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Questions regarding flare heating

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

qWhere is flare plasma heated: is the primary energy 
deposition in the corona or in the lower atmosphere or 
both? 

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

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

Time dependent imaging and spectroscopic flare 
observations in multiple wavelengths have the enormous 
advantage.



Questions regarding flare heating

Two approaches of doing this, forward or backward.
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Telescopes	on	the	ground	
and	in	space	have	
captured	the	signature	
morphology	of	solar	
flares:	ribbons	and loop	
arcades.

coronal loops by Skylab

The first X-ray 
view of flares in the corona

The great 
“seahorse” 
Ha flare by 
BBSO



The standard flare configuration

separatrice



flare loops
(106 K) in 
the corona

flare ribbons 
(104-5 K) in the 

chromosphere

Flare emission across the electromagnetic spectrum

Bremsstrahlung &
gyro-synchrontron
emissions by 
non-thermal 
electrons.

thermal emission 
by 106-7 K plasmas

EUV 171A
(TRACE)

optical Ha
(BBSO)

soft X-rays

hard X-ray 20 keV
hard X-ray 100 keV

microwaves



Flare emission across the electromagnetic spectrum
22 L. Fletcher et al.

Fig. 1 Time evolution of the flare SOL2001-10-19T01:05 (X1.6) in multiple X-ray, EUV, and radio wave-
lengths (from Qiu et al. 2009). The impulsive phase is best characterized by the hard X-ray light curve (blue),
in the 100 keV band of Yohkoh Wide Band Spectrometer (WBS) or the shortest-wavelength radio emissions
(black, at 6.6 GHz), from the Owens Valley Solar Array. The GOES lightcurve (red) shows the gradual phase
well. The two panels at the bottom show TRACE 171 Å images defining the flare arcade and its footpoints;
left, with hard X-ray contours (14–23 keV); right, with EUV footpoint locations color-coded by time in the
upper panel. The black line shows the microwave emission at 6.6 GHz, the electron gyrofrequency for a
2,400 G magnetic field. Reproduced by permission of the AAS

size and complexity of the sunspots in the active region. The largest flares occur in “delta-
spot” regions, which have two umbrae within a single penumbra (Zirin and Liggett 1987;
McIntosh 1990). They follow the rate of evolution of the active region (Schrijver et al.
2005) and require the presence of strong magnetic gradients (Hagyard et al. 1984). An
example of a flare-productive active region, AR10486, is shown in Fig. 2. The magnetic
properties of flaring regions are encapsulated in various studies of the photospheric field
which find higher flare probabilities in regions with high total photospheric magnetic flux,
excess magnetic energy, long polarity inversion lines with a strong, highly variable dis-
tribution of shear along their length (Cui et al. 2006; Leka and Barnes 2007) and a high
fractal dimension of the photospheric field (McAteer et al. 2005). Incorporating infor-
mation on the evolution of observed photospheric parameters, the rate of change of the
strongest photospheric magnetic twists in the region, is the best predictor of a flare (Leka
and Barnes 2003). However, in general the photospheric properties alone appear to offer
poor predictive capabilities, and it appears likely that parameters of the coronal magnetic
configuration offer a better prospect. For example, a high degree of complexity—expressed
in parameters such as the number of topologically distinct regions (e.g., Cui et al. 2006;
Barnes and Leka 2006), and the “effective connected magnetic field” (Georgoulis and Rust



The view from the chromosphere to the corona

– 20 –

Table 1. Event Information

Event# Date Region Time (start/peak/end) Mag CME speed km/s

1 2011 Dec 26 AR 11384 N17W02 11:23 11:50 12:18 C5.7 736
2 2011 Sep 13 AR 11289 N23W21 23:23 23:34 00:17 C2.9 408
3 2011 Feb 15 AR 11158 S20W11 01:46 01:54 03:37 X2.2 669

Note. — Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion
is shown here for guidance regarding its form and content.

aSample footnote for table 1 that was generated with the deluxetable environment

bAnother sample footnote for table 1

Fig. 1.— AIA images taken at each peak time for the 2011 December 26 event with very

regular two flare ribbons. The flare is just located at the solar disk center and the eruption
spreads along the flare ribbon from southwest to northeast. Post flare loops are clearly seen
from EUV hot channels.

3500 K – 10 MK, 1” – 2”, full-disk, 12 – 24s, 24/7, by AIA  

TMR + Civ TMR (He II 1640) He II 304 



Heating (?) and cooling sequence

The order of peak emission: chromosphere 0.1 MK –
corona 10 – 6 – 3 - 2 – 1 MK, with time lags of 10, 10, 
15, 15, 10 min. 

TMR + Civ TMR (He II 1640) He II 304 
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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 Neupert Effect: when is the heat?

1/11/17, 7:52 AMCitations History for 1968ApJ...153L..59N

Page 1 of 1http://adsabs.harvard.edu/cgi-bin/nph-ref_history?refs=CITATIONS&bibcode=1968ApJ...153L..59N

Sign on

Citations history for 1968ApJ...153L..59N from the ADS Databases

The Citation database in the ADS is NOT complete. Please keep this in mind when using the ADS Citation lists.
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RHESSI launch
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The Neupert Effect: SXR vs. Microwave Integral

Neupert (1968)
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Dennis & Zarro 1993: 80% (of 66 large 
events SMM/HXRBS) show good correlation.

The Neupert Effect: SXR derivative vs. HXR



Veronig et al. 2002: Neupert effect in 
>1000 SXR/HXR events by GOES and 
Burst and Transient Source Experiment 
on Compton Gamma-Ray Observatory 
(BATSE/CGRO; 25–50, 50–100, 100–300 
and >300 keV, 1~s, 1997-2000, 2738 
HXR events.)

The Neupert Effect: the Larger Story
702 A. Veronig et al.: The Neupert effect. I. Statistical properties and the evaporation model

that there should be a high correlation among these two pa-
rameters, even if the relationship is not linear. In particular, we
will also investigate the factor k as a function of the flare in-
tensity. Additionally, making use of the results from the timing
analysis, different subsets of events will be extracted, which are
likely compatible/incompatible with the Neupert effect regard-
ing their temporal behavior. Differences in the HXR fluence –
SXR peak flux relationship between these subsets may help in
understanding the role of k in the frame of the Neupert effect.

4. Analysis and results

4.1. SXR – HXR timing

For each event we determined the difference of the peak time of
the SXR emission, tSXR,P, and the end time of the HXR emis-
sion, tHXR,E:

∆t = tSXR,P − tHXR,E . (4)

Furthermore, the time differences were normalized to the dura-
tion D of the respective HXR event:

∆tnorm =
∆t
D
· (5)

The normalized time differences are of particular interest when
the timing behavior of long-duration flares is considered. Such
events may show considerable time differences but these may
be small compared to the overall duration of the event. As in-
tense flares tend to be of longer duration than weak flares (see
e.g., Crosby et al. 1998; Veronig et al. 2002a), applying a crite-
rion exclusively based on absolute time differences will act se-
lectively on intense flares. From the present data set we obtain a
cross-correlation coefficient (calculated in logarithmic space),
r = 0.47 for the SXR peak flux and SXR flare duration, and
r = 0.55 for the HXR peak flux and HXR event duration, in-
dicating a distinct correlation between the intensity of an event
and its endurance. In general, the duration of the HXR emis-
sion of a flare is much shorter than that of the SXR emission.
From the present data set, we derive a median duration (given
with 95% confidence interval) of 1.9 ± 0.2 min for the HXR
events and 12.0 ± 0.5 min for the SXR events.

Figure 1 shows the histogram of time differences derived
for 1114 SXR/HXR bursts, in absolute values (top panel) and
normalized to the HXR event duration (bottom panel). As the
HXR times are given with an accuracy of 1 s and the SXR times
with an accuracy of 1 min, we cannot expect to obtain reliable
time differences <∼1 min. Thus, for the derivation of the time
differences, the HXR times have been rounded to minutes. The
histogram of the ∆t uses a bin size of 1 min. In the histogram
of the ∆tnorm, a bin size of 0.5 units of the HXR duration is
used. The HXR events have a median duration of 1.9 min, thus
on average a time difference of 0.5 units in the normalized rep-
resentation can be considered to roughly correspond to a time
difference of 1 min for the absolute values.

Figure 1 clearly reveals that both representations of the
SXR – HXR time difference have its mode at zero. Almost half
of the events (49%) lie within the range |∆t| ≤ 1 min, and 65%
within the range |∆t| ≤ 2 min. For the normalized differences

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
the Neupert effect (light grey, set 1), strongly incompatible (dark grey,
set 2), or lie in between these two extremes (black). For further expla-
nations see Sect. 4.3.

we obtain that 44% lie within the range |∆tnorm| ≤ 0.5 units, and
59% within |∆tnorm| ≤ 1 unit. This outcome suggests that cer-
tainly a considerable part of the events shows a good agreement
with the expectations from the Neupert effect regarding the
relative timing of the SXR and HXR emission. Furthermore,
the histograms in Fig. 1 show that there are more events, for
which the SXR maximum takes place after the HXR end (56%)
than vice versa (24%). 20% of the events do not show a dis-
tinguishable time difference, i.e. the SXR maximum and the
HXR end take place within 1 min. This asymmetric behavior is
particularly evident for the distribution of the normalized time
differences.

4.2. SXR peak flux – HXR fluence relationship

Figure 2 shows the scatter plot of the SXR peak flux versus
the HXR fluence for the complete sample, clearly revealing
an increase of FP,SXR with increasing FHXR. It can also be

A. Veronig et al.: The Neupert effect. I. Statistical properties and the evaporation model 703

Fig. 2. Scatter plot of the SXR peak flux versus the HXR fluence for
the complete sample. The vertical dashed line indicates the HXR flu-
ence threshold, the horizontal dashed line the SXR peak flux thresh-
old. The regions that lie outside the respective detection limits are grey
shaded. Moreover, we have indicated the sign of the time difference
between SXR peak and HXR end for each single event: “+” symbols
denote events with positive, “−” symbols events with negative, “◦”
symbols events with zero time difference. The straight line indicates a
line of constant k, i.e. FP,SXR = 2 × 10−12 · FHXR.

inferred from the figure that the slope is not constant over the
whole range but that it is larger for large HXR fluences than
for small ones. We stress that the slope at small fluences might
be affected by missing events with small SXR peak fluxes, and
thus appear flatter than it is in fact. The SXR threshold is basi-
cally caused by the GOES flare listings, which generally do not
embrace flares weaker than B class1. The HXR fluence cut-off
arises due to the sensitivity limits of the HXR detectors as well
as due to constraints of the exact start/end time determination
for very short or weak flares.

In Fig. 2 (note that the same holds for Figs. 3–9) we have
indicated the estimated thresholds of event detection by grey
shading, in order to visualize which ranges might be biased by
cut-off effects. From this representation it is evident that for the
range FHXR >∼ 2 × 105 counts, the scatter plot is not biased by
the sensitivity thresholds.

The sign of the time difference between SXR peak and
HXR end time of an event is indicated by different plot sym-
bols. “+” symbols represent events with ∆t > 0, “−” sym-
bols events with ∆t < 0. Events that do not show a distin-
guishable time difference, i.e. the SXR peak and HXR end
take place within 1 min, are indicated by “◦” symbols. In each
of the figures a line of constant k is overplotted, choosing
k = 2 × 10−12 W m−2 counts−1, which can be considered as
an estimate of k for the largest flares.

Figure 3 shows the SXR peak flux – HXR fluence rela-
tionship separately for the events with ∆t > 0, ∆t < 0 and
∆t = 0. The figure clearly reveals an interdependence between
the importance of an event and the sign of the time difference.
Basically all large flares belong to the group of events with

1 Defined by a SXR peak flux without background subtraction of
10−7 W m−2.

Fig. 3. Scatter plot of the SXR peak flux versus the HXR fluence sep-
arately for events with negative (top panel), positive (middle panel)
and zero (bottom panel) time difference. The same line of constant k
(=2 × 10−12) is shown in each case.

∆t < 0, i.e. the SXR peak occurs before the HXR end. On the
other hand, this group covers distinctly fewer weak flares than
the group of events with ∆t > 0.

From Figs. 2 and 3 it can be seen that, for very large flu-
ences, the slope of the SXR peak flux versus HXR fluence
approaches the value of 1. This phenomenon shows up even
clearer in Fig. 4, in which the factor k as function of the HXR
fluence is plotted. In general, k is decreasing for increasing
FHXR. Yet, for large fluences, k becomes nearly constant, in-
dicating an approximately linear relationship between the SXR
peak flux and the HXR fluence for the most intense events.
We have applied a linear least-squares fit to the data shown in
Fig. 4 in the range FHXR > 106 counts and FHXR > 107 counts.
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Heating during the HXR burst
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Heating during the HXR burst

1132 C. L. Raftery et al.: Multi-wavelength observations and modelling of a canonical solar flare

Table 2. Input parameters used for EBTEL simulation. The parameters were constrained by data when possible and the ranges of parameters
investigated are shown.

Parameter Observed EBTEL
Loop half-length [cm] 3 × 109 (3 ± 0.2) × 109

Non-thermal flux
– Amplitude [erg cm−2 s−1] 7 × 109 5 × 108±1

– Width [s] ∼100 100 ± 50
– Total [erg cm−2] ∼1.7× 1012 2.5 × 1010±1

Direct heating rate
– Amplitude [erg cm−3 s−1] – 0.7 ± 0.3
– Width [s] – 100 ± 50
– Background [erg cm−3 s−1] – ≤1 × 10−6

– Total [erg cm−3] – 175 ± 150
Direct/non-thermal heating (best fit parameters) ∼4

3.2. The EBTEL model

Enthalpy based thermal evolution of loops (EBTEL) model is a
0-D model that simulates the evolution of the average tempera-
ture, density, and pressure along a single strand (Klimchuk et al.
2008), calculating a single value of each of these quantities at
any given time. This is a reasonable representation since tem-
perature, density, and pressure are approximately uniform along
the magnetic field, with the exception of the steep gradients in
the transition region at the base of the loop.

As its name implies, EBTEL takes explicit account of the
important role of enthalpy in the energetics of evolving loops.
Under static equilibrium conditions, less than half of the energy
deposited in the corona is radiated directly. The rest is ther-
mally conducted down to the transition region, where it is radi-
ated away. Under evolving conditions, chromospheric evapora-
tion occurs when the transition region cannot accommodate the
downward flux, or, if the flux is insufficient to power the transi-
tion region radiative losses, condensation occurs.

EBTEL equates an enthalpy flux with the excess or deficit
heat flux. Kinetic energy is ignored because the flows are gener-
ally subsonic, except perhaps in the earliest times of an impul-
sive event. Another assumption made is that the radiative losses
from the transition region and corona maintain a fixed propor-
tion at all times. EBTEL has been compared with sophisticated
1-D hydrodynamic models and found to give similar results, de-
spite using 4 orders of magnitude less computing time.

EBTEL allows for any temporal profiles of both direct
plasma heating and non-thermal particle acceleration. The ef-
fects of the non-thermal electron beam are treated in a highly
simplified manner. It is assumed that all of the energy goes into
evaporating plasma. This is reasonable for gentle evaporation
(Fisher et al. 1985), but for explosive evaporation, some of the
beam energy will go into a plug of downflowing and radiating
plasma deep in the chromosphere. Thus the actual energy of
the beam, as inferred from RHESSI observations for example,
is greater than the beam energy used in the EBTEL simulation.
For a complete description of this model, refer to Klimchuk et al.
(2008).

The flare loop is almost certainly composed of many strands
that are heated at different times. However, the observations sug-
gest that most of the strands are heated in approximately the
same way and at approximately the same time (i.e. during the
HXR burst), so the flare was modelled as a single monolithic
loop. Nonetheless, some strands are expected to be heated both
before and after this main bundle (e.g., Klimchuk et al. 2006),

and this will result in some deviations between the model and
observations.

The pre-flare conditions included a temperature of 0.3 MK,
an initial density of 5 × 107 cm−3 and an emission measure of
4 × 1043 cm−3. Input values were, where possible, constrained
by observations. The loop length was determined from magnetic
field extrapolations of the region (P. A. Conlon, private com-
munication). Since it was assumed that the heating function is
associated with the HXR burst, the majority of which was not
observed, the shape of the heating function was inferred from
previous observations of HXR bursts and the slow rise of the
GOES SXR lightcurve. Thus, the most appropriate heating func-
tion was deemed to be Gaussian in shape. The amplitude of the
non-thermal electron flux was constrained by the lower limit cal-
culated from RHESSI observations and the width was inferred
from the derivative of the SXR flux (Neupert 1968; Dennis &
Zarro 1993). While the direct heating rate was not constrained
by observations, it was assumed to have the same width as the
non-thermal heating flux and to occur at the same time. Due to
the sensitivity of the model parameters to cooling timescales,
the cooler data points (e.g. FeXVI, MgX, TRACE and OV) were
critical in constraining the parameters. The ranges of acceptable
parameter values are shown in Table 2. The values obtained from
observations are shown, along with the parameter values used in
producing the results in Sect. 4. The range of parameter values
shown correspond to the maximum and minimum values that
produce an acceptable fit to data. The ratio of the heating com-
ponents (i.e. direct to non-thermal) is also shown for the best fit
parameters presented in Sect. 4, where the equivalent direct en-
ergy flux is given by the volumetric heating rate divided by the
half loop length.

4. Results

Combining the observations from the different instruments used
for this study, and the results from EBTEL, the heating and cool-
ing phases of this flare can be comprehensively described. These
results are presented in Figs. 6 and 7. These figures show the
evolution of the flare through the dependence of temperature,
emission measure, energy losses and velocity, as discussed in
Sects. 2.1 and 2.2.

4.1. Comparison of model to data

The top two panels of Fig. 6 describe the evolution of the flare
temperature and emission measure. The data points for each

EBTEL; Klimchuk et al. 2008



Fitting the XR spectrum to find energy, and else
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Figure 4 Electron number flux (dark thick solid lines) and photon spectral index (grey thick solid lines)
derived from fitting the hard X-ray spectrum obtained by Yohkoh/HXT. Also plotted are the hard X-ray count
rate light curve at 23 – 33 keV (thin solid lines) obtained by HXT and the microwave flux density at 6.6 GHz
(thin dotted lines) obtained by OVSA, both arbitrarily normalized.

microwave observations. Therefore, we take τ = two seconds as the characteristic lifetime
of ≈100 keV electrons. The number density of >100 keV microwave electrons is n100 =
NR/V . With the set of parameters given above, n100 ≈ 2 × 107 cm−3 at peak I and n100 ≈
2 × 106 cm−3 at peak II.

However, it has been understood that the spectral index (δR) of trapped electrons emitting
microwaves is generally different from δX, because microwave-emitting electrons are usu-
ally of higher energies. Therefore, in our GS fitting we leave δR a free parameter, while the
δX derived from hard X-ray spectral analysis provides a reference value to compare with the
fitting result. The values of n100 could be different as well, yet the shape of the GS spectrum
is insensitive to even a large change in n100 (Dulk and Marsh, 1982). Therefore, in the GS
fitting, we use n100 values around (by a factor of two) those derived from hard X-ray spectral
analysis.

Another quantity, which at times can be important in calculating the GS emission, is
the number density of the thermal electrons at the radio source. We note that a decimet-
ric continuum component peaking at about 1.4 GHz is present along with the microwave
continuum component. As was demonstrated by Fleishman, Nita, and Gary (2005) and
Nita, Gary, and Fleishman (2005), such a decimetric component is often produced by the
resonant-transition-radiation mechanism at the local plasma frequency of the radio source
cospatial with the microwave source. Therefore, we can estimate the thermal electron den-
sity as nth ≈ 2.4 × 1010 cm−3. We find that thermal electrons do not significantly affect
the GS spectrum during peak I, which is determined by the self-absorption. However, the
temporal profile of the peak frequency (see Figure 5(a)) indicates that the GS spectrum dur-
ing peak II is significantly affected by Razin suppression (Melnikov, Gary, and Nita, 2008).
The Razin effect, which is strongly dependent on nth, is taken into account in fitting the
microwave spectrum during peak II.

As a result, Figure 5(b) shows the calculated microwave spectrum that best fits the
observed spectrum during peak I and II, respectively. The best-fit parameters are δR =
[4.5, 3.3] and B = [250, 120] G for peak I and II, respectively. The best-fit δR values
indicate that non-thermal electrons at peak II exhibit a harder spectrum than at peak I, as
is the case from the hard X-ray spectral analysis, and δX − δR = 1 – 1.7, in agreement with

Typical flare non-thermal flux: 		
									Γ~10E4F, erg/s/cm2

(Qiu+09)



Different amount of “non-thermal heating” produces 
different coronal signatures (Winter et al. 2011, Liu et al. 2013)
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(1) “Cooling” is slower than expected: decay is not all 
about cooling (models & observations).

(2) Reconnection, energy release, and dynamics well 
into 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).

The Neupert Effect: what is not working



Czaykowska et al. 1999

EIT 195 intensity Fe XVI velocity
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τ rad ~
3kb

1.2×10−19
T 3/2

ne

τ cond =
21kb
8×10−6

neL
2

T 5/2



(Liu+,
2013)



Thick-target HXR
is not found along 
the entire flare 
ribbon. 

(Liu et al ,2007)



Loops are formed and heated sequentially



Heating (?) and cooling sequence

The order of peak emission: chromosphere 0.1 MK –
corona 10 – 6 – 3 - 2 – 1 MK, with time lags of 10, 10, 
15, 15, 10 min, duration of each ~ 50 min.

TMR + Civ TMR (He II 1640) He II 304 
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Differential Emission Measure in single pixels

(Hannah & Kontar 2012 …...)



Differential Emission Measure by Mark Cheung (Cheung et al. 2015)
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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(t, 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 ~ 108-12 erg/s/cm2 -- a 
flare has as much mass and energy as a CME.


