NIVERSITY OF
AMBRIDGE

O

Remote Sensing of Plasma Diagnostics

Relating to Coronal Heating
Helen E. Mason
Department of Applied Mathematics and
Theoretical Physics,

Centre for Mathematical Sciences

Giulio Del Zanna
Steve Bradshaw



Aspects of Recent Work

In order to explore the prevalent heating mechanismsitis
essential to determine the local plasma parameters:.

Ne, Tedistribution (DEM), abundances, ntv, flows,
magnetic field....all asa function of space and time!!

- What arethe observables? What do we know already?
- Loop workshops—‘Loops and/or ‘Strands’...?

- What can we learn about activeregions and flares
from CDSSUMER/TRACE/YOHKOH/RHESSI?

- Forward modelling — how far forward are we?
- What about the atomic physics? Non-equilibrium?

- Jim’sdream....which we share....afast imaging
spectrometer ? Solarb-E1S? Raise? NEXUS? Another ?



Coronal Heating

What needs to be explained
| Outflows

* Motions along field

e Separatrices and QSLs

e Intermingled hot and cool
plasma

*(Courtesy of SolarB XRT
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Observables- 1 d

 QObservation of singlelines
— Lineintensity and profile
— Lineshift (dl) Doppler motion
— Linewidth (dw) and temperature
Nonther mal motion




CDS observations of a spray g ecta from an X2
flare—Pike and M ason, 2002
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Sour ce Regions of the
High Speed Solar Wind

Observationswith SUMER (UV Spectrometer) _
 Hassler, Mason et al (1999) Science

« SUMER spectroscopic observations in a
coronal hole in Ne VIIl 770A (650 000 K)

e Shows outflows (blue shifts) in coronal
hole as compared to red shifts in quiet
Sun

« Largest outflows occur along the
boundaries and the intersections of the
chromospheric network (superimposed
dark lanes)
— “solar wind breaking through
network like grass around the edges

of paving stonesin a patio”




Non-Gaussian profiles

(courtesy Hardi Peter)
C IV A1548 and A1550
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Two component emission line profiles:  physical nature of tail component uncle

first observed on-board Skylab: . strong non-thermal motions?
Kjeldseth Moe & Nicolas (1977), ApJd 211, 579 . small explosive events?

HRTS: Dere & Mason (1993), SP 144, 217: - coronal funnels



Observables- 2

Observations of severd lines (or filters)

Temper aturedistribution — Emission
measure (Klimchuk and Cargill, 2001)



Observables 3
Observation of line pair ratios

— Dengsity diagnostics
— Eg Fe XIIl 203.8/202.0 diagnostic




CDS - Electron Density and Temperature Structure of a
limb activeregion - Mason et al, 1999



Doyleet al - SUMER, CDS and white light



colar Coronal Loops Wor Ksnops
Ml ecloc, Decernper 2002
Palerrmo, Septemoer 2004




Food for Thougnt...

e Loopsareone of the basic building blocks of
the solar atmosphere. If wecan’t even
understand ‘quiescent’ activeregion loops,
then what hopeistherefor usto
understanding all the other dynamic features
- from small scale phenomena such as
energetic eventsand blinkers, to largethe
scale explosions of solar flaresand CME’s!!!



Heating of Coronal L oops

 EricPriest et al (1998) solved the coronal loops heating problem
from YOHK OH observation.....well almost!

« Markus Aschwanden et al (2001) studied TRACE loops and
concluded that heating was at the footpoints. They found
Isother mal loops.

e Joan Schmeltz et al (2001) — DEM — multithermal. Discrepancy
between TRACE filter ratio temperatures and spectr oscopic
observations

e EricPriest may not have completely solved the coronal loop
heating problem but he certainly set us off in theright direction -
matching theory and observations....

« Many other groupsworking on this (Robert Walsh, Palermo and
Catania groups, NRL, Montana, Oslo, Lindau, Cambridge...)

e Itisalong and windingroad....!!!



Thoughts from the Wor kshops

What isthetemperature distribution across and along the loops?
What isthe electron density?

CDSdoesnot resolve ‘strands’ but does TRACE? (Markus
Aschwanden)

Are hydrostatic models (and scaling laws) DEAD in such a
dynamic corona?

Must we move now on to multithread dynamically heated models
(Harry Warren, Spiros Patsourakos and NRL bunch)

Are YOHKOH loops decaying into TRACE loops (Harry Warrel
et al)?

Do we ever seethe heating phase or just the cooling phase?

The nature of condensationsin loops, when they become
radiatively unstable (Dan Mueller, Fredrick Terje, Oslo group)

The nature of chromospheric evaporation during solar flares
(L ucce Teriaca and colleagues)



Equilibrium Loop Models (Jim Klimchuk)

Solid:  static, uniform cross section
Dashed: steady flow, uniform cross section
Dotted static, expanding cross section



Quiescent Active Region L oops Analysed
with CDSand TRACE

This research was stimulated by the Coronal L oops
workshop at MEDOC, IAS, November 2002. A
follow up meeting was held in Palermo,
September 2004.

Del Zanna, G. and Mason, H.E., 2003, Solar active
regions. SOHO/CDS and TRACE observations of
guiescent coronal loops, A& A, 406, 1089

Del Zanna, G., 2003 Solar active regions: the
footpoints of 1IMK loops, A&A, 406, L (GDZ.
Oral presentation).



























Flare Energetics (Courtesy of SolarB XRT team)



Spectroscopic Observations of Solar Flares—
theorigin of blue-shifted X-ray emission??

Mason, H.E., Shine, R.A., Gurman, J.B., Harrison,R.A.,
1986 Foectral line profiles of FeXXI 1354.1A from the
SMM (UVSP), ApJ, 309,435

Del Zanna, Mason, H.E. Foley, C., 2002, EUV spectral
observations of active region flares, ESP SP-506,585

Del Zanna, G., Gibson, S.E., Mason, H.E., Pike, C.D.,
Mandrini, C.H., 2002, Sgmoidal diagnosticswith
SOHO/CDS, Adv.Sp.Res,, 30, 551

Berlick, A., Schmieder, B., Vilmer, N., Aulanier, G. and
Del Zanna, G., 2004 Evolution and magnetic topology of
the M1.0 flare of October 22, 2002, A& A, in press.

Del Zanna, G., Berlicki, A, Mason, H.E, Schmieder, B.,
2004 Soectroscopic signatures of the M1.0 flare of
October 22, 2002, A& A, draft.






Wher e doesthe high temperature blue-shifted
emission come from? CDS — FeXI1X line,J0M K






Blue shifted SIXI1 (74km/s) and
FeXI X (140km/s) emission






Relationship between blue-shifts seen In
high temper ature emission and red-shifts
seen In chromospheric emission

e Seerecent work of Luca Teriacaet a for
multiwavel ength studies (including FeX|X).

* For spectroscopic studies of flare emission
with SUMER see work by Davina lnnes et
a (poster D5)



lmaging and spectral data—
SUMER + El (Davinalnnes)



Non-Equilibrium lon Populations and the
Consequences for Observable Quantities

Bradshaw, S.J., Del Zanna, G. and Mason, H.E.

On the consequences of a hon-equilibrium ionisation
balance for compact flare emission and dynamics,
A&A, submitted.

Bradshaw, S.J. and Mason, H.E., 2003,

A salf-cons stent treatment of radiation in coronal
loop modelling, A&A, 401, 699.

Bradshaw, S.J. and Mason, H.E., 2003,

The radiative response of solar loop plasma subject
to transient heating, A& A, 407, 1127.



Non-Equilibrium lon Populations and the
Consequences for Observable Quantities

Bradshaw and Mason (2003a,b,2004)
TheHYDRAD (HY Drodynamic and RADiation) Code

* A code has been developed to solve the coupled hydrodynamic and
time-dependent ion population equationsin order to carry out

numerical ssimulations of the dynamic eventsthat may take placein
solar |oops.

« Theoverall aimisto provide aforward modelling approach that can
be used to test theories by predicting their observable consequences.

« For example: theoretically calculated quantities such astemperature,
density and ion population can be converted into the predicted
Intensity of emission that would be detected by observing instruments.

 Featuresof the codeinclude:
- A conservative and monotonic numerical solver.
- An adaptive computational mesh to ensure sufficient resolution.
- A paralld architecture for multi-processor environments.



A Solar Loop Subject to a Transient Heating Event




TRACE 171 A (Fe IX and Fe X)

Equilibrium Emission Non-equilibrium Emission




TRACE 195 A (Fe VIl and Fe XIlI)

Equilibrium Emission Non-equilibrium Emission




Results of smulation of transient heating in solar loops

* Thenumerical smulation has shown that coronal ion
populations can exhibit significant departuresfrom
equilibrium.

o Forward modelling the detectable emission has shown that
nanoflares could be difficult to observe, even with high
gpatial resolution and a factor of 2 increasein the plasma
temperature.

o Estimating measurable quantities, such asthetemperature,
IS problematic. Therefore, with current instrumentation,
other observational signaturesarereguired to identify the
‘swarm of nanoflares suggested by Parker, 1988. These
might be the red- and blue-shifts observed at transition
region and low-cor ona temperatures.



Compact flare emission and dynamics
Bradshaw and M ason (2004)

 Hydrodynamic ssmulation of a compact flare
e Temperaturerisesto 6MK

e LHS—-Equilibrium RHS- Non-equilibrium
Os (full line)

60s (dotted)

90s (dashed)

120s (dash-dot)

250s (dash-dot-dot-dot)
210s (long-dash)









Results of compact flare smulation

e Duringtheimpulsive phase, emissivities of Hel,
Hell and CIV in thetransition region can be
strongly enhanced.

 Duringtheflare, the overall charge state of the
coronal ions can be significantly different than is
suggested by equilibrium ionisation balance.

« Caremust betaken In interpreting temperatur es
from spectral lineratios of for example from the
TRACE filter ratio



Hydrodynamic
Response to Nanoflare
Courtesy of Jim et al

Evolution of
temperature, density,
pressure, velocity
(averaged over loop)



Daniel Mudller, Hardi Peter and
Viggo Hansteen






Jm’s Observables

e Sources of ambiguity & confusion
— Integration over space, especially along |-o-s
— Integration over time
— Integration over wavelength (temperature)
— Density-squared weighting
— lonization non-equilibrium

e |nversion can be dangerous
(infer n, T, DEM, etc. from data)

e Forward modeling safest
(predict intensities and line profiles)



Hardi Peter et al...
M odels of the Quiet Sun

e Qut with the

~10%m old 2D
| (Gabriel 1976),
JEmSEK e INn with the new
ot " 3D.....wdll

COOLER NETWORK LOOPS almost new
({ Tmax < 10°K)
HOTTER NETWORK LOOPS (DOWdy et al’
(105K < Trnax < 10°K) 1986)!

Dowdy et al. (1986)
Solar Phys., 105, 35 CORONAL FUNNELS




A multi—structured low corona

Hardi
!

do we have to deal
with a multitude
of individual structures?

== only 3D models can help
to understand this!

line formation tempergfure T [K]

(red)

Doppler shift [km/s] ®

-

(blue)

line formation temperature log (T [K])

pwdy et
plar Phys

al. (1986)
5., 105, 35




closed regions (loops): high density
narrow “strong” line profile

two-component
spectral profile:

strong core
weak tail compone

open regions (funnels): low density (energy into wind)
broad “weak” line profile

Peter (2000) A&A 364, 933

source region of C IV (1548 A) ~10° K: coronal loops
C——) coronal funnel (Gabriel 1976)
BN inter-network




Hardi Peter et al



CHIANTI
An Atomic
Database

e Ken Dere(GMU)
 EnricoLandi (NRL)
 Peter Young (RAL)

« Helen Mason (Cambridge)

e GiulioDd Zanna
(Cambridge, MSSL)

« Massimo Landini (Arcetri)
CHIANTI —v4

2003, ApJ Suppl, 144, 135
Benchmarking new atomic data

NEXT Stage
- Complete X-ray range
- lonisation/recombination



Benchmarking atomic
data for the coronal 1ons

Del Zanna, G., Berrington, K, Mason, H.E., 2004 Benchmarking
atomic data for astrophysics: FeX A&A, In press.

Storey, P.J., De Zanna, G., Mason, H.E., Zeippen, C.J., 2004.
Electron impact excitation of FeXll, A& A, submitted

Chidichimo, M.C., Del Zanna, G., Mason, H.E., Badnell, N.R.,
Tully, J.A., Berrington, K.A., 2004 Electron excitation of Be-like
FeXXIll between the n=2 and n'=3,4 configurations, A& A, submitte

Dda Zanna, G. Chidichimo, M.C. and Mason, H.E., 2004
Benchmarking atomic data for astrophysics. FexXXIll, A&A

Del Zanna, G. and Mason, H.E., 2004, Benchmarking atomic data
for astrophysics. FeXll, A&A



New calculationsfor FeXlI|



Non- Maxwellian Velocity
Distributions - Doyle et al (2004)

 Non-Maxwellian velocity distributions can
cause ionsto be formed at significantly lower
temperaturesthan one would deduce from

equilibrium.

e TRACE 171 emission in fointpoints of small
scale events. Fel X/X formed at lower
temperatures.






Solar-B Spacecraft



XRT on Solar-B
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CDS - GIlISwavebands

Fe X 175

Fe IX 171 FeX 177
/FeXI 180
«—FeXl188

Ne VIl 465

Hell 304

Fe XV 284

\

Ne VIII 77
Ne VIII 780

0111 703
NIII686\ N'V765



EISField-of-View (FOV)

Shift of FOV center with coarse-mirror motion

Maximum FOV for raster observation

< 902 .. 90z 360 2
- L
A
512 2
0122
2
512 d

402 2502 Raster-scan range

sot  Slot
\/

EIS Slit









ElS Initial Science Plan

dolar-b

-
an ISAS/NASA/PPARC mission to study the Sun



EIS Processed Science Data Products

* Intensity Maps(T,, n,):
—Iimages of region being raster ed
from the zer oth moments of
strongest spectral lines

e Doppler Shift Maps (Bulk Veocity):

—Iimages of region beingrastered from
first moments of the strongest
spectral lines

 LineWidth Maps(NT Veocity):

—images of region being rastered from

second moments of the strongest
Norikura coronagraph observatio

spectral lines of all three of these parameters



Jm’s Observables —Future
Reguirements

* Need high-speed imaging spectrometer
— Broad temperature coverage (10° — 107 K)
— High temperature fidelity
— High gpatial resolution (< 1 arcsec)
— Modest field-of-view (1 arcmin)
— Modest cadence (1 min)



RAISE — New era of high time
resolution spectral imaging

Rapid Acquisition I maging Spectrograph Experiment
Don Hassler, SWRI, Boulder, USA

TRACE-like spatial resolution

Velocity sensitivity — 1km/s

Fast — time scales as short as 100ms

Wide temper atur e cover age (Chromosphere, TR, corona)
Wavelength cover age:

(1204-1243A, 1526-1564A, 602-643A, 763-782A)

6.5min Rocket flight — 2006

UK Co-I (Helen Mason)



TheWay Ahead

* Anintegrated
approach to theory an
observations

e Combining imaging
and spectral
observations

e Forward modelling
including dynamic an
non-equilibrium
Processes



e Sunrisefrom Palermo,

e Corona Loops Workshop
September 2004

* Photo by Jason Scott






Daniel Mudller, Hardi Peter and
Viggo Hansteen












Jim’s Coronal Heating Flow Chart

Energy Source Dissipation

3D MHD \ /

Heating

l

Plasma Response

l

Radiation

l

Obsearvables




do we have to deal §
with a muyaq )| ] —
of individual structures?

=) only 3D models can help

to understand this!

(red)

Doppler shift [km/s] ®

-

(blue)

line formation temperagfure T [K]

line formation temperature log (T [K])

~104|<m

NETWORK LANE

Dowdy et
Solar Phys

al. (1986)
5., 105, 35

COOLER NETWORK LOOPS
( Trax < 10°K )

HOTTER NETWORK LOOPS
(10°K < Tmax < 106K

CORONAL FUNNELS
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Hardi
:

. asymmetric heating flows

'Doppler shiftsin 1D.models...

as a function ot tem ure _
heating

¢

line formation temperature T [K]

(red)

®

higher
density

104 K—

Doppler shift [km/s]

photosphe

-

A by far incomplete list of suggestions
to understand the red / blueshifts
by using loop models:

Antiochos (1984) ApJ 280, 416

(blue)

line formation temperature log (T [K])

McClymont & Craig (1987) ApJ 312, 402
no satisfactory model yet Mariska (1988) ApJ 334, 489

Klimchuk & Mariska (1988) ApJ 328, 334
Hansteen (1993) ApJ 402, 741
gualitatively and quantitatively!! Peter & Judge (1999) ApJ 522, 1148

reproducing the vs. T curve

Teriaca et. al. (1999) A&A 349, 636



Hardi
:

Fie | h@ms'r@mw measure in the (Iow)
\\- atomic phys@()rona

— excitation

emission measure: — ionisation ...
L

EMp= nZdh

The problem:
below 10° K NT is very steep (qu T22RKT)
In stratified models:

=

NT is so steep S

that EM decreases below 10°K ! S

©

possible scenarios: 9 ¢
— additional dense cool structures Q2 f—E

— increased heat-conduction below 10° K § =

— heat transport across the field...



Hardi

1) emissivity at each grid point e(x,t)

2) velocity along the llnﬁypth@%%wa TIOS

3) temperature at each

line profile at each grid point: line width corresponding ~ Jm
( _ )2 to thermal width ~ th Mon

| (X,t) = Iy exp - o2 . . .
n \ Ay 0 2h total intensity corresponding | ¢
t to emissivity 0 thH e(xt

Integrate along line-of-sight

maps of spectra

as would be obtained by a scan
with an EUV spectrograph,

e.g. SUMER

analyse these spectra like
observations

+ calculate moments:

line intensity, shift & width
emission measure (DEM)
etc. ...




TR evolution: C 1V (1548 A)

C IV (1548 A)
~10° K



Mg X (625 A)
~108 K

Coronal evolution



Doppler shifts



Small cool |oops needed



Iron Project Calculations

XIV

Fe IX, X, X, XII, XIiI,

3s? 3p%2 3d?

3s? 3pat 3d

3s 3p% 3d

3s 3patt

Metastables: collisional

3s? 3p¢

excitation to nearby states
affected by resonances

States not connected to
ground by a dipole transition
- cascades important
















The Corona Spectrum

The coronal spectrumis
primarily EUV and soft

X-ray and is dominated

by emission lines.

Typically, any location

In the coronaisfound
to be multithermal.

Malinovsky & Heroux, 1973












nanoflares in coronal loops

Doppler shift corona
as a function of temperature

line formation temperature T [K]

(red)

®

Doppler shift [km/s]

photosphere

-

line formation temperature log (T [K])

00
<
—
—
N
(9N
L0
Lp]
o
<
~
(o))
(®))
(o))
—
j—
()
(@)
©
=]
s
o3
-
()
+—
()]
o

—i
NJ
N~
]
o S
= =
[Sm—
o <
— — ~—~~
< o &
o) (@)
= = 2
E (=
(¢}
(&)
Q
(9}
=
©
I

footpoint C: motions

nanoflares: why at 4'10° K ?
waves « Doppler shifts
flows?




Doppler shift asa function of temperature
(courtesy Hardi Peter)

line formation temperature T [K]

(red)

Doppler shift [km/s] ®

—

(blue)

line formation temperature log (T [K])



Jm's Wrapup at the Last Loops
Workshop - Outstanding |ssues

- Temperature distribution
+ How thick are “isothermal strands’?
+ Benchmark loop

- Systematic errors

+ Atomic physics

+ Photometry

- Magnetic properties

Cross section shape and variation
Twist

Internal structure

Relation to surface field

+ I+ I+ I+



Jm's Recommendations

Need to address the compl ete problem
(first principles idea detailed prediction of obs.)

Must treat:

+ Small spatial scales
- Current sheets, resonant layers, turbulence, etc.
- Trangition regions, shocks

+ Variability and dynamics
- Chromospheric evaporation and condensation



Jm's Recommendations (cont.)
Must treat:

+ Micro physics
- Anomalous transport coefficients
- Collisionless reconnection
- Saturated and non-local heat flux
- lonization non-equilibrium
- Particle acceleration

+ Observational limitations
- Forward modeling
- New imaging spectrometer






A Solar Loop Subject to a Transient Heating Event

Bradshaw & Mason (2003, A& A, 407, 1127) subjected aloop to a
perturbation in the form of atransient heating event:

EH :EHbg +EHOexp ) l SOl Sin ,0 Lo
S, -

Eip, =2.4x10%ergcm= st E,=0.1ergcem? st s;=4x10°cm

s, =10%cm, t;=0s, t, =30 s.

The total energy delivered symmetrically about the loop apex over an e-
folding distance of 108 cm and a period of 30 sis 108 erg cm=.

This amount of energy is characteristic of the nanoflare range.



The Multitherma Corona

B-field Fe 1X/X Fe xv

Call Fe Xl SXR



lon Populations and Optically-Thin Radiation

The ion populations may not be in equilibrium in the solar atmosphere, which
can substantially alter the radiative emission.

The ion populations are calculated by solving the system of time-dependent
lon population equations:

Y.
111'[' +1?S(Yiv):n(|i-1Yi-1+RYi+1' 1Y - R..Y)

These are coupled to the hydrodynamics via the radiation term:
Z+1

L, =0.83 Ab(Y)’” Ye =mmp E.=n°" L,
=1

i Y






Hardi
:

Emission
measure

DEM inversion using CHIANTI:

1 £ using synthetic spectra
derived from MHD model

2 * using solar observations
(SUMER, same lines, quiet Sun)

Mg X



