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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.



coronal loops by Skylab
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Telescopes on the ground
and in space have
captured the signature

morphology of solar
flares: ribbons and loop
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The standard flare configuration
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Flare emission across the electromagnetic spectrum
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Flare emission across the electromagnetic spectrum
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The view from the chromosphere to the corona
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counts

normalized

Heating (?) and cooling sequence
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The order of peak emission: chromosphere 0.1 MK -
corona 10 - 6 - 3 - 2 - 1 MK, with ftime lags of 10, 10,
15, 15, 10 min.



The Neupert Effect: when is the heating?

Neupert (1968), "Comparison of Soft X-ray Line Emission
with Microwave Emission During Solar Flares”, states that
the time integral of microwave burst corresponds best to
X-ray line emission from rise to maximum.

THE ASTROPHYSICAL JOURNAL, Vol. 153, July 1968

COMPARISON OF SOLAR X-RAY LINE EMISSION WITH
MICROWAVE EMISSION DURING FLARES

WERNER M. NEUPERT
Goddard Space Flight Center, Greenbelt, Maryland
Recetved A pril 18, 1908; revised June 3, 1968

ABSTRACT

An analysis of X-ray emission at 1.87 A observed during three solar flares by OSO-IIT indicates that
maximum line emission is observed to occur 0.5-5 min after impulsive microwave maximum. The time
integral of the centimetric radio burst corresponds best to the 1.87 A line intensity during the rise to
maximum X-ray intensity. The constancy of line emission from Fe 1x through Fe xv, coupled with strong
enhancements in higher ionization stages, suggests that additional material, not originally at coronal
temperature, is rapidly heated and elevated to high stages of ionization during the event. Such heating
and ionization may be the result of collisional losses by energetic electrons which are also responsible
for the impulsive microwave burst.



The Neupert Effect: when is the heat?
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The Neupert Effect:

SXR vs. Microwave Integral
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The Neupert Effect: SXR derivative vs. HXR
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The Neupert Effect: the Larger Story
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Fig. 1. Histogram of the difference of the SXR maximum and HXR
end time, given in absolute values (top panel) and normalized to the
HXR event duration (bottom panel). Positive values indicate that the
maximum of the SXR emission occurs after the end of the HXR emis-
sion, negative values vice versa. The shading refers to different sam-
ples of events, which are compatible with the timing expectations of
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Heating during the HXR burst
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Intensity [arb units]

Heating during the HXR burst

Lightcurves 26—March—2002
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Parameter Observed EBTEL
Loop half-length [cm] 3 x 10° (3+0.2) x 10°
Non-thermal flux

— Amplitude [erg cm™2 s7!] 7 %< 10° 5 x 108+!
— Width [s] ~100 100 + 50
— Total [erg cm™2] ~1.7 x 10'? 2.5 x 10'0+!
Direct heating rate

— Amplitude [erg cm ™3 s7!] — 0.7 +0.3
— Width [s] — 100 = 50
— Background [erg cm ™2 s7!] — <1 x10°°
— Total [erg cm™3] — 175 = 150
Direct/non-thermal heating (best fit parameters) ~4
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Flux [photons s™' em™ keV™!]

Residuals [1o std dev]

Fitting the XR spectrum to find energy, and else
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Different amount of “non-thermal heating” produces
different coronal signatures (Winter et al. 2011, Liu et al. 2013)
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The Neupert Effect: what is not working

(1) “Cooling” is slower than expected: decay is not all
about cooling (models & observations).

(2) Reconnection, energy release, and dynamics well
info the decay phase;

(3) Perhaps not all places are heated the same way.

(4) A good fraction of events do not follow the

Neupert effect (Feldman et al. 1982, Veronig et al.
2002).
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full length = 50 Mm
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Loops are formed and heated sequentially
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Heating (?) and cooling sequence
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The order of peak emission: chromosphere 0.1 MK -
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15, 15, 10 min, duration of each = 50 min.
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Heating (?) and cooling sequence
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Differential Emission Measure in single pixels
SDO/AIA — coronal Swiss Army knife
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Differential Emission Measure in single pixels
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Log Emission Measure [cm®]

AR 11384 @ 2011-12-26T11:00:14

4-7 MK
0.5-1 MK

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

7 - 14 MK
1-2 MK

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

2-4 MK

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

Differential Emission Measure by Mark Cheung (Cheung et al. 2015)



Summary

Multi-wavelength observations make it possible to
measure physical quantities, Q(t, x), T(t, x),

n(t, x), DEM(t,x) to test or constrain gas dynamic
models and probe heating mechanisms.

Finding out what exactly is Q(f, x) is where physical
understanding starts.

When: not necessarily only during the rise ..
Where & what: non-thermal particle produced
chromosphere evaporation is part of the story;
How much: log(EM) ~49, H ~ 10812 erg/s/cm? -- a
flare has as much mass and energy as a CME.



