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Characteristics of coronal loop structures for solar active regions

« Large 1MK loops seem to be
“spatially resolved” by recent
instruments such as TRACE
& SDO/AIA but made up of
many ‘strands’.

 The hot core loops (3MK) do
not seem to be so well
resolved. It is often better to
study their footpoints regions
(moss regions).

Micro-flare activity and
Dynamic core loops

Stunning Sunspots

O AA TP Arcabns SDO/AIA Observations

http:/iprop.hfradic.org/

 Very large ‘Fan’ loops (0.5-
1MK) reach far out into the
corona, possibly joining

remote ARS. RECENT REVIEWS

Reale, F. 2014, Solar Physics Living Review

Schmelz, J. & A. Winebarger, 2014, RS meeting, |
 Diffuse Background



Imaging vs. Spectroscopy

Information: temperature,
density, emission measure,
abundances, velocities

Advantages Disadvantages

Imaging High time cadence; easy to | Ambiguous interpretations
analyse

Spectroscopy | Detailed plasma Rasters can be slow;

difficult to analyse; useful
lines often weak

Best results are obtained by combining imaging
and spectroscopic observations




SDO/AIA Channels (QS, CH & AR)

The AIA instrument observes solar plasma from photospheric
to coronal temperatures, taking full-disk images, with high spatial
resolution (~0.6 arcsec pixels) and with a cadence of 12 seconds.

Channel ion(s) Region of atmosphere log (T)
94 A Fe XVIII flaring regions 6.8
131 A Fe VIII, Fe XXI transition region, flare plasma 5.6,7.1
171 A Fe IX quiet corona 5.8
193 A Fe Xll, Fe XXIV corona and hot flare plasma 6.1,7.3
211 A Fe XIV active-region corona 6.3
304 A He Il chromosphere 4.7
335 A Fe XVI active-region corona 6.4
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Hinode EIS First Light
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Spectroscopic Diagnostics

The intensity of an optically thin emission line can be written as

I =0.83 Ab(2) f G(Te, No) N2 dh
h

hc Aji Nj(X™) N(X*)
Ad;j Ne N(X*™) N(X)

G(TE& NE) —

The expression for the line intensity can be
expressed in this form:

I = 0.83Ab(z)Gy f NZdh.

The emission measure, EM and filling factor, ¢, for the emission
line is then:

_ EM
 NZhyp,

EM = f NZdh ¢



CHIANTI

An atomic database for astrophysics

. UK, USA, Italy

 First database to make
atomic data freely available
for astrophysics

e First released in 1996
« Latestrelease v7.1

 Improved coverage in X-ray
range (addressing 94A)

« CHIANTI Py
« Over 1,800 citation
« CHIANTI v8, 2015

Landi, Young, Dere, Del Zanna &
Mason, 2013, ApJ, 763




Hinode/EIS: Intensity, velocity and line width maps

Active region map in -

Fe XI1195.12 A, 2MK ™ [imonsiy|
Hinode/EIS can provide detailed =
maps of intensity, electron density, 200 A0 0 M0 w0
temperature, flows, non-thermal 0p
broadenings, and fill factors. 100 - :

One of the most striking features of
Hinode EIS data for active regions
are the blueshifts and redshifts.
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AR features seen with Hinode EIS

Monochromatic images of an active region in spectral lines of iron
ions formed at different temperatures from EIS/Hinode

warm loops (1 MK) cool fan loops (< 1 MK)  core (> 2 MK)

Tripathi, 2014



EIS — Intensity (reversed) and doppler maps

FeVIll - 1MK FeXll - 2MK FeXV - 3MK
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Monochromatic (negative) images and dopplergrams of an active region
(NOAA 10926) observed with Hinode/EIS in Fe VIII, Fe XII, Fe XV lines.

Courtesy of G. Del Zanna



Hinode/EIS active regions — blue shifted emission

Del Zanna, Aulanier,

eln &

oro

Bradshaw, Aulanier & Del Zanna, 2011

Solar Wind

Coronal Hole

Null point

reconnection

Type (Il
storm

Mass & momentum
injection in the
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wave
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Solar Wind

Coronal Hole

Interchange reconnection close to the null point, between the closed,
high-density hot loops and the neighbouring open, low-density ones.
Upflows driven by the rarefaction wave.

Some warm loops and some open loops would be formed in this way.



How are solar active regions heated ?

Braiding of the magnetic field and
nano-flare heating — Parker, 1991

Strands
within

a loop
Structure ?

(a) (b)

Fig.2. (a) A sketch of the initial uniform magnetic field B through 0 < 2z < L. (b)
A sketch of the continuous field of equation (2).




Shape of the DEM curves for different heating scenarios
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EBTEL - Enthalpy Based Thermal Evolution of Loops

Hot plasma predicted to be very faint (short lived, rapid cooling, low Ne):
EM (cm™) reduced by 1-1.5 orders magnitude from peak

Do we see high temperature emission in non-flaring ARs?

Klimchuk, Patsourakos and Cargill (2008)
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Average electron density map from FeXIlll lines

Temperature map from FeXVI/FeXV
Redis Log T =6.7, yellow is Log T= 6.5
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O’Dwyer, Mason et al, 2011



AR EM distribution & implications for nano-flare heating
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Figure 2. Left panel shows the emission measure as a function of temperature for nanoflare trains with constant energy nanoflares. The 20 curves are associated with
different delay times between the nanoflares (Ty between 250 and 5000 s). The lowest curve corresponds to Ty = 250 s and the highesi to Ty = 3000 5. Each curve
15 shifted vertically by 0.2 on a log scale with respect to the previous one as Ty increases. The four line styles break Ty up into groups of 1000 5. The top nght pancl
shows the maximum value of the emission measure; the upper curve (+) shows the EM integrated over the entire temperature range. The lower right shows the slope
of the emussion measore below the maximum temperature. The three honizontal lines correspond to a = 2, 3, and 3. Solutions where the EM vanishes at a temperature
above 10525 are not shown so that only the upper 12 curves on the left are represenied. Stars and circles arc the EBTELDS and RL12 radiative losses.

Cargill, 2014



EM Distribution for diffuse regions in ARs

s vl Fe X

—114

|
|
il

¥ {arcsecs)

—239

—301
900 943 987 1031 900 943 987 1031 900 943 987 1031

X (dresecs) X (arcsecs) ¥ (aresecs)
BEEEE T et 0% I sl oh T, Taeal oh L ] e L P T e e P | ] R P
L setl m; 1 [ setd me ] b set3 ]
28.5F slope range:2.3—4.1 ] F slope range:2.5—3.5 ] E slope range:3.4—4.0 3

28.0F

4

%

27.5F

27.0F

leg EM(crm

26.0F

25.5E

....................

Diffuse region is Set 1
EM Peak at Log T = 6.5, EM slope = 2.3-4.1
Both low and high frequency impulsive heating

Subramanian, Tripathi, Klimchuk and Mason, 2014



AR Core — Slope of EM between LogT = 6-6.6
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Hot Core - Slope of the EM (1-3MK)
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Density and Temperature variation along a loop

SDO/AIA and Hinode/EIS
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Comparison with hydrostatic model

Log,, ( Density / cm™)
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Loop is asymmetric
Right part of the loop - overdense
Left part of the loop - underdense

Gupta, Tripathi & Mason, 2014



- Cooling in ARs Is everywhere

335-211 (3 MK-~2 MK)

-6000 -3000 -1500 O 1500 3000 600
Time O\Lﬁset (s)
Negative time Positive time

, zero time _
lags: noise; Holay: lags: post-
slow heatin Y- nanoflare
g transition :
cooling

region/moss

Viall & Klimchuk, 2012, 2013

SDO/AIA 171

0.8 MK

» Almost exclusively positive time lags

* Not just at a few discrete loops, but
everywhere

* Persistent pattern of cooling
throughout active region
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MNLFF:Wiegelmann et al. (2012)

e

A FEE Hme = 42800

EBTELv2: Cargill et al. (2012)

- Magnetic field extrapolation

- Solve hydrodynamic equations for each loop
- Simulate observations in the UV

- Compare with REAL observations

Warren et al, 2014, also Bradshaw et al, 2014



Observations are finally starting to
contribute to the coronal heating problem
The 0D and 1D Hydrodynamic models
provide the best ‘observables’

Coronal loops appear to be multi-thermal
and multi-stranded

1MK loops have flows, may be asymmetric
Caution — may be errors in analyses and atomic data (Gennou)
EM diagnostics are consistent with impulsive heating

ARs have a high temp (>6MK) component, FeXIX, (Innes, Brosius)
Cooling is ubiquitous in ARs

The hot core moss has transient components (HiC — Testa, 2014)
Non-equilibrium? Non- Maxwellian?

Best results from Imaging + Spectral instruments

LOOPS-7 — Cambridge, 20-24 July 2015
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