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Simultaneous observations of the solar atmosphere from its surface to the corona obtained with the
Solar and Heliospheric Observatory (SOHO) and Transition Region and Coronal Explorer (TRACE)
show a ubiquitous sequence of events that start from cancellation of photospheric magnetic fields, pass
through shock formation, and result in transition region supersonic jets and microflares. These results
support a novel view of the energy buildup in the solar atmosphere associated with a cascade of shock
waves produced by interacting network magnetic elements in the photosphere and provide insight into
the origin of the solar transition region. The findings account for the general mechanisms of energy
production, transfer, and release throughout the Sun’s and stellar atmospheres.
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The sharp temperature jump from the Sun’s surface
(6000 K) to the 1 X 10° degree corona occurs within a
narrow transition region which is the site of radiative
transients, plasma jets, and explosive events [1-3]. The
mechanisms that originate the transition region and de-
termine energy flow in the solar atmosphere involve fun-
damental physical processes that are commonplace
throughout astrophysics and laboratory plasma physics,
and yet poorly understood. Recent advances in observa-
tions with the SOHO [4] and TRACE [5] spacecraft
provided a unique opportunity to compare data taken
simultaneously at different heights of the solar atmo-
sphere [6—9].

It was found that there are three main classes of radia-
tive transients that are ubiquitous in the chromosphere-
transition region [10—12]: (i) bright localized emissions
(““microflares”) not exhibiting significant flows of mate-
rial; (ii) microflares with lesser intensities, but accompa-
nied by one or two-directional plasma jets: as a rule,
stronger microflares correspond to lower velocity jets,
and vice versa; (iii) strong supersonic jets and explosive
events ‘“‘alone,” not associated with microflares. Local-
ization of these events in the transition region is cospatial
with the photospheric magnetic pattern, and their appear-
ance usually correlates with canceling mixed polarity
magnetic elements. In these studies TRACE, Michelson
Doppler imager (MDI), and solar ultraviolet measure-
ments of emitted radiation (SUMER) on SOHO were
pointed at the same region of quiet Sun near disk center.
High resolution magnetograms taken by MDI compiled
in a 2.2-h movie showed changes in small scale magnetic
elements in the photosphere. These were coaligned with
TRACE images (with 15 s cadence) in the C 1V lines
showing a response of the transition region at tempera-
tures ~10° K; SUMER provided time series of spectra
in C 11 and O VI lines which correspond to chromospheric
(~2 X 10* K) and transition region (~ 3 X 10°> K) tem-
peratures, respectively. An example of coaligned images
from these data sets is shown in the left panels of Fig. 1.
Analysis of these observations revealed the properties of
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transition region jets and microflares consistent with the
mechanism of hydrodynamic cumulation associated with
shock-shock interaction proposed by Tarbell ez al. (1999).
But the direct observation of shocks and their possible
association with photospheric magnetic flux reduction,
which would make the theory and interpretation of the
observational results decisive, was not available in the
above studies.

In this Letter we present the results of observations
extended to line profiles of SUMER spectra measured
simultaneously with the radiation intensities in the
chromosphere-transition region and variation of the mag-
netic fluxes in underlying photosphere. These results not
only reveal the shock signatures and their evolution, but
allow us to demonstrate for the first time a direct con-
nection of shocks with the magnetic flux reduction and
subsequent appearance of the transition region sporadic
events.

The unified mechanism that explains the observed
coupling between the photosphere and overlying layers
of atmosphere and adequately describes diverse properties
of sporadic radiative transients is based on a cascade of
shock waves produced by colliding and reconnecting flux
tubes in the photospheric network [9,12]. Brought to-
gether by convective motions, flux tubes collide and re-
connect. Post-reconnection dynamics of the photospheric
magnetic flux tubes is radically different from the well-
studied case of a low beta coronal plasma, where 8 =
87p/B> < 1, and the reconnection liberates a large
amount of energy stored in the magnetic field leading to
strong in situ heating. The photospheric reconnection
does not give in situ heating. Instead, it sets the system
in a highly unsteady state triggering strongly nonlinear
processes. These processes occur at a distance from the
reconnection area, higher in the atmosphere. This is
caused by specific conditions in the photosphere (absent
in the corona): (1) concentration of the photospheric
magnetic field in small scale, intense magnetic flux tubes,
embedded in an almost nonmagnetic environment, and
(2) sharp stratification of the low atmosphere. The first
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FIG. 1 (color). Left panels: Sample multiwave images of a quiet Sun region near disk center with the angular size of 66” X 220~
(17 =726 km). (a) The MDI magnetogram of the studied region: small scale network magnetic elements of positive (white) and
negative (black) polarities that outline the regular set of supergranules. (b) The same region at transition region heights: the
enhanced emission in C 1V line mimics the network magnetic pattern. Solid lines on these images show the SUMER slit position
(slit width is 1””). (c) The time variation of O VI line intensities at each position of the slit during a 75 min time sequence. Each bright
dot on this image corresponds to the enhanced plasma flows. Their occurrence also traces closely the sites of magnetic elements.
Panel (d): Schematic of two opposite polarity flux tubes brought together by convective motions. The red box shows magnified
region of intersection: (a) just before the reconnection, and (b) soon after the reconnection. Black and white spots depict line-of-
sight negative and positive magnetic field as seen in the magnetograms. Radii of photospheric flux tubes vary from tens of km up to
several hundreds of km. A characteristic radius of magnetic flux tube participating in one elemental act of reconnection is
~40-80 km [11]. This means that magnetic flux tubes having a radius at the MDI resolution limit, i.e., 450-500 km, are the sites of

multiple reconnection processes.

condition implies that the magnetic pressure inside flux
tubes, B2,./87, is always less than the external gas pres-
sure, pPey, due to pressure equilibrium, pe = pi, + Btzube /
87, and the environmental plasma beta is very large, 8 =
87 Pext/B2 > 1. Therefore, after reconnection, the
strongly curved magnetic field lines remain confined in
thin flux tubes and behave as elastic bands: straightening
they create a sling-shot effect which generates acoustic or
MHD waves [Fig. 1, panel (d)]. Most importantly, the
atmosphere here is strongly stratified. Because of the
sharp stratification those waves that propagate upward
in the direction of a decreasing density quickly become
shocks [13-15]. Higher in the atmosphere shocks pro-
duced by neighboring reconnection processes collide.
This leads to hydrodynamic cumulation, i.e., concentra-
tion of the energy of a system into a small volume [16]
(see also [17] and references therein). Depending on the
geometry of shock front convergence, the highly concen-
trated energy may be either converted entirely into heat or
into strong jets, or be distributed between the two. If the
shocks experience a head-on collision, immediately after
the collision the plasma behind the reflected shocks is at
rest, and all the initial kinetic energy is converted into
thermal energy of plasma confined in a small volume.
Such a process will have the observed signature of a
microflare alone. If the colliding shocks intersect at
some angle, the finite angle between the reflected shocks
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gives the plasma space to escape. Therefore, only part of
the kinetic energy of the system is converted into heat and
part into cumulative jets. With increasing angle of colli-
sion more energy goes into plasma jets at the expense of
local heating. At some critical angle the entire energy is
converted into cumulative jets. The theoretical results for
the critical angles of shock front convergence, expressed
through the observable quantities (e.g., magnetic field,
Mach number, temperature) define the parameter ranges
for “HEAT,” “JET,” and “HEAT-JET” regimes [9]. As
observed, the largest range of parameters corresponds to
the “HEAT-JET” regime where the energy is distributed
between the microflares and cumulative jets.

It is important that the radiative transients — micro-
flares and jets — are products of a shock-shock collision.
Before the shock collision, the regular behind-shock heat-
ing occurs, that explains an overall increase of the back-
ground temperature in the chromosphere and transition
region, which is indeed observed to mimic the photo-
spheric magnetic pattern. After collision, behind the re-
flected shocks additional temperature increase occurs
accompanied by a sporadic event having the form of a
localized microflare, or highly collimated jets or their
combination.

We have analyzed more than 200 different events of
bright radiative transients and multiple flows during the
2.2 h observing period. Appearance of each event was
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necessarily preceded by reduction of the photospheric
magnetic field. A typical example of the analyzed data
sets is shown in Fig. 2. The measured magnetic flux
reduction, the height where the sporadic event appears,
and time of its appearance are consistent with the values
calculated from the theory of gradient acceleration of
shocks in the stratified atmosphere [12]. Usually the C 11
(T ~ 10* K) shocks are propagating upward and appear
soon after the magnetic flux cancellation in the photo-
sphere and before the enhanced emission in hotter C 1v
(T=10°K) and O VI (T =3 X 10° K) lines appears.
Figure 3 shows a typical example of the entire process:
flux reduction in close bipoles [marked by the white
arrow in panel (a)] triggers shock formation in the chro-
mospheric C 1 line. The difference between the two
peaks, AA* may be used as a measure of the shock
velocity. In its maximum stage vy, = 69 kms™'. At C 11
temperature (2.3 X 10* K, sound speed ¢, = 24 kms™ ')
this corresponds to Mach number M = vg,/c, = 3. At
transition region heights such a shock may generate jets
(in the HEAT-JET regime, Fig. 2) with velocities ranging
from 105 to 170 kms™! (cf. Eq. (6) in [9]). Fast evolution
of the shock [shown in panel (b) in three instances of
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FIG. 2 (color). Time variation of positive and negative mag-
netic fluxes in the compact bipole inside the yellow box in
Fig. 1, and corresponding changes in the C IV (the red line
in the upper panel), C 11 (green line) and O VI (blue line)
intensities over this area. The flux reduction marked by “1” in
the lower panel caused the appearance of microflare alone
without significant flows (a pure “HEAT” regime); the next
three events correspond to the “HEAT-JET” regime when
microflares are accompanied by the O VI plasma jets, and the
event marked by “5” is the example of a pure “JET” regime.
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time] is followed by the appearance of a bright transient
in C 1V line and a hot O VI plasma jet. The measured
velocity of the jet at t = 15:07:10 is 118 kms ™.

An example demonstrating shock-shock interaction
is shown in Fig. 4. Reconnections occurring in close
bipoles marked by double red arrows in Fig. 1(a) cause
a series of upward propagating shocks [Fig. 4(a)]: left
peaks are higher than right peaks corresponding to
higher intensity behind the shock than in front of it
These shocks result in two close microflares and strong
two-directional jets in O VI [right panels in Fig. 4(a)]. The
jet generates the downward O VI shock: now the double-
humped spectrum has its right peak higher than the left
one, which interacts with the upward propagating C 11
shock at t = 15:30:45 UT [blue line in Fig. 4(b)]. This
results in the immediate appearance of the O VI explosive
event [marked by yellow arrows in lower right panel of
Fig. 4(b)] and a strong C 11 jet. Prior to the collision
temperature increases only due to regular, behind-shock

MDI Mgram CIV CII OVI
»
. 07:0- 15:07:10
30 Arcsec -2 76 144 118 km 571
T T T T T
30f B i ty=15:08:44
[ i —— t,=15:06:32
F — t,=15:06:19 ]
[ ___Ti d]
5. 20 spectrum &
- r — Gaussian fit
g
by [
L [
£ [
10
0:‘ NP S ‘ELL TR 4 =N

1036.6 1036.8 1037.0 1037.2 1037.4 1037.6 1037.8
Wavelength (A)

FIG. 3 (color). Key elements of energy production and its
release in the chromosphere-transition region associated with
the photospheric magnetic flux reduction. (a) Magnetogram of
30” X 30” area [yellow square in Fig. 1(a)] with compact bipole
near the SUMER slit just before the reconnection occurred.
(d) Line profiles of C 11 SUMER spectra extracted from ex-
posures with 13 sec time step: from #; = 15:06:19 (green line)
a double-humped profile typical of shocks rapidly evolves
into a strong shock (blue and red lines); at its maximum (t; =
15:06:44) the difference between the two peaks (black solid
line is a Gaussian fit), AA* = 0.18 A, which gives for the
shock velocity v, = 0.5(y + 1)(v, — v;) = 69 kms™!, where
(v, — vy) = c(AX*/Ag, Ay = 1037.0 A, and 7y =5/3. This
shock caused appearance of a microflare, panel (b), and a
strong O VI jet with velocity v, = 118 km s, (o).
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FIG. 4 (color). Sample shock-shock interaction and the re-
sulting sporadic events. (a) A series of strong shocks continuing
to occur during and after the double microflare at C IV tem-
perature appeared accompanied by the downward propagating
O VI jet (peaks are significantly red-shifted) with velocity
exceeding 180 kms~!. (b) Downward propagating shocks
(O VI line profiles show the right peaks exceeding the left
peaks) interact with a series of upward propagating C 11 shocks
at t = 15:30:45; the approaching shocks could cause triple
humps seen at an earlier moment of time (¢ = 15:30:09)
in the C 1V line; immediately after the shock collision, at t =
15:30:58 a strong C II jet and the explosive event in O VI line
(marked by yellow arrows) appear. The field of view in panels
of C IV images and scales of the SUMER spectra are the same
as in Fig. 3.

heating, T, = 2y(y — 1)(y + 1)"2M?>T, (subscripts <0
and “1” denote the unperturbed and behind-shock
plasma, respectively). In this example the shock velocity
(before the collision) is vy, ~ 88 kms™!, and T, = 8.5 X
10* K. After the collision behind the reflected shocks the
temperature increases further and becomes T,/T, =
By — 1)y !, T, =246 X 10° K. This is accompanied
by strong plasma jets. The jet velocities are in the range
of 115-220 kms™~!. These are typical observed parame-
ters in the transition region sporadic events.

We conclude that the process that starts from magnetic
flux reduction in the photosphere passes through shock
formation, then through shock-shock interaction that re-
sults in the hydrodynamic cumulation, and ends up in the
release of the energy either in the form of the bright
radiative transient or plasma jets or combinations of the
two, is as ubiquitous as the quiet Sun magnetic network
itself. This network covers 90% of the solar surface. Its
“recycling” time is very short [18]: in about 40 h mag-
netic field in the entire network replaces itself providing
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continuous energy supply to the upper atmosphere. The
energy flux estimated on the basis of this time scale is
enough to explain the observed UV/EUYV radiation of the
order of 5-10 X 10°erg cm~2s~!. The height of the most
intensive shock formation and subsequent appearance of
the impulsive phenomena corresponds to the empirical
height of the sharp temperature jump. The high rate of
emergence of new fluxes and diversity of their parameters
result in the cascade of shock waves, thus creating a
magnetic energy avalanche and “‘steady’ energy input
into higher layers of atmosphere. This is an ongoing
process. It works all the time and is independent of the
phase of magnetic activity of the Sun. We conclude that
permanent energy production from hydromagnetic activ-
ity of network magnetic elements is the most natural
source for the sharp temperature jump and origin of the
unsteady phenomena comprising the chromosphere and
transition region.
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