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Aspects of Recent Work 

In order to explore the prevalent heating mechanisms it is 
essential to determine the local plasma parameters: 

Ne, Te distribution (DEM), abundances, ntv, flows, 
magnetic field….all as a function of space and time! !

- What are the observables? What do we know already?
- Loop workshops – ‘Loops’  and/or  ‘Strands’…?
- What can we learn about active regions and flares 

from CDS/SUMER/TRACE/YOHKOH/RHESSI?  
- Forward modelling – how far  forward are we?
- What about the atomic physics? Non-equilibr ium?
- Jim’s dream….which we share….a fast imaging 

spectrometer? Solarb-EIS? Raise? NEXUS? Another?



Coronal Heating 

What needs to be explained:
• Outflows
• Motions along field
• Separatrices and QSLs
• Intermingled hot and cool 
plasma
•(Courtesy of SolarB XRT 
team)



Observables - 1
• Observation of single lines

– Line intensity and profile
– Line shift (dldldldl ) ���� Doppler  motion
– Line width (ddddw) and temperature���� Nonthermal motion

dl

dw



CDS observations of a spray ejecta from an X2 
flare – Pike and Mason, 2002

• Outward speed 
700km/s

• Rotational vel 
+/-350km/s



Source Regions of the 
High Speed Solar  Wind

• Hassler, Mason et al (1999) Science
• SUMER spectroscopic observations in a 

coronal hole in Ne VIII 770Å (650 000 K)
• 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 stones in a patio”

Observations with SUMER (UV Spectrometer)

Dopplergram showing the up- and downflows



Non-Gaussian profiles
(courtesy Hardi Peter)

Two component emission line profiles:
� first observed on-board Skylab:

Kjeldseth Moe & Nicolas (1977), ApJ 211, 579

� HRTS: Dere & Mason (1993), SP 144, 217: 

� physical nature of tail component unclear: 

· strong non-thermal motions? 
· small explosive events? 
· coronal funnels



Observables - 2
Observations of several lines (or filters)

- Temperature distr ibution – Emission 
measure (Klimchuk and Cargill, 2001)



Observables 3
Observation of line pair ratios

– Density diagnostics
– Eg Fe XIII 203.8/202.0 diagnostic



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



Doyle et al – SUMER, CDS and white light



Solar  Coronal Loops WorkshopsSolar  Coronal Loops Workshops
MedocMedoc, December 2002, December 2002

Palermo, September  2004Palermo, September  2004



Food for  Thought…

• Loops are one of the basic building blocks of 
the solar  atmosphere. I f we can’ t even 
understand ‘quiescent’  active region loops, 
then what hope is there for  us to 
understanding all the other  dynamic  features 
- from small scale phenomena such as  
energetic events and blinkers, to large the 
scale explosions of solar  flares and CME’s!!!



Heating of Coronal Loops 

• Er ic Pr iest et al (1998) solved the coronal loops heating problem 
from YOHKOH observation…..well almost!

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

• Joan Schmeltz et al (2001) – DEM – multithermal. Discrepancy 
between TRACE filter  ratio temperatures and spectroscopic 
observations

• Er ic Pr iest may not have completely solved the coronal loop 
heating problem but he cer tainly set us off in the r ight direction –
matching theory and observations….

• Many other  groups working on this (Rober t Walsh, Palermo and 
Catania groups, NRL, Montana, Oslo, L indau, Cambr idge…)  

• I t is a long and winding road….!!!



Thoughts from the Workshops
• What is the temperature distr ibution across and along the loops?
• What is the electron density?
• CDS does not 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 Warren 

et al)?
• Do we ever  see the heating phase or  just the cooling phase?
• The nature of condensations in loops, when they become 

radiatively unstable (Dan Mueller , Fredr ick Ter je, Oslo group)
• The nature of chromospher ic evaporation dur ing solar  flares 

(Lucce Ter iaca 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 Loops Analysed 
with CDS and TRACE

This research was stimulated by the Coronal Loops
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 
quiescent coronal loops, A&A, 406, 1089

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



















Flare Energetics (Courtesy of SolarB XRT team)



Spectroscopic Observations of Solar  Flares –
the or igin of blue-shifted X-ray emission??

Mason, H.E., Shine, R.A., Gurman, J.B., Harr ison,R.A., 
1986 Spectral 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., 
Mandr ini, C.H., 2002, Sigmoidal diagnostics with 
SOHO/CDS, Adv.Sp.Res., 30, 551

Ber lick, 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., Ber licki, A, Mason, H.E, Schmieder , B., 
2004 Spectroscopic signatures of the M1.0 flare of 
October 22, 2002, A&A, draft.





Where does the high temperature blue-shifted 
emission come from? CDS – FeXIX line,10MK





Blue shifted SiXI I  (74km/s) and 
FeXIX (140km/s) emission





Relationship between blue-shifts seen in 
high temperature emission and red-shifts 

seen in chromospher ic emission

• See recent work of Luca Teriaca et al for 
multiwavelength studies (including FeXIX).

• For spectroscopic studies of flare emission 
with SUMER see work by Davina Innes et 
al (poster D5) 



Imaging and spectral data –
SUMER + EI  (Davina Innes)



Non-Equilibr ium Ion Populations and the 
Consequences for  Observable Quantities

Bradshaw, S.J., Del Zanna, G. and Mason, H.E.
On the consequences of a non-equilibrium ionisation 

balance for compact flare emission and dynamics, 
A&A, submitted. 

Bradshaw, S.J. and Mason, H.E., 2003,
A self-consistent 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-Equilibr ium Ion Populations and the 
Consequences for  Observable Quantities

Bradshaw and Mason (2003a,b,2004)
The HYDRAD (HYDrodynamic and RADiation) Code

• A code has been developed to solve the coupled hydrodynamic and 
time-dependent ion population equations in order  to car ry out 
numer ical simulations of the dynamic events that may take place in 
solar  loops. 

• The overall aim is to provide a forward modelling approach that can 
be used to test theor ies by predicting their  observable consequences.

• For  example: theoretically calculated quantities such as temperature, 
density and ion population can be conver ted into the predicted 
intensity of emission that would be detected by observing instruments.

• Features of the code include:
- A conservative and monotonic numer ical solver .
- An adaptive computational mesh to ensure sufficient resolution.
- A parallel architecture for  multi-processor  environments. 



A Solar  Loop Subject to a Transient Heating Event



Equilibrium Emission Non-equilibrium Emission

TRACE 171 A (Fe IX and Fe X)



TRACE 195 A (Fe VIII and Fe XII)

Equilibrium Emission Non-equilibrium Emission



Results of simulation of transient heating in solar  loops
• The numer ical simulation has shown that coronal ion 

populations can exhibit significant depar tures from 
equilibr ium.

• Forward modelling the detectable emission has shown that 
nanoflares could be difficult to observe, even with high 
spatial resolution and a factor  of 2 increase in the plasma 
temperature.

• Estimating measurable quantities, such as the temperature, 
is problematic. Therefore, with cur rent instrumentation, 
other  observational signatures are required to identify the 
‘swarm of nanoflares’  suggested by Parker , 1988. These 
might be the red- and blue-shifts observed at transition 
region and low-corona temperatures.



Compact flare emission and dynamics
Bradshaw and Mason (2004)

• Hydrodynamic simulation of a compact flare
• Temperature r ises to 6MK
• LHS – Equilibr ium  RHS – Non-equilibr ium
0s (full line)

60s (dotted)
90s (dashed)
120s (dash-dot)
250s (dash-dot-dot-dot)
210s (long-dash)







Results of compact flare simulation

• Dur ing the impulsive phase, emissivities of HeI , 
HeI I  and CIV in the transition region can be 
strongly enhanced.

• Dur ing the flare, the overall charge state of the 
coronal ions can be significantly different than is 
suggested by equilibr ium ionisation balance.

• Care must be taken in interpreting temperatures 
from spectral line ratios 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 Mueller , Hardi Peter  and 
Viggo Hansteen





Jim’s Observables
• Sources of ambiguity & confusion

– Integration over space, especially along l-o-s
– Integration over time
– Integration over wavelength (temperature)
– Density-squared weighting
– Ionization non-equilibrium

• Inversion can be dangerous
(infer n, T, DEM, etc. from data)

• Forward modeling safest
(predict intensities and line profiles)



Hardi Peter  et al… 
Models of the Quiet Sun

• Out with the 
old 2D 
(Gabr iel 1976), 
in with the new 
3D…..well 
almost new 
(Dowdy et al, 
1986)!

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



A multi–structured low corona

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

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

Hardi Peter
KIS

only 3D models can help
to understand this!
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What do we expect ?

source region of C IV (1548 Å)  ~105 K: coronal loops
coronal funnel  (Gabriel 1976)

inter-network

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

open regions (funnels):   low density  (energy into wind)

� broad “weak” line profile

two-component
spectral profile:

� strong core
� weak tail component
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Hardi Peter et al 



CHIANTI   
An Atomic 
Database

• Ken Dere (GMU)
• Enr ico Landi (NRL)
• Peter  Young (RAL)
• Helen Mason (Cambr idge)
• Giulio Del Zanna

(Cambr idge, MSSL)
• Massimo Landini (Arcetr i)
CHIANTI – v4 
2003, ApJ Suppl, 144, 135
Benchmarking new atomic data

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



Benchmarking atomic 
data for the coronal ions

• Del Zanna, G., Berr ington, K, Mason, H.E., 2004 Benchmarking 
atomic data for astrophysics: FeX A&A, in press.

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

• Chidichimo, M.C., Del Zanna, G., Mason, H.E., Badnell, N.R., 
Tully, J.A., Berr ington, K.A., 2004 Electron excitation of Be-like 
FeXXIII between the n=2 and n’=3,4 configurations, A&A, submitted 

• Del Zanna, G. Chidichimo, M.C. and Mason, H.E., 2004 
Benchmarking atomic data for astrophysics: FeXXIII, A&A

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



New calculations for  FeXI I



Non- Maxwellian Velocity 
Distr ibutions - Doyle et al (2004)

• Non-Maxwellian velocity distr ibutions can 
cause ions to be formed at significantly lower  
temperatures than one would deduce from 
equilibr ium.

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





Solar-B Spacecraft

EIS - MSSL/NRL EUV Imaging Spectrometer
SOT - ISAS/NAOJ Solar Optical Telescope
XRT - SAO/ISAS X-ray Telescope
FPP - Lockheed/NAOJ Focal Plane Package



XRT on Solar-B 



EIS Design
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CDS – GIS wavebands

He II 304

Ne VII 465

Fe IX 171

Fe X 175
Fe X 177
Fe XI 180
Fe XI 188

Fe XV 284

Ne VIII 770 
Ne VIII 780
N IV 765

O III 703
N III 686



EIS Field-of-View (FOV)

360 ²²²²

512 ²²²²

EIS Slit

Maximum FOV for raster observation

512 ²²²²

900 ²²²² 900 ²²²²

Raster-scan range

Shift  of FOV center with coarse-mirror motion

250 ²²²²
slot

40 ²²²²
slot

512 ²²²²







EIS Initial Science Plan 
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EIS Processed Science Data Products

•• Intensity Maps (TIntensity Maps (Tee, , nnee))::
– images of region being rastered  

from the zeroth moments of       
strongest spectral lines

•• Doppler  Shift Maps (Bulk Velocity):Doppler  Shift Maps (Bulk Velocity):
– images of region being rastered  from

first moments of the strongest   
spectral lines

•• L ine Width Maps (NT Velocity):L ine Width Maps (NT Velocity):
– images of region being rastered from  

second moments of the strongest   
spectral lines

Norikura coronagraph observations 
of all three of these parameters



Jim’s Observables–Future 
Requirements

• Need high-speed imaging spectrometer
– Broad temperature coverage (105 – 107 K)
– High temperature fidelity
– High spatial resolution (< 1 arcsec)
– Modest field-of-view (1 arcmin)
– Modest cadence (1 min)



RAISE – New era of high time 
resolution spectral imaging

• Rapid Acquisition Imaging Spectrograph Exper iment
• Don Hassler , SWRI, Boulder , USA
• TRACE-like spatial resolution 
• Velocity sensitivity – 1km/s
• Fast – time scales as shor t as 100ms
• Wide temperature coverage (Chromosphere, TR, corona)
• Wavelength coverage: 
• (1204-1243A, 1526-1564A, 602-643A, 763-782A)
• 6.5min Rocket flight – 2006
• UK Co-I   (Helen Mason)



The Way Ahead

• An integrated 
approach to theory and 
observations

• Combining imaging 
and spectral 
observations

• Forward modelling 
including dynamic and 
non-equilibrium 
processes



• Sunrise from Palermo,
• Coronal Loops Workshop 

September 2004
• Photo by Jason Scott





Daniel Mueller , Hardi Peter  and 
Viggo Hansteen









Heating

Plasma Response

Radiation

Observables

Energy Source Dissipation

Jim’s Coronal Heating Flow Chart

3D MHD

1D Hydro



A multi–structured low corona

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

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

Hardi Peter
KIS

only 3D models can help
to understand this!
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Net Doppler shifts in 1D modelsDoppler shift
as a function of temperature
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Hardi Peter
KIS

4´105 K

105 K

106 K

104 K

photosphere

corona

e.g.:  asymmetric  heating  ���� flows
or waves

asymmetric
heating

shock

higher
density

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

Antiochos (1984) ApJ 280, 416  
McClymont & Craig (1987) ApJ 312, 402
Mariska (1988) ApJ 334, 489
Klimchuk & Mariska (1988) ApJ 328, 334
Hansteen (1993) ApJ 402, 741
Peter & Judge (1999)  ApJ 522, 1148
Teriaca et. al. (1999) A&A 349, 636

no satisfactory model yet

reproducing the  � D vs. T curve

qualitatively and quantitatively!! 



Emission measure in the (low) 
corona

Hardi Peter
KIS

EM h =
Z

n2
e dh

Fline / hë
Z

G(T) n2
e dh

atomic physics:
– excitation
– ionisation ...emission measure:

The problem:

below 105 K  ÑT is very steep   ( q µ T5/2 ÑT )

� in stratified models:  

ÑT is so steep 
that EM decreases below 105K !

possible scenarios:

– additional dense cool structures
– increased heat-conduction below 105 K
– heat transport across the field...
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Synthetic spectra

Hardi Peter
KIS
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1)  emissivity at each grid point                                             � e (x,t)
2)  velocity along the line-of-sight from the MHD calculation   � � los
3)  temperature at each grid point                              � T

line profile at each grid point:
ion

B ),(2
m

tTk
th

x=�line width corresponding
to thermal width

total intensity corresponding
to emissivity I0 � th µ e (x,t)

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. ...



side views

TR evolution: C IV (1548 Å)

top view

Hardi Peter
KIS

C IV (1548 Å)

~105 K



side views

Coronal evolution

top view

Hardi Peter
KIS

Mg X (625 Å)

~106 K



Doppler  shifts
Hardi Peter

KIS



Small cool loops needed 



3s2 3pq-2 3d2

3s 3pq 3d

3s2 3pq

3s 3pq+1

3s2 3pq-1 3d

Iron Project Calculations

Fe IX, X, XI, XII, XIII, XIV

Metastables; collisional
excitation to nearby states 
affected by resonances

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











The Coronal Spectrum

The coronal spectrum is
primarily EUV and soft 
X-ray and is dominated
by emission lines.

Typically, any location
in the corona is found
to be multithermal.

Malinovsky & Heroux, 1973









Waves in coronal loops

nanoflares

magnetic
reconnection

footpoint motions
m

ag
ne

tic
 fi

e l
d

4´105 K

105 K

106 K

104 K

photosphere

corona sound waves

nanoflares in coronal loops
Doppler shift

as a function of temperature

� nanoflares:  why at 4´105 K ?
� waves « Doppler shifts
� flows?

new models !
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Doppler  shift as a function of temperature
(cour tesy Hardi Peter)
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Jim' s Wrapup at the Last Loops 
Workshop - Outstanding Issues

· 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



Jim' s Recommendations
· Need to address the complete problem

(first principles idea  � detailed prediction of obs.)

· Must treat:

± Small spatial scales
· Current sheets, resonant layers, turbulence, etc.
· Transition regions, shocks

± Variability and dynamics
· Chromospheric evaporation and condensation



Jim' s Recommendations (cont.)
· Must treat:

± Micro physics
· Anomalous transport coefficients
· Collisionless reconnection
· Saturated and non-local heat flux
· Ionization 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 a loop to a 
perturbation in the form of a transient heating event:

· The total energy delivered symmetrically about the loop apex over an e-
folding distance of 108 cm and a period of 30 s is 108 erg cm-2.

· This amount of energy is characteristic of the nanoflare range. 
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sH = 108 cm, t0 = 0 s,      = 30 s.



The Multithermal Corona

B-field

Ca II

Fe IX/X

Fe XII

Fe XV

SXR



Ion Populations and Optically-Thin Radiation
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· The ion populations may not be in equilibrium in the solar atmosphere, which 
can substantially alter the radiativeemission.

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

· These are coupled to the hydrodynamics via the radiation term:
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DEM inversion using CHIANTI:

1 ± using synthetic spectra
derived from MHD model

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

Emission 
measure

Hardi Peter
KIS

Si II Mg X

Supporting suggestions that
numerous cool structures

cause increase of DEM to low T


