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Abstract. The idea that the corona is at least in part supplied by
chromospheric evaporation in loop “micro-events” is quantified
in terms of the power requirements of evaporation mechanisms,
using recent analyses of data on such events in high tempera-
ture EUV lines from the SoHO EIT instrument. Estimates are
derived for the pre-event and event values of loop density and
temperature and it is shown, using the conductive scaling law,
that the event emission measure enhancements are too large to
be accounted for solely by enhanced conductive flux from coro-
nal heating. That is, observations demand that supply of coronal
mass by evaporation events need a mechanism which enhances
upper chromospheric heating and not just conductively driven
evaporation. Thus coronal mass supply in transients is inextri-
cably linked to direct chromospheric heating processes. Using
parametric models of a chromospheric heating function and of
the pre-event chromosphere, an estimate is made of the extra
power required to yield the emission measure enhancement of a
large event evaporatively. The dependence of the result on just
how the EUV solar images are interpreted is emphasised and
observational tests are discussed for the case of heating by fast
particles. Implications of the results in terms of the global supply
of the hot corona and wind mass loss are briefly mentioned.

Key words: plasmas – Sun: chromosphere – Sun: corona – Sun:
transition region – Sun: solar wind

1. Introduction

The fundamental problem of how the corona is heated is in-
timately linked to how its mass (and that lost to the wind) is
supplied (cf. Ulmschneider et al. 1991, Fleck et al. 1994, Golub
& Pasachoff 1997). In a purely radiative stellar atmosphere,
thermodynamics demands that the temperatureT should drop
with radius, so that the atmospheric densityn should decline
exponentially at an increasing rate. Thus the upper chromo-
sphere and extended corona (and hence the wind) can only exist
if they are nonthermally heated. On the other hand such heat-
ing is only possible if there is material there to heat! Thus the
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heating and the mass supply problems are inextricably linked.
They can be approached from two viewpoints. One is deductive
- working out how much power theoretical mechanisms, such as
wave or current dissipation, are capable of depositing for likely
conditions in the sun’s atmosphere (Ionson 1984, Heyvaerts &
Priest 1984, Parker 1988, Title & Schrijver 1999, Beliën et al.
1999, Matthaeus et al. 1999). The second is inductive - apply-
ing plasma diagnostic techniques to infer, from XUV/SXR data,
what are the actual plasma conditions and heating requirements.
Here we consider the latter and, in particular, the extent to which
recent high resolution data (Krucker et al. 1997, Benz & Krucker
1998, Berghmans et al. 1999, Schrijver et al. 1999) are consis-
tent with the idea of the corona being at least in part sustained
not in a steady spherical state but via localised transient ‘events’
- variously termed micro- or nano-events (or -flares) according
to their size. In reality there is a hierarchy of event sizes present
and much recent effort (Crosby et al. 1993, Shimizu et al. 1994,
Krucker & Benz 1998, Aschwanden et al. 2000a, Parnell &
Jupp 2000) has gone into statistical studies of which event sizes
dominate the total power and mass supply.

Whatever the detailed temporal and spatial properties of the
process creating and heating the corona, its existence depends
fundamentally on the radiative instability of optically thin hot
plasmas with cosmic abundances at temperaturesT > Tc ≈
0.6–1.0 × 105 K (e.g. Cox & Tucker 1969). The plasma vol-
umetric radiative loss rate (erg cm−3 s−1) is n2frad(T ) where
frad peaks aroundTc. If the nonthermal energy input (heating)
per unit volume in the upper chromosphere scales with den-
sity asCnb then a balance between it and radiative cooling
is only possible at those levels whereCnb = n2frad(T ) can
be achieved. Sincefrad ≤ frad(Tc) = fo say, this requires
n ≥ (C/fo)1/(2−b). Consequently, sincefrad(T ) increases
with T at T ≤ Tc, and sincen declines hydrostatically with
height in the chromosphere,T increases with height (assuming
b < 2) and there is a height (whereT = Tc) above which solely
radiative balance of heating is impossible. Above there, the
plasma becomes radiatively unstable and heats to much higher
(coronal) temperatures limited by backward thermal conduction
down the steepT gradient (transition zone) created. Thus the
deposition of energy in an initially cool radiative atmosphere
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Fig. 1.Time series of a relatively strong enhancement (network flare) of the emission measure between 1–2×106 K temperature plasma in a quiet
Sun region. The emission measure was derived from 171Å and 195Å observations by SoHO/EIT. The linear scale of the images is 20700 km.
Top: images of the coronal emission measure.Bottom:difference images of the top row; the previous one is subtracted

results in the heating and ‘evaporation’ of the upper chromo-
spheric (T ≥ Tc) layers into the hot tenuous coronal state. A full
description of the resultingT (r) in the upper layers (corona and
transition zone) depends strongly on inclusion of conduction but
the height (transition region)) of onset of radiative instability de-
pends mainly on the heating function and onfrad(T ). The major
enhancement of energy input during solar flares pushes this level
deeper into the solar atmosphere, evaporatively enhancing the
coronal density. Particle driven flare evaporation was first mod-
elled by Hudson (1972), Brown (1973), Shmeleva & Syrovatskii
(1973) but had been pointed out forany flare heating process
by Sweet (1969), though the term ‘evaporation’ was first used
by Antiochos & Sturrock (1978). This dependence of coronal
density on evaporative heating rate is central to the remainder
of the present paper. (The wider relevance of fast particles in
cosmic heating processes was recently discussed by Hirth &
Krueger 2000).

Data on the quiet corona of ever better spatial, temporal and
spectral resolution have led to the increasing recognition that
even the quiet coronal structure is highly inhomogeneous and
transient. They have also recently enabled some modelling of
physical conditions (Krucker et al. 1997, Benz & Krucker 1999,
Krucker & Benz 1998) in the transient events, and of their statis-
tical properties (Benz & Krucker 1998, Krucker & Benz 1998,
Berghmans et al. 1999, Parnell & Jupp 2000, Aschwanden et
al. 2000b) and their possible role in the global coronal heat-
ing (Gold 1964, Priest 1981, Parker 1983). In particular, using
high resolution SoHO EIT data, Benz & Krucker (1998) have
estimated, pixel by pixel, the time variations of emission mea-
sures and temperatures, used these to estimate event densities,
masses, and energies, and investigated many of their statistical
properties. In this paper we take their results further by consid-
ering their physical implications for the evaporation processes,
and also discuss line of sight ambiguities of data interpretation
which affect the results.

2. Geometric interpretation of event data

Benz & Krucker (1998) (hereafter BK) discuss the evolution of
one of the largest local transient micro-events they observed in
SoHO EIT data on the ‘quiet’ atmosphere - near disk centre on

Fig. 2.The time profiles of the event shown in Fig. 1.Top:average tem-
perature (formal value) over the area of enhanced intensity; no back-
ground was subtracted (cf. Case II).Bottom:total emission measure of
the same area in the 1–2×106 K temperature range

July 12 1996 around 14:40–15:00 UT - see Figs. 1 and 2 (taken
from BK). We will focus our modelling on it as an example of a
micro-event (though recognising that it is exceptionally large)
since it was well observed - and so suited to testing theoretical
ideas about the evaporation process. We will, however, use data
on other events in statistical considerations.

Observations covered a field7′ square with a resolution of
2.6′′ ≈ 1900 km and a time resolution≈ 128 s. Pixel fluxes
in bands around171 and 195 Å provided temperature diag-
nostics in the1–2 × 106 K range. The field evolved from be-
ing of roughly uniform brightness to exhibiting an elongated
patch of enhanced flux, lasting about600 s, against a near con-
stant background emission (Fig. 1). If this patch is interpreted
as emission from a vertical semicircular loop seen in projecton
then the toroidal radiusR ≈ 7000 km, the poloidal radius
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a ≈ 1500 km, and the total length and volume are respectively
L = πR ≈ 22, 000 km,V = π2Ra2 ≈ 1.55 × 1026 cm3 while
the projected area of the sourceS ≈ 4Ra ≈ 4.2 × 1017 cm2

and the loop cross-section isA = πa2 = 7.1 × 1016 cm2.
Using the fluxes fromS in the171 and195 Å bands, BK de-
rived the evolution of the emission measureEMtot and mean
temperatureTotot of the total source volume above areaS as a
function of time, shown in Fig. 2. (NOTE - we will useTo to
denote temperatures of hot coronal sources, assumed uniform in
each source, reservingT (N) for the depth dependent chromo-
spheric temperature when we come to model the chromospheric
evaporation).Totot was found to rise from1.22 × 106 K to a
peak≈ 1.27 × 106 K over about200 s with EMtot rising from
1.9 × 1045 cm−3 to a (slightly later) peak of2.7 × 1045 cm−3,
both then declining over a similar timescale.

To study mechanisms what we want is not the evolution of
EM, To for the whole projected volume but of the values in the
loop itself. These can only be derived from the line of sight pro-
jected data by making prior assumptions concerning what frac-
tion - sayφ - the pre-event loop emission measure contributes to
the observed total flux (loop and background). Since the results
turn out to be sensitive to the assumptions made, we consider two
limiting cases, namely whereφ approaches0 and1. In both we
assume that the background values ofEMtot, To do not change
during the event and that the pre-event loop temperature is the
same as the background - namelyTo1 ≈ 1.22×106 K - consis-
tent with the relative constancy of the pixels outside the event
area and with the uniformity of the pre-event field of view. Since
the isothermal density scale height at the pre-event temperature
To1 is Ho = 2kTo1/mpg ≈ 7 × 109 cm is much larger than
the loop heightR, the density in the loop should be spatially
quite uniform under hydrostatic conditions. Secondly, since the
sound travel time up the loop≈ R/(kTo/mp)1/2 ≈ 70 s is
shorter than the event duration, the loop can be approximated
as evolving through a series of hydrostatic states.

Case I

The interpretation given to the data by BK is that the pre-event
loop contribution to the observed fluxes is negligibly small -
i.e.φ → 0 - because the loop volume is small. Then the rise in
EM can be thought of in terms of the filling of an essentially
empty loop by hot evaporated material. Under this assumption,
and those mentioned above, subtraction of the mean pre-event
photon fluxes from the fluxes during the event yields the flux
evolution for the loop alone. If we denote pre-event and peak
event values by subscripts1,2 then for the loopEM1 = 0 in this
case, so

EM2 = EMtot2 − EMtot1 = (2.7–1.9) × 1045 cm−3

= 8.0 × 1044 cm−3 (1)

which, for loop volumeV = 1.5 × 1026 cm3 gives peak
event values for the following loop parameters - densityno2 =√

EM2/V , total protons in (and injected into) the loopN2,
total injected massM2 = N2mp, namely

no2 = 2.27 × 109 cm−3 ; N2 = 3.52 × 1035

M2 = 5.90 × 1011 g (2)

The temperatureTo2 of the loop at event peak, inferred from
the spectral fluxes with the pre-event background values sub-
tracted, is considerably higher than the source area mean peak
temperature (1.27 × 106 K) inferred from the total fluxes since
the loop volume is small. Its value, and the corresponding peak
loop top pressurePo2 = 2no2kTo2 are

To2 ≈ 1.44 × 106 K ; Po2 ≈ 0.90 dyne cm−2 (3)

while the corresponding thermal and gravitational energies of
the injected matter are

Et = 3NkTo ≈ 2.10 × 1026 erg
Eg = NmpgR ≈ 1.13 × 1025 erg. (4)

(These values correct a discrepancy between the EM values in
BK Fig. 2 and in their text, the latter being incorrect).

A key variable in some of our hydrostatic evaporation mod-
elling proves to be theverticalplasma column densityN down-
ward from the loop top. At the base of the hot loop (or top of the
chromosphere where the radiative instability temperatureTc is
reached) this takes a valueNc2 = N2/π2 a2. At event peak this
is

Nc2 = 1.59 × 1018 cm−2 (5)

However the pre-event values ofNc1, no1 are also relevant in
relation to underlying chromospheric conditions and how these
affect evaporation. In the BK assumptionNc1, no1 are approx-
imated by zero but the pre-event loop cannot be truly empty.
If it were, the finite pressure of the underlying chromosphere
would fill the loop with material which, as its density fell, would
become radiatively unstable to any ambient heating and rise to
coronal temperatures. (This is the essence of the conductive loop
scaling law - Rosner et al. 1978 - cf. Sect. 3.2. The loop density
and temperature adjust by evaporation until in pressure and en-
ergy balance with the chromosphere). A more reasonable a priori
physical assumption is that the pre-event loop densityno1 is not
zero but the same as that of the local embedding background
material. If we take the density of the loop as uniform and that of
the extended bakground as having an exponential height distri-
bution with scale heightHo then the ratio of pre-event emission
measureEM1 in the loop to the total isφ ≈ π2 a/2Ho ≈ 0.1
so the pre-event loop contribution toEMtot should indeed
be quite small and the BK approximation of neglecting it in
their spectral analysis reasonably good. However, to estimate
the finite pre-event loop values ofNc1, no1 which determine
respectively the weight and top pressure of hot matter in the
loop which the chromospheric top pressure must balance, we
therefore replace the BK zero values with those implied by
the above emission measure fractionφ ≈ 0.1. Namely we set
EM1 = φEMtot1 ≈ 1.9×1044 cm−3 = n2

o1 V = π2a2N2
c1/R

which yields values

no1 = 1.06 × 109 cm−3 ; Nc1 = 7.83 × 1017 cm−2 (6)
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and the corresponding pre-event loop top pressurePo1 =
2no1kTo1 is

Po1 = 0.37 dyne cm−2 (7)

Case II

The assumption at the other extreme fromφ = 0 is thatφ = 1 -
i.e. ALL of the emission seen in the event area originates in the
loop both before and during the event. To make the pre-event
field of view look uniform, this would require a rather fortuitous
distribution of background density - but is not precluded by
the data and puts opposite bounds on parameters from Case I.
Then all of the observational data in the projected event area
refer solely to the loop volume and we get the following results,
which differ notably from Case I

To2 = 1.27 × 106 K (andTo1 = 1.22 × 106 K) (8)

(a much smaller temperature rise than in Case I)

no1 =
√

EMtot1/V ≈ 3.50 × 109 cm−3

no2 =
√

EMtot2/V ≈ 4.17 × 109 cm−3 (9)

with

∆N = N2 − N1 = V (no2 − no1) = 1.04 × 1035

∆M = M2 − M1 = 1.75 × 1011 g (10)

with corresponding energy contents of injected matter

Et ≈ 5.49 × 1025 erg ; Eg ≈ 3.35 × 1024 erg (11)

all of which are lower than in Case I because the pre-existing
material in the loop reduces the amount to be added to reach
the peak emission measure. The corresponding values of loop
vertical column densityNc and of top pressurePo are

Nc1 ≈ 2.45 × 1018 cm−2 ; Nc2 ≈ 2.92 × 1018 cm−2 (12)

Po1 ≈ 1.18 dyne cm−2 ; Po2 ≈ 1.46 dyne cm−2 (13)

Among the most important of the above results, which will
be used below in our discussion of evaporation models, are the
large differences in the inferred model parameters between the
two Cases with distinct source geometry assumptions. In par-
ticular the fractional enhancements of coronal temperature and
column density are respectively for Case I

∆To/To ≈ 0.17 and∆Nc/Nc ≈ 1.05, Nc2/Nc1 = 2.05

and for Case II

∆To/To ≈ 0.04 and∆Nc/Nc ≈ 0.19, Nc2/Nc1 = 1.19

We will see that the difference between theseNc2/Nc1 values
substantially affects the power input required to drive the event
by evaporation. In either interpretation, the fractional rises in
Nc are much larger than inTo and to that extent the events
could perhaps be thought of more as “chromospheric evapora-
tion micro-events” than as “coronal heating micro-events” but

Fig. 3.Plot of inferred peak loop temperature versus the assumed frac-
tion φ of the observed photon flux arising from within the loop

the importance of the coronal heating needs to be assessed in
relation to conductive evaporation. This dependence on geo-
metric interpretation affects the relative importance of thermal
conduction versus other evaporation mechanisms as we discuss
in the next section. To emphasise the dependence of physical
parameters on the geometric interpretation we have calculated
the peak loop temperature as a function ofφ, the fraction of the
projected loop area pre-event flux contributed by the loop itself
- i.e. by subtracting off a fraction1 − φ of the preflare fluxes in
deriving the peak loop temperature, with the results shown in
Fig. 3.

3. Drivers for evaporation events

3.1. General points

We first note that loopEM enhancements need not necessar-
ily involve injection of extra matter (nV ), but might occur by
compression sinceEM = n×nV but such compression could
also heat the gas. An adiabatic compression, of a fixed mass
∝ nV , enhancingEM by a factor of≥ 4, as required in Case
I above, in the absence of any cooling would enhanceTo by a
factor ≥ 2.5 while enhancingEM by a factor of1.42, as re-
quired in Case II above, would increaseTo by a factor of1.26.
In both Cases these temperature rises are well in excess of those
inferred from the corresponding interpretation of the data. This
argues against a compressive model, provided cooling effects
during the compression are not large. This will only be the case
if the compression time is short compared to the cooling time.
In fact the estimated radiative cooling time and the event rise
time are roughly comparable so that the enhanced density might
result in a fall rather than a rise inTo. Such temperature drops
are observed in a few events so models based on compression
as the source ofEM increase are worth pursuing using a time
dependent treatment of the heating and cooling processes. Here,
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however, we will concentrate on models for interpretation of the
events as evaporative. (Certainly some evaporation must occur
to replenish the wind mass loss and to explain the blue shifts
sometimes detected). We also observe that a lower limit to the
energy flux needed for such enhanced evaporation is simply the
value ofFE = (Et + Eg)/(πa2∆t) where∆t ≈ 300 s is the
effective event duration. This givesFE ≈ 107 erg cm−2 s−1 for
the Case I interpretation andFE ≈ 3 × 106 erg cm−2 s−1 for
Case II. These are both underestimates in that we have neglected
the work done by expansion of the evaporating gas (which will
be comparable toEt) and, more importantly, the energy input
required to cause evaporation of∆N chromospheric particles
per unit area by heating them enough to offset the strong ra-
diative losses atT ≤ Tc. We can get a rough estimate of
the latter by noting that the radiative flux atT ≈ Tc from a
1 cm2 column of mean densitȳn and column density∆N is
Frad ≈ ∆Nn̄fo ≈ 5×106 erg cm−2 s−1 ×(n̄/1010 cm−3) for
∆N ≈ 8.2 × 1017 cm−2. We will see in Sect. 2.2 that the den-
sity at the top of the pre-event chromosphere is well in excess of
1010 cm−3 so that the radiative losses are important compared
with FE . On the other hand we have thus far ignored the contri-
bution of the pre-event chromospheric heating which maintains
the mean ambient upper chromosphere. In the remainder of this
paper we therefore formulate a model of energy balance in a
heating event, taking account of this ambient heating.

3.2. Conductive evaporation

The energy balance of hydrostatic loops dominated by thermal
conduction and radiation for a wide class of heating mechanisms
operating in the corona was discussed extensively by Rosner et
al. (RVT) (1978) and many subsequent authors. The essence of
their results is, as already mentioned, governed by a scaling law
which links conductive flux created by the high loop top temper-
atureTo (itself generated by some coronal heating mechanism)
and lengthL to the loop densityno by the requirement of hydro-
static pressure balance with the top of the chromosphere. The
basic RVT scaling law for a loop of top temperatureTo(K),
densityno(cm−3) = 109 n9 and total lengthL(cm) = 109 L9
(L = πR for a semicircular loop) can be written

n9 = 2.6
T 2

6

L9
(14)

which, for a loop of cross sectional areaA = πa2 =
1016A16 cm2, implies a relation between emission measure and
T, viz

EM(cm−3) = 6.76 × 1043 A16T
4
6

L9
(15)

For the loop dimensions given in Sect. 2 for the BK
event, this expression predicts an emission measure of4.8 ×
1044 cm−3 for the pre-event loop, assuming a temperature of
1.22 × 106 K, which lies between our observational estimates
of 1.9 × 1044 cm−3 for our Case I interpretation and with
1.9 × 1045 cm−3 for our Case II interpretation. Given the un-
certainties of the geometry, this suggests the pre-event loop is

near the RTV scaling law conditions of conductive and pressure
equilibrium.

If the loop evolution in the event were dominated by conduc-
tion in a series of hydrostatic states, then we would expect it to
follow Eq. (15) which,for fixed loop geometry, can be expressed
as

EM2

EM1
=

[
To2

To1

]4

(16)

For the parameters of interpretative Case I the loop tem-
perature rise×1.44/1.22 should produce a conductive rise in
emission measure by a factor×1.94 as compared with the
factor 8/1.9 = ×4.21 inferred from the data in this Case.
For Case II parameters, fromTo2/To1 = 1.27/1.22 = 1.04
we would predict a riseEM2/EM1 = ×1.17 as compared
with the observed valueEM2/EM1 = 2.7/1.9 = 1.42
for that Case. Thus, in neither interpretation, is the hot loop
temperature rise nearly enough to drive the required evapora-
tive increase in loop emission measure during the event. Thus
while conduction must play some role in loop event energy
transport it cannot be the dominant driver of evaporation dur-
ing the peak of the event, at least in a quasi-steady regime.
Physically, if we estimate the conductive energy flux avail-
able byFcond ≈ (2/7)κoT

7/2/(L/2) then we find, for the
BK event L, Fcond ≈ 2.5 × 105(To2/106)7/2 which gives
≈ 106 erg cm−2 s−1 for Case I and0.6 × 106 erg cm−2 s−1

for Case II. These values fall short, by over one order of mag-
nitude, of our later estimates (Sect. 3.5) of the flux needed to
yield the amounts of BK event evaporation inferred from the
data. (This estimate ofFcond may be too low ifTo extends so
near the transition zone that the temperature gradient length is
� L/2. On the other hand, it does not allow for energy lost by
radiation along the conduction path fromTo toTc). We therefore
require a driver for the event evaporation which penetrates the
upper chromosphere to deeper layers than the conductive flux
enhancement generated by the relatively small observed rises
in hot loop temperature. Of course, once the additional heating
ends, the loop should return to an RTV conductive state, with
the extra hot matter condensing back into the chromosphere.

As well as examining this one event we can look at what
the statistics of event parameters tell us about the relevance of
conductive scaling law (15) to the energetics of the evaporation
mechanism involved. Events differ in geometrical size and for
many small events it is hard to estimateL, A accurately even
if the evolution ofEM, To from the loop as a whole is deter-
mined. We have therefore selected a set of events and used the
number of pixels (i.e. total projected areaS = 4aL/π) they
occupy to estimateL, a, A = πa2 (and alsoφ for Case I) by
assuming that on average events have the sameL/a as the large
BK event namelyL/a ≈ 14.7. We then have estimates of the
pre-event and eventEM, To values and (withA, L scaled out in
the fractional changes) we can plot∆EM/EM versus∆To/To
with the results shown in Figs. 4 and 5 for Cases I and II respec-
tively. (The BK event is indicated in the figures). These data
results show no resemblance to the scaling law prediction (16)
confirming that thermal conduction is not the main controlling
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Fig. 4. Plot of the fractional temperature increase versus the fractional
emission measure increase for our set of observed events (The large BK
event is indicated by a solid diamond). The dashed line is the expected
relationship for conduction dominated loops (RVT). This is for the case
where background fluxes have been subtracted to get the loop emission,
usingφ = 0.1, relevant to Case I in the text

factor in event evaporation. (We tried an alternative assumption
L/a ≈ 4, perhaps more apt for smaller squatter loops. Though
this changed the values of∆EM/EM andφ, we still found
no resemblance to prediction (16)). In Sect. 3 we will examine
parametric models involving more penetrating forms of evapo-
rative energy flux. To keep the analysis simple, in treating these
we will neglect the effects of conduction. While conduction is
certainly crucial in determining the temperature profile in the
upper loop transition zone where the temperature gradient is
steep and the conductivity is high, we will be considering lower
temperatures (at and belowTc) at the base of the loop transition
zone where radiative instability is reached under the effects of
event energy input, resulting in the evaporation event. The am-
bient heating and the additional heating required for an event
depend on the pre-event chromospheric, n(N), T (N) structure
and we first derive a parametric representation of this structure.

3.3. Pre-event chromosphere structure models

We will describe the magnitude of evaporation events by com-
paring the pre-event and event values of thevertical column
densitiesNc1, Nc2 of loop particles lying above the base of the
transition zone (top of the chromosphere) located atT = Tc.
Material above that is taken to expand to uniform density
in the hot coronal loop. Both chromospheric loop states are
taken to be in hydrostatic and energy equilibrium, the latter
being a balance between the sum of event and ambient heat-
ing rates per unit volume, which we will write respectively as
n(N)HE(N), n(N)HA(N), and optically thin radiative losses
n2(N)frad(T (N)) whereN is the totalverticalcolumn density

Fig. 5. Plot of the fractional temperatue increase versus the fractional
emission measure increase for our set of observed events (The large
BK event is indicated by a solid diamond). The dashed line is the
expected relationship for conduction dominated loops (RVT). This is
for the case where no background fluxes have been subtracted to get the
loop emission, loop emission being assumed to dominate i.e. assuming
φ = 1, Case II in the text.

from the loop top down to the point in question andn(N), T (N)
are the density and temperature there. (Since we are dealing
mainly with the upper chromosphere we assume full ionisa-
tion.) For the radiative loss function inT ≤ Tc we use the
approximation of Craig & McClymont (1978) viz

frad(T ) = fo

(
T

Tc

)3

(17)

wherefo ≈ 6 × 10−22 erg cm3 s−1 for Tc = 6 × 104 K which
we will adopt here. (The value ofTc is somewhat higher for
calculations with different atomic coefficients and abundances
but the form of our analysis will be unchanged).n1(N), T1(N)
andn2(N), T2(N) will respectively describe the structures of
the pre-event and event chromosphere models for which we will
also specify (from data) the pre-event and event loop top pres-
suresPo1, Po2. Hydrostatic equilibrium relatesn(N), T (N) for
each structure by

n1,2(N) =
Po1,2 + mpgN

2kT1,2(N)
(18)

To complete the description of the pre-event atmosphere by
specifyingT1(N) we will use the empirical parametric form

T1(N) = Tc × exp
[
a

((
Nc

N

)α

− 1
)]

(19)

with dimensionless parametersa, α chosen to fit standard de-
tailed models of the quiet chromosphere. This is designed to
reach a lowT ≈ 6000 K plateau at largeN and to rise very
steeply asN → Nc. We have found that this form can give a
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Fig. 6. Pre-event chromospheric temperature modelT (N) for Case I
low density pre-event loop structure

reasonably good fit toT (N) in 6 × 103 − 6 × 104 K for a wide
range of models, including the four models of Fontenla et al.
(1991) with different top pressures and also the active region
model of Basri et al. (1978). For the inferred model values we
hadNc1 = 7.83×1017 cm−2, no1 = 1.06×109 cm−3 for Case I
andNc1 = 2.48×1018 cm−2, no1 = 3.50×109 cm−3 for Case
II. With the pre-event loop top temperatureTo ≈ 1.22 × 106 K
by Eq. (1) the pre-event pressure at the top of the chromosphere
whereT1 = Tc, n = nc1 has to be such that

nc1 =
2no1KTo + Nc1mpg

2kTc
(20)

givingnc1 = 2.7×1010 cm−3 for Case I and= 7.8×1010 cm−3

for Case II. (We note that2no1kTo/Nc1mpg ≈ 10 in both
Cases which shows that the top pressure is a major factor in
determining the chromospheric density. This emphasises the
fact that we cannot neglect the material in the pre-event loop
in considering the physics). We have chosen to adopt for our
present models ofT1(N) the Basri model with scaled down
values of the top pressure to match the values ofNc1 estimated
for the BK event in Cases I and II. These scaled Basri models
of T (N) are shown in Figs. 6 and 7 along with the fitted form
Eq. (19) with valuesa = 2.422, α = 2.260 for Case I and
a = 2.528, α = 2.202 for Case II.

3.4. A parametric heating model for evaporation events

We will treat the micro-event evaporation problem in a similar
way to Brown’s (1973) flare modelling but with the following
generalisations: (a) We include a finite and changing loop top
pressure - this acts to reduce evaporation and so to increase
power requirements since it raises chromospheric density; (b)
Our parametric heating functions is intended to describe a wider
range of heating mechanisms than just particle beams though

Fig. 7. Pre-event chromospheric temperature modelT (N) for Case II
high density pre-event loop structure

we discuss these later; (c) We emphasise the ambient chromo-
spheric heating term - this was small in Brown’s (1973) cal-
culations for large flare heating rates. This term substantially
reduces theadditional heating flux needed to produce micro-
event evaporation, though it has to be included in the global
energy budget.

Given these assumptions, the steady energy equation for the
event state chromosphere can now be written

n2(N)(HA(N) + HE(N)) = n2(N)frad(T (N)) (21)

where the heatingnH per unit volume is assumed, following
Brown (1973),to scale asn(N) whenn(N) changes. The value
of the ambient heating is obtained by requiring that it match the
radiative losses in the pre-event chromosphere, i.e.

HA(N) = n1(N)frad(T1(N)) (22)

Substituting forHA(N), n1,2(N), T1(N) and form (17) for
frad(T ) we then get for the eventT (N) the equation

[
Po2

2kTc
+

N

`

] [
T2(N)

Tc

]2

−
[

Po1

2kTc
+

N

`

]
×

exp
[
2a

((
Nc1

N

)α

− 1
)]

=
HE(N)

fo
(23)

where` = 2kTc/mpg = 3.7 × 108 cm is the isothermal scale
height at temperatureTc. Since we are considering a situation in
which the coronal loopTo, L values change very little the loop
top pressuresPo1, Po2 are related by

Po2 = Po1
Nc2

Nc1
(24)

Solution of (23) with (24) for eachN with an assumed form for
HE(N) and values for atmospheric parametersPo1, a, α, Nc1



1192 J.C. Brown et al.: Mechanisms for dynamic coronal mass supply via evaporative solar “micro-events”

would yieldT2(N). Here, however, we are mainly interested in
determining the amount of evaporation in terms ofNc2 such that
T2(Nc2) = Tc. Definingx = Nc2/Nc1 ≥ 1 as the evaporation
enhancement ratio, and dimensionless pressure parameterp and
heating functionh(x) as

p =
Po1`

2Nc1kTc
=

Po1

Nc1mpg
(25)

h(x) =
`HE(N)

(1 + p)foNc1
(26)

then Eq. (23) withT2 = Tc gives the equation forx

x − x + p

1 + p
× exp

[−2a
(
1 − x−α

)]
= h(x) (27)

to be solved for evaporation enhancement factorx onceh(x) is
specified, as follows.

We parametrise the variation of heating rateHE(N) with
depth as∝ (N/Nc1)−β whereβ ≥ 1 which, with the nor-
malisation

∫ ∞
Nc1

HE(N)dN = Fc1 to the total heating fluxFc1
belowNc1 leads to

HE(N) = (β − 1)
Fc1

Nc1

(
N

Nc1

)−β

(28)

for which the dimensionless equivalent is

h(x) = hox
−β (29)

where

ho =
β − 1
p + 1

`Fc1

foN2
c1

(30)

and Eq. (27) forx becomes

x − x + p

1 + p
× exp

[−2a
(
1 − x−α

)]
= hox

−β (31)

(We also considered the case withβ = −1 and with heating
cut off at a finite depth. This is such that the volumetric heating
rate scales roughly as asn2 sinceN ∝ n for constantT . Thus
the ratio of heating to radiationn is essentially constant over
the heated volume and the event heating effect is constant there.
Results were very similar to those forβ near1.0 with the same
total heating flux, so we do not present them here).

3.5. Results

For any given pre-event atmosphere parameters (a, α, Nc1)
Eqs. (27) and (31) could be used in two ways. Firstly we can
solve them for the value of the relative transition zone column
densityx = Nc2/Nc1 for a given energy fluxFc1 and heating
depth distribution parameterβ, or we can use them to find the
energy fluxFc1 needed to produce a specified amount of evap-
orationx for a given initial atmosphere and depth distribution
parameter. For the BK event parameters given above we will
follow the latter approach. For our pre-event atmospheric pa-
rameters we take the numerical values fora, α, Nc1 given above

Fig. 8.Energy fluxFc1 required for evaporative enhancement of coro-
nal column density by a factor x for the pre-event chromospheric model
appropriate to low density pre-event loop model of Case I in the text

Fig. 9.Energy fluxFc1 required for evaporative enhancement of coro-
nal column density by a factor x for pre-event chromospheric model
appropriate to high density loop model of Case II in the text

andp ≈ 10.5 in both cases. Using these in energy Eq. (27), we
find the results shown in Figs. 8, 9 forFc1(x) for variousβ. The
valuesxo = 2.05, 1.19 inferred from the BK event data for the
two Cases of interpretation are shown as arrows on Figs. 8 and
9.

We see that Case I needs a much larger energy fluxFc =
108–109 erg cm−2 s−1 (especially for largeβ) than Case II
Fc ≈ 5–8 × 107 erg cm−2 s−1 to drive enough extra evapo-
ration to explain the EM data. The former in fact approaches
the flux involved in small flares (Brown 1973). This is because
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Case I needs3.4 times as much evaporated mass as Case II
and because the evaporated mass does not simply scale linearly
with Fc unlessx − 1 � 1. Note that both values are well
in excess of the available conductive fluxFcond estimated in
Sect. 3.2. If we estimate the conductive heating rateHcond per
particle byHcond ≈ Fcond/(no L/2) and the event heating rate
byHE ≈ Fc1/Nc1 (Eq. 28) thenHcond/HE ≈ 2×(Fcond/Fc1)
sinceno ≈ Nc1/L. The observational estimate ofFcond/Fc1 is
� 1 implying thatHcond/HE � 1 consistent with our neglect
of conductive heating in our modelling.

The scaling ofFc with evaporated mass∆N ∝ (x− 1)Nc1
can be seen analytically from (27) in the limits of large and
smallx − 1. Forx � 1 and takinge−2a/(1 + p) � 1 we find

x =
Nc2

Nc1
→

[
(β − 1)`Fc1

(p + 1)foN2
c1

] 1
p+1

(32)

which is the same as Brown (1973) found for intense flare evap-
oration by an electron beam of spectral indexδ = 2β − 1. For
δ = 5, β = 3, x only increases asF 0.25

c . This means thatper
unit energy fluxwe get more evaporation for small than for large
heating fluxes. Consequently more evaporation would be pro-
duced for a specified total heating power by spreading it over a
larger area than concentrating it in a small area. Physically this
is because ‘digging’ deeper into the chromosphere demands
rapidly increasing energy flux to offset the increase in radiative
losses withn(N) and to driveT > Tc.

We can also obtain the analytic relation betweenFc andx
for small amounts of evaporationε = x − 1 � 1. In this limit
(for p � 1) (27) then gives

ε → β − 1
(p + 1)(1 + 2aα)

`Fc1

foN2
c1

(33)

which, unlike (32) is linear inFc.
For example, if we adopt the Case II interpretation of the

BK event, and takeβ ≈ 2 then numerically (33) becomes

∆Nc = εNc1 = 3 × 1016 cm−2 [Fc1/107 erg cm−2 s−1] (34)

We note that in both limits for aprescribed amount of evapo-
rationFc1 scales asN2

c1 so that∆N = εNc1 andxo = Nc2/Nc1
scale asFc1/Nc1. Thus to get a givensmallamount of evapo-
ration ∆N the energy fluxFc needed increases linearly with
Nc1. This is because the higher the coronalNc1, the higher the
chromospheric top densitync and the higher the radiative losses
n2

cfrad(T ) to be overcome by the heating∝ ncFc. To that ex-
tent our Case I loop model yields more evaporationfor a given
heating fluxthan Case II. On the other hand, we have seen that
the initially low density Case I loopdemands more evaporation
than the high density Case II loop (by a factor of over3) to
produce a specified emission measure increase. To explain the
BK data therefore Case I requires much more heating than Case
II. Eq. (27) also allows us to assess what kind of spatial distri-
butionβ of heating produces the most evaporation for a given
energy flux, or the minimal energy flux for a given evaporation.
This is found by noting that, for givenx, (26) and (27) imply
Fc ∝ xβ/(β − 1) which minimises atβ = x. This minimum

exists because if we makeβ large we get intense heating but
only of a small mass nearN = Nc whereas for smallβ we
heat a large mass but only slightly because the heating is spread
out in depth. The result is also consistent with the fact that en-
hanced thermal conductive flux from above is not as effective
as other heating mechanisms of the same total flux since con-
ductive heating has a steep spatial gradient and corresponding
loosely to a largeβ value.

4. Discussion and conclusions

Two issues for discussion are the physical nature of the ‘event’
heating mechanism resulting inHE(N)and the relation of ‘heat-
ing/evaporation events’ to the corona and wind as a whole. We
have not specified where this heatingHE comes from, only that
it declines with depthN below the transition zone. This could
arise by local dissipation of energy (waves, currents) coming
from below if the dissipation was most effective at lowern, N .
AlternativelyHE could originate from above as waves or parti-
cles produced by magnetic energy release in the corona (micro-
or nano-flares). Such coronal energy release would also involve
some degree of local (coronal) heating and affect the coronal
loop peak temperature attained. The temperature of the observed
coronal event will be in part determined by heating of material
already there and in part by arrival of hot evaporated material. If
we neglect radiative and conductive cooling of this evaporating
material during the evaporation event we theoretically expect it
to rise in temperature by

∆T ≈ Fc/(3nk∆Nc) ≈ 0.3 × 106 K
Fc7

∆Nc17
(35)

(whereFc7 = Fc/(107) etc.). This is of the order of or larger
than the∆Ts we inferred for Cases I and II. A more detailed
calculation of the∆T expected to result fromFc in each case
allowing for cooling processes, and comparison with data, may
be able to give an indication of any additional direct heating of
material in the corona.

We have seen that conduction alone is quite insufficient to
provide the energy flux needed to drive the evaporation observed
at event peak and a crucial question is the nature of the dominant
heating flux - waves, particles etc. For example, the energy flux
in Alfven waves of amplitudeδB = bBo on a fieldBo carry an
energy flux

FAlfven ≈ bB3
o/[(4π)3/2ρ1/2]

≈ 5 × 107 erg cm−2 s−1 × (103b)B3
50/n

1/2
o9 (36)

so that an amplitudeδB/Bo ≈ 10−3 would carry enough flux to
drive event evaporation if the waves could be deposited locally
enough in the upper chromosphere.

If HE does have its origin in nonthermal particles it is nat-
ural to ask whether there should be any detectable direct radia-
tion signature from them - Hard X-Ray (HXR) bremsstrahlung
and gyrosynchrotron radio in the case of electrons. For the sin-
gle BK event our lowest evaporation model estimate of the
peak energy flux over the event areaA corresponds to a power
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AFc ≈ 3 × 1024 erg s−1 which is about10−5 of the power in
a very large flare. If we simply scale HXR fluxes by the same
factor we would expect a single BK event heated by deka-keV
electrons to produce a count rate in the SMM HXRBS instru-
ment of only about1 ct s−1 above20 keV which is well below
detectability. There are, however, many evaporation events on
the visible solar disk at any one time - estimated by BK as sev-
eral hundred, though mostly much smaller than the specific BK
event analysed above. If all of these were equivalent to say 300
‘small’ events of mean power10% of a large one then we might
expect a HRXBS count rate of30 ct s−1 which should be de-
tectable even as a quasi-steady signal. Values for the Case II
interpretation would be a factor of 10 higher, which would cer-
tainly rule it out. However, small events tend to have softer HXR
spectra than large ones (e.g. Hoyng et al. 1976), so that we are
probably overestimating the HXRBS flux here - a conclusion
consistent with the fact that in a correlation diagram of SXR
versus radio event flux (Krucker & Benz 2000), small events
were radio weak by more than one order, suggesting less accel-
eration and/or steeper electron spectra. Furthermore heating of
the upper chromosphere only requires electrons of rather low
energy. Ideally to test the particle driven model for evaporation
events we would really like simultaneous imaged data on the
HXR emission and the evaporation events themselves. Clearly
the spatial, temporal, and spectral resolution of the HESSI Mis-
sion, and its low energy HXR coverage, should shed much light
on these issues, especially if combined with SoHO data such as
discussed here.

As far as the global relevance of micro-events is concerned,
we note that 300 events of10% of the power of the BK
event we have analysed correspond to a total power of around
3 × 1025−26 erg s−1 (depending on the loop model) which is
0.5–1.5 orders down on other estimates of the total power in-
volved in sustaining the corona. This is perhaps no surprise since
we are really considering micro-events as sources ofmassfor the
corona, but energetically driven by energy input from the corona
itself, rather than as the source of coronal heating. As far as mass
supply is concerned, on the basis of our modelling, if BK size
events occurred at a rateν ≈ 1 s−1 on the visible disk the over
the whole sun the event mass supply rate would be (depending on
the loop model)Ṁ ≈ 2ν∆M ≈ (0.5–1.5) × 1012 g s−1, close
to that lost in the solar wind. In practice the mass supply issue is
complicated by the fact that evaporated material in closed loop
events will cool and fall back while events in open loops with
direct access to the wind will escape, be less dense, and harder
to detect. This fascinating issue is related to the preponderence
of red over blue shifts in spectral line data, as discussed by e.g.
Brekke et al. (1997). Indeed the preponderance of red shifts in
transition region lines is so strong as to imply emptying of the
corona in minutes if there were no upward motions. Inclusion of
the mass flow implications of a hydrodynamic extension of our
hydrostatic treatment is clearly a crucial next step forward in
understanding the role of evaporative events in coronal supply.

Overall we conclude from the data presented that if the coro-
nal mass is to be regarded as the product of transient chromo-
spheric evaporation events then these events cannot be mainly

the result of conductively driven evaporation arising from coro-
nal heating events. Rather coronal mass supply via transient
events requires a mechanism (such as waves or particles) which
heats the upper chromosphere directly, with direct coronal heat-
ing a secondary process.
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