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Abstract We discuss the consequences of momentum conservation in processes
related to solar flares and coronal mass ejections (CMEs), in particular describ-
ing the relative importance of vertical impulses that could contribute to the
excitation of seismic waves (“sunquakes”). The initial impulse associated with
the primary flare energy transport in the impulsive phase contains sufficient mo-
mentum, as do the impulses associated with the acceleration of the evaporation
flow (the chromospheric shock) or the CME itself. We note that the deceleration
of the evaporative flow as coronal closed fields arrest it will tend to produce
an opposite impulse, reducing the energy coupling into the interior. The actual
mechanism of the coupling remains unclear at present because of the lack of
adequate theory. In the case of a flare without a CME, the requirement for
conservation of vertical momentum suggests that a substantial amount of flare
energy has not yet been detected.
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1. Introduction

The conservation of linear momentum has not often been considered in dis-
cussions of the dynamics of solar flares and coronal mass ejections (CMEs).
The exception to this is in the evaporative flow, where several authors have
described the theoretical (Brown and Craig, 1984; McClymont and Canfield,
1984) and observational (Zarro et al., 1988; Canfield et al., 1990) consequences:
red shifts must occur to compensate for blue shifts as the chromosphere expands.
Indeed, recent spectroscopic observations have shown an interesting temperature
dependence of these red and blue shifts (e.g. Milligan and Dennis, 2009), with a
division at about 2 × 106 K.

In this paper we qualitatively explore the consequences of momentum con-
servation in other aspects of solar flares. These include not only the momentum
associated with the bodily transfer of mass, as with the evaporative flow and
with CMEs, but also that represented by significant wave transport of energy
(e.g. Fletcher and Hudson, 2008; Haerendel, 2009). In fact, the low plasma beta
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of the corona (e.g. Gary, 2001) means that the momentum will reside mostly in

the electromagnetic field, rather than in the matter. Energy transport via the

Alfvénic Poynting flux (for a discussion in the context of magnetic-reconnection

flare models see Birn et al., 2009) must happen if a flare represents the release

and redistribution of coronal energy storage, and its dissipation as chromospheric

radiation.

Quantitative estimates of the impulse in the energy-release phase depends on

our knowledge of the coronal magnetic field and the exact nature of its restruc-

turing, and the skimpiness of this knowledge probably accounts for the lack of

prior work on this subject. Solar flares occur in a complicated magnetized plasma

environment often described in the approximation of ideal MHD. In principle

MHD simulations can explore the properties of momentum in flares and CMEs,

but in practice this aspect of the physics is not emphasized. Simple arguments

based on body forces acting on discrete objects (where does one push on a

CME exactly?) generally are of less value than descriptions of the hydrodynamic

aspects of the flows (see the description by Fisher et al. in this volume). Note

that flare plasmas involve substantial particle acceleration that also must be

included in momentum assessments (Brown and Craig, 1984; McClymont and

Canfield, 1984). This aspect of the momentum balance would not be a part of

any ideal MHD theory or simulation.

To a good approximation a flare/CME occurs in a stationary solar atmosphere

with zero net momentum. At the end of the process, if no CME has happened,

another similar stationary state will result, although mass and energy will have

been redistributed. If a CME does happen, mass and waves flow into the solar

wind and are lost to the Sun forever, and this will also result in a displacement

and a small change of the momentum of the body of the Sun. Here “small” can

be put in the context that ∆v⊙ = mCME/M⊙×vCME, of order 10−10 cm/s. This

is doubtless entirely irrelevant for a solar-type star.

Flare seismic signatures in the solar interior (“sunquakes”; Kosovichev and

Zharkova, 1998) require momentum acquired from the coronal/chromospheric

dynamics of a flare (Wolff, 1972). Zharkova and Zharkov (2007) and Zharkova

(2008) discuss this problem in detail via analyses of the flares SOL1996-07-

09T09:11 and SOL2003-10-28T11:10. Various mechanisms have been invoked

to relate the seismic waves to the flare processes themselves, and the obser-

vations point to the flare footpoints during the impulsive phase (Kosovichev

and Zharkova, 1998; Donea and Lindsey, 2005) as the seismic sources. Another

characteristic of the impulsive phase is the evaporation flow that fills the coronal

flare loops with hot plasma, creating the coronal X-ray sources. We point out

(Section 2.2) that evaporation into closed fields implies a pair of impulses – a first

impulse to accelerate the mass up into the corona, and a second and opposite

one to arrest its motion there. We discuss the implications of this characteristic

for seismic waves specifically in Section 3.
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2. Application of linear momentum conservation

2.1. Reference flare parameters

This paper discusses applications of momentum conservation in flares and CMEs.
We only consider the vertical (radial) component of linear momentum. For a
concrete context we consider a typical X1-class solar flare, with a CME, and
assume the parameters listed in Table 1. At this flare magnitude a CME is
likely but sometimes does not happen; for less energetic flares CME occurrence
becomes less probable (Yashiro et al., 2005; Wang and Zhang, 2007). Section 2.4
discusses the case of a flare with no CME.

As a guide to representative parameters of a flare/CME system, we assume
that the flare impulsive phase consists of a series of ten independent impulsive
sub-bursts as indicated in the table; this is just illustrative since a broad distri-
bution of time scales for sub-bursts exists, ranging down to time scales below
one s (Kiplinger et al., 1984). The conceptual flare also involves a seismic wave
(sunquake) containing 4 × 1027 erg, taken as 0.01% of the total flare energy
(Moradi et al., 2007). The information in Table 1 is meant to be representative
and is certainly incomplete in the sense that it omits various features. The seismic
wave is included because of its interesting diagnostic relationship to momentum
conservation.

In the scheme considered (Figure 1), energy originates in the corona and
flows into the flare footpoints either as in the standard thick-target model of an
electron beam, or via Alfvénic Poynting flux (Fletcher and Hudson, 2008). The
energy released in the footpoints drives the evaporative flow, which is arrested
in an arcade of magnetic field and eventually drains back into the chromosphere.
The complementary momentum for the evaporation flow appears in a downward
wave structure in the deeper atmosphere (Kostiuk and Pikel’ner, 1975). From
one equilibrium state to the next, this scheme involves four major impulse pairs
with balanced vertical momentum components: the impulse associated with the
primary energy release in the corona (a–a in Figure 1), that involved with the
chromospheric heating and evaporation (b–b), that associated with the arrested
evaporative flow (c–c), and (for completeness) that associated with the drained
material (d–d) impacting the chromosphere (Hyder, 1967). The balancing im-
pulses may be separated in time via transport of energy and momentum through
the plasma by flows, waves, or particles. The flare results from that portion of
the primary energy release coupled carried into the lower solar atmosphere.

2.1.1. Beams

In the generally accepted picture, the energy of a flare comes from magnetic en-
ergy storage in the strong magnetic fields of an active region, on a characteristic
scale of 109 km (here we restrict ourselves to events occurring in active regions).
Timing evidence suggests that for CMEs associated with active-region flares,
their energy too derives from a similar source (Dere et al., 1997; Zarro et al.,
1999; Zhang et al., 2004; Temmer et al., 2008).

On the other hand, the radiated energy of a flare comes mainly from the
chromosphere and photosphere (e.g. Emslie et al., 2005), and a substantial (if

SOLA: momentum.tex; 29 December 2010; 12:45; p. 3



Hudson et al.

Table 1. Representative parameters for an X-class flare
with CME and quake

Property Value

Total energy of flare 1032 erg

Flare loop height 1 × 109 cm

Coronal density (preflare) 1 × 109 cm3

Coronal field 1 × 103 G

Impulsive sub-burst duration 10 s

Impulsive phase duration 100 s

Number of sub-bursts 10

Impulsive sub-burst footpoint area 3 × 1017 cm2

Evaporation speed 5 × 107 cm s−1

Evaporated mass 1 × 1014 g

Draining time 1000 s

CME mass 1 × 1015 g

CME speed 2 × 108 cm s−1

Seismic wave energyα 4 × 1027 erg

α Moradi et al. (2007)

not dominant) part of this energy appears in the impulsive phase of the flare
(here taken to be the rise phase of the GOES soft X-ray burst accompanying
the flare). This means that the energy must propagate from its coronal storage
region into the chromosphere on a relatively short time scale. The standard
thick-target model (e.g. Brown, 1971; Kane and Donnelly, 1971; Hudson, 1972)
assigns this propagation to a beam of non-thermal electrons (see Section 2.1.2 for
the Poynting-flux alternative). Variants of the thick-target model with protons
or neutral beams have also been proposed; these would contain larger momenta
than the electron beams.

The vertical momentum transport by an electron beam in the thick-target
model can be estimated from the observed hard X-ray flux (Brown and Craig,
1984; McClymont and Canfield, 1984). We can estimate the total momentum of
the beam as p = Nmeve, where ve is the mean vertical electron speed and N the
total number of electrons. This omits several complicating factors, including the
return current (Knight and Sturrock, 1977) required by the charge-neutrality
condition, which could substantially reduce the momentum contained in the
beam. Nevertheless if we generalize the model geometrically by allowing a curved
flux tube, then the beam (and its anti-beam) will drive impulses (of the same
sign) into the field (Section 2.1.2), in which case our simple estimate is of the
right order of magnitude.

For a concrete example (one 10-s sub-burst) we take E = 1031 erg and ve =
1010 cm s−1 for a momentum p = 1021 gm cm s−1. The impulse imparted to
the photosphere over an area A and time ∆t corresponds to a beam pressure
P = p/A∆t = 3× 102 dyne cm−2 for beam area 3× 1017 cm2 and 10-s duration.

SOLA: momentum.tex; 29 December 2010; 12:45; p. 4



Momentum

Loop top 

Transition region 

Photosphere 

H
e
ig
h
t 

Time (compressed scale) 

t0 !A !A+!S !A+!S+!C 

}"Seismic wave sources 

(CME) 

Loop tops Corona Flare 

Energy 

Flare 

a 

a b 

b 

c 

c 

d 

d 

Figure 1. Timeline sketch of the vertical impulses in an idealized solar flare. The time axis is
nonlinear, with the initial primary energy release (the flare) on a time scale τa shorter than the
evaporation time scale τs, which itself is shorter than the draining time scale τc. Here the solid
lines and arrows show impulses and transport in matter, and the dashed lines and arrows show
waves. The blue dashed line shows the alternative of the thick-target model, where electron
beams transport the initial energy and momentum. The impulse pairs are labeled by letters,
i.e. the pair a–a shows the pair related to primary energy release, b–b that associated with the
flare heating itself, etc.

Smaller times or areas would result in larger beam pressures. This illustrative
number, based on TRACE and Hinode white-light flare observations (Hudson,
Wolfson, and Metcalf, 2006; Fletcher et al., 2007; Isobe et al., 2007), makes an
important point: the beam dynamic pressure exceeds the pressure of the ambient
atmosphere, even in semi-empirical models of flare atmospheres such as the FLB
model of Mauas, Machado, and Avrett (1990). In this flare model the pressure at
n = 1013 cm−3 is only about 20 dyne cm−2. Brown and Craig (1984) also make
this point about the radiative-transfer models, and McClymont and Canfield
(1984) note that the hydrodynamic pressures due to heating and evaporation
should be much greater in magnitude.

We conclude that the existing semi-empirical models of the lower atmosphere
during a flare probably do not represent the impulsive phase well.

2.1.2. Waves

Energy transport via Alfvén waves at low plasma beta implies a momentum
flux S/vA, where S is the (Alfvénic) Poynting flux and vA the Alfvén speed.
This momentum flux, and the time scales of the reaction in the photosphere,
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are simiilar to those expected in the thick-target model. The high speeds of
particles or Alfén waves mean that only a small time interval separates the
energy-release time in the low corona from the impulse applied to the body of
the Sun. This initial impulse begins to appear where the energy is absorbed; for
the thick-target model this is normally calculated from the electron deflections
by Coulomb scattering (Brown, 1971). In the case of wave transport, it depends
upon the mechanism for wave damping but this may ultimately be in the form
of similar electron distributions (Fletcher and Hudson, 2008).

The Alfvén speed can be quite high in the core of an active region: 1000 G
and ne = 109 cm−3 corresponds to vA/c ∼ 0.3. Figure 2 (left) compares the ion
sound speed with the Alfvén speed for Model 1006 (sunspot umbra) of Fontenla
et al. (2009). Figure 2 (right) illustrates the slowing-down of an Alfvénic wave
packet as it passes through the photosphere, using the same model. We have
assumed a uniform magnetic field of 3000 G for this estimate, which leads to an
elapsed time of 38 s between the top of the model and its base. At the base of
this model atmosphere (164 km below τ5000 = 1) the sound speed increases with
depth, and energy deposited in this region can enter the interior and be trapped
there as a sunquake. The Figure shows that the time scales for acoustic waves
preclude their penetration into the interior on the observed time scales of the
seismic waves, at least from a chromospheric pressure pulse.
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Figure 2. Left: sound (solid) and Alfvén speeds for the Fontenla et al. (2009) model atmo-
sphere for a sunspot umbra (their Model 1006), assuming a magnetic field of 3000 G; right:
time elapsed for an Alfvén wave packet arriving from the corona. The integral time is 38 s to
the minimum height of the model (164 km below τ5000 = 1, dotted), at which point the Alfvén
speed and sound speed approximately coincide. The dashed line shows the sound travel time
from an initial height of 600 km in this model.

The case shown in Figure 2 is for a reasonable assumption about the magnetic
field at the umbral photosphere. For the Poynting-flux model of the impulsive-
phase energy transport (Fletcher and Hudson, 2008) we could interpret this
roughly as the time delay between the hard X-ray burst and the injection time
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of acoustic energy into the interior. In principle this delay would be different
for particle or wave transport, and for direct photospheric heating via radiative
backwarming (Machado, Emslie, and Avrett, 1989). Kosovichev (2007) discusses
the complications resulting from multiple acoustic sources that may compete in
a given flare event. In general the timing delay seen in Figure 2 also suggests a
filtering effect; for the case shown the total delay τ ∼ 38 s would correspond to
a wave frequency f = (2πτ)−1

≅ 5 mHz, near the frequency band often used for
sunquake studies, and the observations would not capture some fraction of the
high-frequency power.

2.2. Evaporation

The evaporative flow presents a complicated set of momentum issues. The energy
from the corona, by whatever medium, heats the chromosphere impulsively and
drives matter up and down. Momentum is conserved, and that of the upward
mass flux (and waves) must be compensated by downward momentum. The
upward flow is the chromospheric evaporation, and the downward flow converts
into a shock wave that dissipates radiatively (Fisher, 2010). This is the hy-
drodynamic response initially described by Kostiuk and Pikel’ner (1975). The
momentum balance of the initial expansion can be observed via bisector analysis
of chromospheric lines (Zarro et al., 1988; Canfield et al., 1990). The downward
component eventually appears, as described, as a miniscule acceleration of the
body of the Sun and some of its energy may excite sunquake acoustic waves (see
Section 3) as envisioned by Kosovichev and Zharkova (1998).

The evaporated mass flows up into closed loops on relatively short time scales;
at the loop top the vertical flow is arrested by the magnetic field, and the
magnetic field provides the impulse necessary to stop this motion. This second
(magnetic) impulse acts on the body of the Sun via wave coupling that we do
not consider here; the general effect would be to launch a bipolar wave front (i.e.,
two successive perturbations of opposite sign) into the solar interior. The second
impulse would be spread out over a longer time scale owing to the dispersion of
the evaporated mass as it flows up into the flux tube. The transfer of momentum
into the photosphere will also be dispersed because of the complexity of wave
propagation. Figure 1 sketches how the complete impulse might appear for a
single 10-s pulse. This compensating impulse from the stoppage of the evapo-
ration flow could presumably be exerted at the footpoints corresponding to the
initial evaporation flow, or it could be spread more widely depending on the
details of the wave transport of the momentum. The complicated properties of
the momentum transfer associated with the presence of closed fields presumably
will require analysis via numerical simulation, and we do not think that the
standard 1D radiation hydrodynamics can capture the necessary physics since
it omits the Lorentz force.

2.3. CMEs

Momentum balance in the CME ejection depends upon the time scale of the
acceleration of the mass, plus unknown magnetic effects. The magnetic effects,
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as discussed above, must dominate initially if the energy source is in the low-beta
coronal field, but the momentum can appear ultimately in the mass flow swept up
by the ejection; according to Table 1 the observed CME momentum is consistent
with this idea. The total magnitude of the mass component of CME momentum,
for a major CME of 1015 g at a speed of 2 × 103 km s−1 is 2 × 1023 g cm s−1.
The source of the CME mass and its acceleration cannot be determined very
completely from coronagraphic observations, owing to the presence of the oc-
culting edge, and generally must be described in terms of non-coronagraphic
observations in X-rays or at other wavelengths (e.g. Hudson and Cliver, 2001).
Observations of X-ray dimming (Hudson and Webb, 1997) and coronagraphic
height-vs-time plots (Zhang et al., 2004; Temmer et al., 2008) clearly point to
the impulsive phase of the flare for flare-associated CMEs. However the data are
not good enough to determine the properties of the acceleration on the fine time
scales of the impulsive-phase time variations. The mass of a CME also includes
(and may be dominated by) the mass swept up from the corona itself during
the eruption, but on time scales much longer than those of the impulsive phase.
Moreover the footprint in the photosphere of the magnetic structures involved
in CME formation is not understood in detail, and so we generally only have
upper limits on the spatial and temporal scales of the impulse imparted to the
photosphere. Hence Table 2 has no entry for pressure the CME causes in the
lower atmosphere.

2.4. No CMEs

In general a flare does not have an accompanying CME, even for some X-class
events (Wang and Zhang, 2007). In such a case how can momentum be conserved
in the initial energy release? We can only speculate about this, since there do
not appear to be any relevant observations. We suggest that the upward impulse
needed to balance the downward push on the photosphere takes the form of waves
radiated upwards and not damped in the mass flow of the CME. In this situation
the plasma has no bulk flow and the waves propagate relatively freely through
the nearly stationary medium, without rapid damping (Axford and McKenzie,
1992). As described by Belcher (1971), the wave energy can eventually exert
substantial pressure on the solar wind as the waves damp. Because we rarely
see radio type II bursts in the absence of CMEs (but see Klein, Trottet, and
Klassen, 2010 for a good example of one), we suspect that the magnetic pressure
pulse may be generally more gradual than a gas pressure pulse would be, because
of weak damping. This would presumably soften the wave front and delay the
“ignition” of the type II emission because the shock condition would not be met
so readily.

2.5. Summary

Figure 1 describes impulses delivered by the Lorentz force in the corona at low
plasma beta. A wave impulse delivered downwards must appear ultimately in
the photosphere, and the wave impulse upward may escape into the solar wind
either with or without a CME expansion. The stepwise changes observed in the
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Table 2. Vertical momentum components, representative X-class flare with CME

Item Phenomenon Mass v ∆t Momentum Pressure

Fig. 1 g km/s s g cm s−1 dyne/cm2

a Primary (e−)α 2 × 1011 c/3 10 2 × 1021 7 × 102

a Primary (p+ or H)α 1 × 1013 2 × 108 10 1 × 1023 3 × 105

a′ Primary (waves) — c/3 10 1 × 1021 3 × 102

b Evaporation flow 1014 500 10 2 × 1022 2 × 103

b′ Radiationβ — c 10 1 × 1019 3

c CME 1015 2000 100 2 × 1023 ?

d Draining 1015 10 ∼104 2 × 1021 0.07

Seismic waveγ 8 × 1021

α 20 keV if e−, 20 MeV if p+ or H
β White-light flare
γ Kosovichev and Zharkova (1998), adjusted to X1

photospheric field presumably are involved in the momentum transfer, but this
will not be known quantitatively until these changes can be observed in the
vector field. The propagation of the force between the corona and the photo-
sphere presumably involves Alfvénic wave packets (Song and Lysak, 1994) with
general motions of the plasma, including both tension and pressure forces. The
waves may include non-MHD properties as well. We summarize the estimated
momentum values in Table 2, which uses the representative flare parameters
given in Table 1.

3. Seismic waves

Flare-related seismic waves were first observed by Kosovichev and Zharkova
(1998) following the prediction by Wolff (1972). Wolff also described the mo-
mentum transfer that we discuss here, and also the excitation of the p-mode
standing waves. Recent observations have shown that the “sunquake” seismic
waves originate in the impulsive phase, specifically the locations of the white-
light flare, the magnetic transients, and the hard X-ray footpoints. A sharp blow
to the photosphere should excite a broad spectrum of acoustic waves, and the
best observations of sunquakes come from frequencies above the p-mode power
peak and into the ∼ f−2 high-frequency variability spectrum of solar emission.
Note that observations to date have been limited to image cadences of ∼ 1 min,
corresponding to f = 8.33 mHz.

The detailed physical mechanism of energy and momentum transfer from
the corona into the solar interior remains ill-understood. Three basic mecha-
nisms have been proposed: the essentially hydrodynamic shock-wave heating
originating in the chromosphere (Kostiuk and Pikel’ner, 1975; Kosovichev and
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Zharkova, 1998), the j× B forces from the inevitable magnetic transient (Anwar

et al., 1993; Kosovichev and Zharkova, 2001; Sudol and Harvey, 2005; Hudson,

Fisher, and Welsch, 2008), and photospheric backwarming (Machado, Emslie,

and Avrett, 1989; Mart́ınez-Oliveros, Moradi, and Donea, 2008). The require-

ment for momentum conservation can in principle help to distinguish among

these plausible mechanisms.

The sketch in Figure 1 and the entries in Table 2 show which momentum com-

ponents could couple well with the solar interior. In the table, the components

a, a′, b, and b′ are all estimated for the sub-pulse quantities (b′ is the reaction to

the radiation pressure of the flare continuum emission, not shown in Figure 1).

Entries for components c, d are for the entire flare/CME.

From the momentum point of view, within the accuracy of these estimates, the

likeliest sources of the seismic wave would be components a (beam transport), b

(evaporation), or possibly c (the CME). Items a′ (primary wave transport) and

b′ (radiation pressure) can be excluded because of relatively small momentum

transport. Item d (the draining of the flare loop system) would be on too long a

time scale for the observed seismic waves, and this might be the case for the CME

impulse as well. The entry in the table assumes that the entire mass of the CME

is accelerated during the impulsive phase, certainly an overestimate. Much of the

CME mass may come from higher altitudes (e.g. Burkepile et al., 2004) hence

requiring long wave propagation times to couple to the photosphere and a poorer

match to the observed frequency range for the seismic waves. The overpressure

created by these various impulses (the right-hand column of Table 2) again offer

several possibilities, but this overpressure needs to be delivered at or below the

photospheric level because of the time scales involved (see Figure 2). The ill-

understood nature of the CME footprint in the lower solar atmosphere would

also be a consideration; it seems likely that the impulse associated with the CME

acceleration may have a broad footpoint on the photosphere, including regions

with lower Alfvén speeds.

There is an important caveat regarding chromospheric heating (evaporation)

as a source of momentum for seismic waves, as illustrated in Figure 1: the motion

of the evaporated mass is arrested by closed fields, which indeed should be in

the process of collapsing anyway (S̆vestka et al., 1987; Hudson, 2000; Wang and

Liu, 2010). This impulse tends to counteract the initial impulse of the explosion,

producing a negative impulse as described above and shown in Figure 1. The

separation between these impulses would be the time scale for the evaporative

flow, which is limited by the ion sound speed. Observations at wave frequencies

smaller than the inverse of this time scale would not detect so much seismic

energy; currently a typical frequency range for seismic observations is 5-7 mHz,

which corresponds to a time scale of about 20 s. Furthermore multiple elementary

impulses (our example has 10) would tend to overlap and confuse one another

Kosovichev (2007). Thus we need to regard the momentum inferred from the flare

explosion as an upper limit to what could be coupled into the solar interior.

SOLA: momentum.tex; 29 December 2010; 12:45; p. 10



Momentum

4. Conclusions

The momentum available from flare dynamics appears to be adequate to couple
energy into interior seismic waves; within likely uncertainties the momentum
could be that associated with the primary energy release from the corona, the
overpressure associated with the evaporative flow, or conceivably the CME ac-
celeration. The white-light flare radiation itself contains insufficient momentum,
although the backwarming it might induce could in principle (e.g., Moradi et al.,
2007). We have noted that the evaporative flow tends to be self-cancelling since
its motion is arrested and this action produces an opposite impulse. We suggest
that an analysis of this impulse could be informative, in the sense that the seismic
wave could provide quantitative information about the evaporation process. The
time scales are indecisive at present because of the limitations, both inherent
and practical, of the wave observations. The exact mechanisms involved with
the linkage between solar exterior and solar interior remain unclear, although
several plausible schemes have been proposed.

The seismic-wave impulses in principle test our knowledge of the solar interior
at its interface with an active region. The coupling of energy between the exterior
and the interior, on a specified time scale, depends sensitively on the structure
of the atmosphere in the active region (see Figure 2). We can hope that compre-
hensive observations of the impulsive-phase signatures of solar flares, and their
induced seismic waves, can help us to understand flare-induced perturbations of
the solar atmosphere.

The requirement for momentum conservation at the point of initial energy
release implies that comparable amounts of energy must be lost to sinks other
than the chromospheric radiation or evaporation processes. If this momentum is
not absorbed by the CME ejection, which could not be the case in a CMEless
flare (e.g. Klein, Trottet, and Klassen, 2010), it must be lost into the solar wind
and could be detectable eventually by other means. Its presence requires an
increase in the total energy of a flare over and above the amounts needed for the
flare emission and the CME ejection, as considered in current estimates. It could
appear in the lower atmosphere in a form too diffuse to have been detected yet,
or more likely it could be hidden in the solar wind.
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