0
. ZeE m Ze?n
jv(ﬂ)dﬂ g - ﬁfﬂzﬁldﬂ=v¢jt’fldﬂ —h p— E = Zefﬂfldﬂ
- 3 -
= nheT _Zfn| < B =i,
™ fiai— R
hd Ohm's law

Summary / lessons learnt

» in the quiet corona emission is dominated by magnetically closed regions
» loops are basic building blocks
» heating rate sets coronal base pressure

» forward modeling allows reliable comparison to observations
— one observes only photons (and not T, p, v, B)

» loops evolve very dynamically, even when not driven

» braiding of magnetic field lines is good candidate to heat the corona
— produces a MK loop-structured corona
— properties of inferred spectra match observations (line shift, intensity, etc)
— dynamics as with observations

» however: MHD coronal box model do not describe the
"real" microphysical processes!

__ A Closed magnetic structures




