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Abstract We compute the perturbed Lorentz force integrated over the outer
solar atmosphere implied by changes in vector magnetograms during large, erup-
tive solar flares. This force should be balanced by an equal and opposite force
acting on the solar photosphere and solar interior. We show that the approximate
expression for the estimated force change, the “jerk” estimate given by Hudson,
Fisher & Welsch (2008), should be a robust result if the observed magnetic field
changes are small compared to the initial values, and assuming that the expres-
sion is integrated over the strong field portions of an active region. We show
that magnetic eruptions should result in the magnetic field at the photosphere
becoming more horizontal, and hence should result in a downward (inward) jerk
acting on the photosphere and solar interior, as recently argued from an analysis
of magnetogram data by Wang & Liu. We suggest that there should be an
observational relationship between between the jerk amplitude computed from
changes in the vector magnetograms, the outward momentum initially carried by
the ejecta from the flare, and the amplitude of the helioseismic disturbance driven
by the jerk. Finally, we compare the expected Lorentz force amplitude at the
photosphere with simple estimates from flare-driven gasdynamic disturbances
and from an estimate of the perturbed pressure from radiative backwarming of
the photosphere in flaring conditions.
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1. Introduction

Eruptive flares and CMEs result from a global reconfiguration of the magnetic
field in the solar atmosphere. Recently, signatures of this magnetic field change
have been detected in both vector and line-of-sight magnetograms, maps of the
vector and line-of-sight component of the photospheric magnetic field, respec-
tively. Is there a relationship between this measured field change and properties
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of the eruptive phenomenon? What is the relationship between forces acting on
the outer solar atmosphere and those acting on the photosphere and below, in
the solar convection zone?

We will attempt to address these questions by considering the action of the
Lorentz force over large volumes in the solar atmosphere consistent with observed
changes in the photospheric magnetic field. We will provide more context for
the recent result of [Hudson, Fisher, and Welsch| (2008), who present an esti-
mate for the inward force on the solar interior driven by changes observed in
magnetograms, and provide additional interpretation of the recent observational
results of (2010), who find the force acting on the photosphere
and interior is nearly always inward.

Finally, we will compare the downward impulse from changes in the Lorentz
force with pressure impulses from heating by energetic particle release during
flares, and with radiative backwarming during flares, to assess which physical
mechanism produces the largest change in force density at the photosphere, and
hence which might be most effective in driving helioseismic waves into the solar
interior.

2. The Lorentz Force Acting on the Upper Solar Atmosphere

The Lorentz force per unit volume can be written as
fr=VvV.-T (1)
where

Ti; = 81 (2B:iBj — B%y5) , (2)

™
and B; and Bj represent Cartesian components of the magnetic field B. The
Lorentz force density in the vertical (2) direction is then given by

0 0 0
z = _Tmz =T, z _Tzz 3
/ Ox * oy Y * 0z (3)
or
f =iv-[3 B—1(32+B2+B2)i] (4)
T 4 * 247 v z '

One can use Gauss’ theorem to integrate the z-component of the Lorentz
force over the volume that goes from z = 0 to z = oo (see Figure[)), and in the
horizontal directions over the area of the vector magnetogram:

_ L A Lo o oy
/dezf 47T/dAn [B.B — 5 (B + B} + B2)2). (5)

Assuming that all magnetic field components vanish sufficiently quickly as z —
oo, that integrating over the top of the box makes a negligible contribution,
and that the magnetogram extends far enough around the active region that
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Figure 1. Schematic illustration of the volume in which the photospheric-to-coronal portions
of a bipolar active region are imbedded. It is assumed that at the upper surface, the magnetic
field is negligibly small, and that the side wall boundaries are sufficiently far away from the
active region that they do not contribute to the Gauss’ theorem surface integral. Note that
at the photosphere, the surface normal vector i points in the —Z direction. The red and blue
colors represent the upward and downward vertical fluxes in the active region.

the horizontal components of B that pierce the sides of the Gaussian box are
negligible, this results in

1
F.= [ dV f.=—— | dA[B> - B?> - B? 6
[ave—-g [ aam: - ©)
or
1
F.,=— [ dA(B?+ B? - B? 7
o [ dA(BI+ B} - BY) (7)

Here, the integration domain dA is the surface of the vector magnetogram, and
B., By, and B, are the field components in the magnetogram. The overall
minus sign appearing in equation (@) occurs because the surface normal f at
the photosphere is in the —2 direction.

This expression has been used in the past to evaluate whether or not vector
magnetograms are consistent with force-free configurations in the solar atmo-

sphere (Lowl, [T985; [Metcalf et all T995]).
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Now, let B, By, and B, depend on time as well as on magnetogram position,
and evaluate the time rate of change of the integrated Lorentz force:

anzi/dA (BmaBm—i—B aBy—BaBz) . (8)

ot 4 ot Yoot ot

Letting 6 B, = 0B, /0t 6t (similarly for y and z terms), and assuming that the

magnetic field changes observed in a vector magnetogram occur over the time pe-

riod dt, then gives an expression like the un-numbered equation in[Hudson, Fisher, and Welsch|
(2008), but with the opposite sign:

oF, = ﬁ/ dA(By0B, + B,0B, — B,{B.) . 9)
Here, 0 F, is the change in the volume integrated Lorentz force acting on the
outer solar atmosphere. This expansion over time 6t assumes 0B, /B, 6B, /By,
and 6B,/B, are small. (2010) find that &t for significant field
changes is a few minutes.

To get the sign of the force estimated in [Hudson, Fisher, and Welsch| (2008)),
one must invoke Newton’s third law: Since the net Lorentz force from the pho-
tosphere out to infinity is given by equation (), and assuming that this force
is unbalanced by any other force within the above Gaussian volume, then the
force acting from the photosphere downward must be equal and opposite, i.e.

) 1 0B, . 0B, _ OB,
_sz7 inward — E/dA (B:n ot - B + B > . (10)

ot Yoot = ot

The assumption that the change in the upward (outward) Lorentz force of
the volume is not balanced by any other forces within the volume needs further
discussion. First, from energetic considerations, the magnetic field is believed
to be the source of energy for eruptive flares and coronal mass ejections: [Forbes|
(2000) has argued that no other known source of energy can provide the observed
kinetic energy of outward motion observed in coronal mass ejections, and there
simply is no other viable source for the thermal and radiated energy known
to be released in solar flares. Second, apart from the Lorentz force, the only
other significant forces known to be operating on the solar atmosphere are gas
pressure gradients and gravity. To evaluate the change in the pressure gradient
forces, one can perform the same Gaussian integral of the vertical component
of the pressure gradient force. The net change in the outward force is just the
difference between the gas pressure change at the top of the Gaussian volume
from that at the bottom. If the plasma § in the solar atmosphere is low, as
is generally the case in active regions, it is hard to believe that this will be
significant compared to the change of the Lorentz force. Nevertheless, in §3]
we will briefly consider perturbations to the gas pressure at the photosphere
and estimate their effectiveness. In the case of the gravitational force, unless the
plasma has moved a huge distance (~ Rgyy, ) away from the Sun on the time-scale
of the observed field change, the gravitational force acting on the given mass of
the plasma within the gaussian volume must be approximately the same, and
hence the change in the gravitational force should be small.
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Using the same assumptions as above to find d B, 6 B, and § B, then results in
an equation with the same sign and form as that in [Hudson, Fisher, and Welsch|
(2008) except that it is integrated over the vector magnetogram area:

1
OF., inward = E/ dA(-B, 0B, — B,0B, + B.{B.,) . (11)

In essence, this expression uses a first-order approximation, namely that the
changes in the magnetic field components when integrated over the timescale of
the observed field change, are small compared to their initial values.

In summary, if the expression in [Hudson, Fisher, and Welsch| (2008) is inte-
grated over the strong field portions of the flaring active region, such that surface
terms on the vertical side walls make no significant contributions to the Gaussian
integral, and that the amplitude of the field changes is small compared to the
initial field values, then the [Hudson, Fisher, and Welsch! (2008)) result should be
robust and accurate. Most likely, the area integral could be further restricted to
the regions where the change in the strong fields is significant, since it is only the
change in the force that we are considering. [Hudson, Fisher, and Welsch| (2008)
find downward surface densities of the Lorentz force of ~ 2.5 x 103 dyne cm ™2
for the case they investigated.

(2010) find that 0F, inward is generally downward for nearly
all of the cases they have investigated, where the magnetic field is observed to
change in the sense that its orientation becomes more horizontal. Our Newton’s
third law argument then implies that a force of the same magnitude, but in the
upward direction, acts to push the upper atmosphere outward during the course
of the flare. Thus a change in the orientation of the photospheric field from the
vertical toward the horizontal directions implies both an outward force on the
solar atmosphere, and an inward impulse toward the solar interior. We therefore
anticipate a direct relationship between the increased Lorentz force acting on the
solar atmosphere (computed with equation[8]) and the outward momentum from
the eruptive flare or CME ejecta. We also anticipate that the equal and opposite
downward jerk will drive a helioseismic disturbance into the solar interior whose
initial impulse should be related to the temporal and spatial properties of the
jerk.

3. Other Disturbances in the Force

We argue above that assuming that the plasma f in the flaring active region
is small implies that changes to gas pressure gradients during a flare are most
likely unimportant compared to changes in the Lorentz force. Nevertheless, the
flare-induced gas pressure change from energy deposited in the flare atmosphere
has been considered in the past to be a viable candidate for the agent that excites
flare-associated helioseismic disturbances (Kosovichev and Zharkoval [T998). An-
other suggested mechanism is heating near the solar photosphere driven by
radiative backwarming of strong flaring emission occurring higher up in the solar

atmosphere (Donea et _all 2006 [Lindsey and Doneal, 2008). We briefly consider

each of these possibilities in the following sections.
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3.1. Pressure Changes Driven by Flare Gasdynamic Processes

During the impulsive phase of flares, emission in the hard X-ray and y-ray energy
range is typically emitted from small, rapidly moving kernels in the chromosphere
of the flaring active region (e.g.|Gan, Li, and Miroshnichenko| 2008). This emis-
sion is generally assumed to be the signature of energy release in the form of a
large flux of energetic electrons. Energetic electrons in the 10-100 KeV range that
impinge on the solar atmosphere will emit nonthermal bremsstrahlung radiation
from Coulomb collisions with the ambient ions in the atmosphere, and will also
rapidly lose energy via Coulomb collisions with ambient electrons, resulting in
strong atmospheric heating (Brownl [T972)). This results, in turn, in a very large
gas pressure increase in the upper chromosphere, due to rapid chromospheric
evaporation. [Kosovichev and Zharkoval (T998)) proposed that this large pressure
increase is the agent responsible for flare-driven helioseismic waves into the solar
interior that have been observed.

Can this large pressure increase in the flare chromosphere result in a suffi-
ciently large pressure change at the photosphere to be significant compared to
the observed changes in the Lorentz force?

To address this question, we consider the flare-driven pressure increase from
two different approaches: (1) the dynamics of a flare-driven “chromospheric
condensation”, and (2) a solution to an acoustic impulse problem in a one-
dimensional, gravitationally stratified model of the preflare chromosphere.

Chromospheric condensations are the dense, downward-moving plugs of plasma
that form behind a downward-moving shock-wave or pressure disturbance driven
by impulsive phase chromospheric evaporation in flares. A simple analytic model
of the dynamic evolution of chromospheric condensations was developed by
[Fisher! (1989). The model was found to do a good job of describing the results
of more detailed numerical gasdynamic simulations. The model predicts the
maximum column depth that the chromospheric condensation can penetrate
into the solar atmosphere, in terms of the flare-induced pressure P, driven by
electron-beam heating of the solar atmosphere. The maximum column depth of
propagation, N,,.., is given approximately by

Py

Nmaz = — ) 12
- 12)

where m ~ 1.4m,, is the mean mass per proton in the solar atmosphere, and g =
2.74 x 10* cm s72 is the value of surface gravity. Numerical gasdynamic simula-
tions of flare heating with large fluxes of non-thermal electrons (~ 10! erg s~ cm=2)
result in maximum pressures in the chromosphere of 100—1000 dyne cm™2. This
results in values of Ny, that are no larger than ~ 10?2 c¢cm~2. The column
depth of the solar photosphere, on the other hand is ~ 10?* cm™2. Thus, using
the chromospheric condensation model, flare-driven pressure disturbances can
only propagate down to about 1% of the column depth of the photosphere,
and thus do not seem to be a viable competitor to the Lorentz force change at
phospheric depths.

Because the chromospheric condensation model’s assumptions begin to break
down during the last stages of its evolution, we also consider the downward prop-
agation of flare-driven pressure disturbances using an entirely different approach:
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The assumption that the disturbance can be represented by an acoustic wave.
The acoustic wave assumption is extremely dubious in the upper chromosphere,
where the chromospheric condensation approach works well, but it has the ad-
vantage of being a much better description as the disturbance moves deeper into
the atmosphere. It also has the advantage of being a non-dissipative hydrody-
namic solution, so that the amplitude of the downward moving wave represents
an upper limit to the actual case, where radiative and viscous processes will
dissipate energy in the wave.

Assuming that the pre-flare chromosphere can be represented by an isother-
mal, gravitationally stratified atmosphere at temperature T, with pressure scale
height Ap = C?/(vg), where Cj is the adiabatic sound speed, the equation for
the perturbed vertical velocity is found to be

2 2
e~ g+ 92)=0. (13)
ot? Ap s  0s?

Here, s measures vertical distance in the downward direction, measured from
the initial position of the flare chromosphere. We assume that at the top of
the flare chromosphere, the result of the flare heating is a sudden downward
depression, with a displacement As occurring over a very short time. We then
want to follow this displacement, using the above acoustic wave equation, as it
propagates downward. At s = 0, we therefore assume the time evolution of the
velocity v is given by

v(s =0,t) = Asd(t) , (14)

where §(t) is the Dirac delta function. By performing a Laplace transform of
equation ([I3]) with this assumed time behavior at s = 0, we find

v(s,t) = As exp (—ﬁ)

s s 52 S
X [0(t— =) ———="N (wa t2——>H(t——) , (15)
C, WNp. 12 — 5_22 C? C,

where J; is a Bessel function, H is the Heaviside function, and w, is the acoustic
cutoff frequency (w, = Cs/(2Ap)). The important point is that the velocity
amplitude is attenuated exponentially as it propagates downward, with an enve-
lope function that goes as exp(—s/(2Ap)). The perturbed pressure will scale in
roughly the same way as the velocity. Therefore, we can estimate the decrease
in amplitude of the perturbed pressure by using the estimated pressure at the
top of the flare chromosphere and this attenuation function. The result, for
flare induced gas pressures of 100 — 1000 dyne cm ™2, and assuming a propaga-
tion distance of 1000 km and preflare chromospheric temperatures of 6000K, is
photospheric gas pressure changes of at most 10 — 100 dyne cm ™ 2. This is at
least an order of magnitude smaller than the Lorentz force change estimated by
[Hudson, Fisher, and Welschl (2008]). Most likely, given the neglect of many effects
that will only decrease the perturbed pressure, the flare-induced gas pressure
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change will be even smaller. We conclude that electron heating of the flare
chromosphere is very unlikely to result in force perturbations at the photosphere
that can compete with changes to the Lorentz force.

3.2. Pressure Changes Driven by Radiative Backwarming

Observations of the spatial and temporal variation of optical continuum (white
light) emission and hard X-ray emission during solar flares show an intimate
temporal, spatial, and energetic relationship between the presence of energetic
electrons in the flare chromosphere and white light emission from the solar
photosphere (Hudson et all 1992 Metcalf et all 2003; 2005t

[Watanabe ef all 2010). One mechanism that might explain this connection is ra-
diative backwarming of the continuum-emitting layers by UV and EUV line and

bound-free emission that is excited by energetic electrons penetrating into the
flare chromosphere, at some distance above the photosphere. Since the radiative
cooling time of the flare chromosphere immediately below the regions under-
going chromospheric evaporation is so short (Fisher, Canfield, and McClymont]
[T985)), the temporal variation of UV and EUV line emission from plasma within
the 10* — 10°K temperature range will closely track heating by energetic elec-
trons, detected as hard X-ray emission emitted from footpoints in the flare
chromosphere. The backwarming scenario is illustrated schematically in Figure

Estimates of the continuum opacity and atmospheric density near the solar
photosphere indicate that the layer responsible for most of the optical contin-
uum emission is about 1 continuum photon mean-free path thick, or roughly
70 km. Thus all the energy from the impinging backwarming radiation will be
reprocessed into optical continuum emission within a thin layer near the solar
photosphere.

Does the absorption of this radiation within this thin layer result in a signif-
icant downward force, via a pressure perturbation? This mechanism has been
suggested by [Donea et all (2006) and [Lindsey and Doneal (2008) as a potential
source for “sunquake” acoustic emission seen during a few solar flares. Here, we
ask whether this mechanism can be as effective in creating a force perturbation
as that from the Lorentz force change described earlier.

The simplest estimate of the pressure change, which will be an overestimate,
is to assume that the backheated photospheric plasma is frozen in place during
the heating process, and that its temperature will rise to a level where the
black-body radiated energy flux equals the combined output of the preflare solar
radiative flux plus the incoming flare energy flux due to backwarming.

What is the flux of energy from backwarming available to heat the pho-
tosphere? In order to compute the backwarming flux, we must estimate the
fraction of the non-thermal electron energy flux that is balanced by chromo-
spheric UV/EUV emission, and the fraction of this radiated energy that impinges
on the nearby solar photosphere. Assuming that we can collect all of these effects
into a single “dilution factor” for backwarming, fyqcr, results in this estimate of
the elevated photospheric temperature 7'

O'T4 = O'Télff + fbackalaTe ’ (16)
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Figure 2. Schematic illustration of radiative backwarming in a solar flare. Energetic electrons
are stopped collisionally in the upper flare chromosphere, raising the temperature of the plasma
there. The increased energy input is balanced by an increased radiative output in the form of
EUV and UV line radiation, and the emission of b-f continua from excited ions. This radiation
is emitted in all directions, but a signficant fraction of it is re-absorbed in optically thick layers
near the solar photosphere. These layers respond with an increase of temperature and pressure,
with an amplitude that will depend sensitively on the energy flux, area coverage, and timing
of the impinging radiation.

where T, ¢ ¢ is the non-flare photospheric effective temperature, and Fijqrc is the
energy flux in non-thermal electrons inferred from hard X-ray observations. To
estimate fhqck, we first assume that half of the nonthermal electron energy flux
is diverted into chromospheric evaporation (the dynamic evolution described in
§3.11 for example, is driven by pressure increases from chromospheric evapora-
tion) and/or other energy channels. Second, we estimate the geometrical dilution
of a UV/EUV emitting flare kernel with roughly 1000 km horizontal extent,
based on estimated flare kernel sizes of roughly 1 arc-second?, located in the flare
chromosphere roughly 1000 km above the photosphere (see schematic drawing
in Figure2)) and find a subtended solid angle of just less than 1 steradian, while
the energizing radiation is assumed to be emitted isotropically over 47 steradi-
ans. Combining these two assumptions, we estimate fpqcr =~ 0.034. Then, using

canonical nonthermal electron energy flux levels of Fygre ~ 10" erg cm =2 s71,

results in a backwarming induced pressure enhancement of ~ 1000 dyne cm 2,
assuming a pre-flare photospheric pressure of 7.6 x 10* dyne cm ™2 (see model
S of [Christensen-Dalsgaard et al.l T996).

This is probably an overestimate, however, since it assumes the temperature
changes instantaneously (ignoring the time-lag due to the finite heat capacity of

the photospheric plasma), and it assumes the photospheric plasma is frozen in
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place and does not respond dynamically to the increased heating (the plasma
should expand in response to the enhanced heating on a sound-crossing time —
for a 70 km thick photospheric layer, with Cy ~ 8 km s~ !, this is ~10s). This
treatment also ignores the possibility of multi-step radiative reprocessing, in
which the backwarming radiation that reaches the photosphere comes not from
the primary source in the flare chromosphere, but from secondary backheating
sources, where the UV line emission is first converted via backwarming to other
radiation mechanisms (e.g. H b-f continuum emission), before finally reaching
the photosphere. Each step of the multi-step reprocessing will result in at least
another factor of two in dilution.

In summary, our simple calculation results in an estimated pressure enhance-
ment that is roughly half of the effective downward pressure resulting from the
Lorentz force perturbation from [Hudson, Fisher, and Welsch| (2008)). Individual
backheating driven photospheric pressure enhancements could be significantly
higher or lower than what we find here, but for the reasons described above,
there certainly is no compelling case that they must always be higher. Further,
the backheating area coverage factor, assumed to be roughly equal to the ob-
served areas of enhanced white-light emission, is probably much smaller than the
photospheric area over which significant magnetic field changes occur, resulting
in an area integrated force which is probably not as great as that due to the
Lorentz force.

4. Conclusions

We show that the expression for the vertical Lorentz force in[Hudson, Fisher, and Welsch|
(2008) should be robust and accurate, if integrated over the strong field regions
of a vector magnetogram, and if the change to the observed magnetic field
components is small compared to the initial field component values. We argue
that the force computed from equation (I0)) arises from an equal and opposite
upward force that corresponds to the Lorentz force driving the outward motion
of the flare and CME ejecta. We speculate that the expression for the perturbed
Lorentz force in[Hudson, Fisher, and Welsch| (2008), integrated over area, will be
well correlated with observed measurements of the outward momentum per unit
area of flare ejecta, as well as the helioseismic signature driven by compensating
downward jerk.

We also estimate force perturbations in the photosphere due to changes in
gas pressure driven by flare-driven chromospheric evaporation and from radiative
backwarming of the photosphere. We find the Lorentz force clearly dominates gas
pressure changes driven by chromospheric evaporation, and very likely dominates
gas pressure changes driven by radiative backwarming. Since the primary source
for energy release in eruptive solar flares is believed to be the solar magnetic
field in strong-field, low (3 active regions, it makes sense that changes in the
magnetic field itself will have a more direct and larger impact than changes due
to secondary processes, such as the production of energetic particles, gasdynamic
motions, and enhanced radiative output.
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