Lecture 13

Flare Lightcurves

March 6, 2017



Questions regarding flare heating

J When is flare plasma heated: only at the very start or
throughout the flare evolution? Impulsively or more
gradually?

J Where is flare plasma heated: is the primary energy

deposition in the corona or in the lower atmosphere or
both?

J What is the mechanism of flare heating: by shocks? Non-
thermal particles? Conduction? Or else?

J How much is the energy used to heat flare plasma?

Time dependent imaging and spectroscopic flare
observations in multiple wavelengths have the enormous
advantage.
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Two approaches of doing this, forward or backward.



Review

Neupert effect indicates corona heating during the HXR
burst, maybe by non-thermal driven chromosphere
evaporation.

When: not necessarily only during the rise & HXR;
Where & what: non-thermal particle produced
chromosphere evaporation is part of the story;

How much: a good fraction of energy carried by non-
thermal electrons.

Flare heating (and cooling) takes place in numerous loops
sequentially, often well into the decay of the SXR
emission, not necessarily always by non-thermal
electrons.



Spatially resolved plasma properties
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Multi-bandpass imaging observations and analyses by
Tsuneta (1996) show higher temperature at the outer
edge of the flare arcade even in the decay of the flare.



Modeling a sequence of loops

Reconnection

forms and
heats
, multiple loops
during the
0E 0© 0 0T
—+-[E+P ——(x,—)-R+H
Py + 35 [(E + P)v] + pg v 35 <K| 63) + H, flare |
| : 2 evolution
H (s, t) = q(?) exp [— d 2S;°p ](ergs cm *s™ 1) (Hori et al.
J/2mo d 1997, 1998).

A pseudo 2d modeling to reproduce the observation (T, n, P
maps) and spectral lines, with loop-top heating (qm. ~ 3.4e9
erg/cm?/s, variable heating duration (10° min), conduction driven
evaporation, in a set of 9 loops with growing length and
sequentially delayed heating.



How to find the Q/E/H?
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Warren (2006): heating impulsively ¢
.

by non-thermal electrons or
continuously but in one loop, cannot
agree with observations of both hot
and cool loops.
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Masuda flare: hard X-ray source above the loop top
(Sakao et al. 1992, Masuda et al. 1994)
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Neupert effect in multiple loops
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Rubio et al. (2016) model 16 loops determined (and heated)

by Neupert effect from rise to peak of the flare.
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Energy release is reflected at foot-points

Chromosphere observations of the foot-points of flare
loops can “map” and "measure” the heating rate (fast
rise), as well as the cooling rate (slow decay), of
individual flare loops (Qiu et al. 2012, Liu et al. 2013).
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counts rate (DN/s)
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Observe and model an eruptive flare

o A M-class two-
ribbon flare where

200

HXR is only part
of the story.

(Liu et al. 2007,
Liu et al. 2013)
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UV light curves have
different timescales
from impulsive to
decay phase of the
flare.
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Observe and model a compact flare
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Ton A T, Fraction of total emission
A K CH QS AR FL
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Foot-point emission also reflects coronal cooling

Decay of the foot-point UV emission reflects coronal
evolution, when the lower-atmosphere DEM is roughly
proportional to pressure known as the pressure gauge
(Fisher 1987, Hawley and Fisher 1992).

equilibrium condition: n?A(T) = = (1 T*/257)
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temperature (MK)

Optically-thin emission at the foot of the coronal loop
monitors the coronal evolution in the decay phase (Liu et
al. 2013, Qiu et al. 2013, Zeng et al. 2014).

DEM(T) = g(T)P, with g(T) = o T2
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UV flux (DN/s)

Decay of the foot-point emission: corona cooling
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Multi-loop flare heating: roads ahead

J When is heating: is heating impulsive?
J Where is heating: along the loop properties.
d What is heating: the physical mechanism.

d How much is heating: the energy partition
(Emslie et al. 2004, 2005; Aschwanden et al. 2015-2017)



hours after 22 UT

Impulsive heating?
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In some flares,

a single loop stays
hot for much longer
than modeled and
requires elongated
heating affer the
impulsive heating
(Qiu & Longcope 2016).
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Temporally and spatially
resolved multi wavelength
observations reveal properties
along one loop, which should

further constrain model
(e.g., Aschwanden et al. 2009).
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What is the heating?
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2:03:30 1+2 RHESSI observed and
1.5 model synthetic X-ray
le  spectrum.

1:58:50

RHESSI observed and
model synthetic X-ray
image (at the loop top).
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The view from the chromosphere to the corona
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Log Emission Measure [cm"]

AR 11384 @ 2011-12-26T11:50:14

0.5-1 MK 4=1 MK

EM in log T/K=[5.65,5.95] EMin log T/K=[6.55,6.85]

1-2 MK 7 - 14 MK

EM in log T/K=[5.95,6.25] EM in log T/K=[6.85,7.15]

2-4 MK

EM in log T/K=[6.25,6.55]

DEM(x, t): Cheung et al. 2015, Plowman et al. 2013, Hannah & Kontar 2011,
Aschwanden & Boerner 2011 ...
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Summary

Great progress incorporating model + observations,
still a distance from taking full advantage of even
existing 4d data.

Flare plasma evolution from the corona to the
chromosphere is coherent.

Need to understand what are the mechanisms (and
energy partition) responsible for heating and
dynamics in all stages of flare evolution.



