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Abstract. A recent discovery from the Big Bear Solar Observatory has linked the cancellation of
opposite polarity magnetic fragments in the photosphere (i.e., so-called cancelling magnetic features)
to X-ray bright points and has stimulated the setting up of a converging flux model for the process.
Cancelling magnetic features can occur between magnetic fragments of differing strengths in many
different situations. Here, therefore, we model two opposite polarity fragments of different strengths
in the photosphere by two unequal sources in an overlying uniform field. Initially in the pre-interaction
phase these sources are assumed to be unconnected, but as they move closer together the interaction
phase starts with an X-type neutral point forming, initially on the photosphere, then rising up into the
chromosphere and corona before lowering back down to the photosphere. The capture phase then
follows with the sources fully connected as they move together. Finally, after they come in to contact,
during the cancellation phase the weaker source is cancelled by part of the stronger source. The
height of the X-type neutral point varies with the separation of the sources and the ratio of the source
strengths, as do the positions of the neutral points before connection and after complete reconnection
of the two sources. The neutral point is the location of magnetic reconnection and therefore energy
release which is believed to power the X-ray bright point in the corona. By using a current sheet
approximation, where it is assumed no reconnection takes place as the two sources move together,
the total amount of energy released during reconnection may be estimated. The typical total free
magnetic energy is found to be of the order of 10*°—10%! J, which is as required for an X-ray bright
point. It is also found that, as the ratio of the source strengths increases, the height of the X-type
neutral point decreases, as do the total energy released, and the lifetime of the bright point.

1. Introduction

The photosphere of the Sun is threaded by many intricate regions of positive
and negative magnetic flux. Pairs of opposite polarity magnetic fragments, not
necessarily of the same strengths, are often seen to cancel (Martin, 1984, 1986,
1988). Such an event is known as a cancelling magnetic feature. In order to try and
explain such events and their accompanying X-ray bright points, a converging flux
model has been set up by Priest, Parnell, and Martin (1994) including a detailed
model for the interaction of two sources of the same strength, but opposite sign,
situated in an overlying uniform field. In the converging flux model the magnetic
fragments move through a seires of potential states since the characteristic velocity
is much smaller than the Alfvén velocity. The two sources are modeled by poles
and are originally considered to be situated sufficiently far apart that their magnetic
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fields are unconnected. This is known as the pre-interaction phase. As the sources
move closer together they first come into contact when the sources have a half-
separation of d, where d is known as the interaction distance. Here an X-type
neutral point forms on the photosphere, and the interaction phase begins, during
which the X-type neutral point rises into the chromosphere and corona as the two
sources move closer, until at zero separation the cancellation phase starts and
once again the neutral point is on the photosphere. The model accounts for many
of the key observations of X-ray bright points and cancelling magnetic features.
The pre-interaction phase has the sources unconnected and therefore implies no
chromospheric fibrils joining the fragments. It explains how the X-ray bright point
occurs before the cancelling magnetic feature, with reconnection in the lower
corona during the interaction phase releasing energy, whilst reconnection in the
photosphere during the cancellation phase causes the cancelling magnetic feature.
In addition, when the reconnection point is passing through the upper chromosphere
or low transition region and energy release is especially strong, it could give rise to
the HRTS jets which Dere (1993) has described. Also the active-region transient
brightenings (Shimizu et al., 1992) and X-ray jets (Shibata et al., 1992) observed
by the YOHKOH satellite may well be created by the process modelled here. In
fact, Shibata et al. have sketched a cartoon of what may be going on in an X-ray jet,
which is qualitatively similar to the picture and detailed working we are presenting
here.

To calculate the total amount of energy released during the reconnection, Priest,
Parnell, and Martin (1994) conducted a thought experiment in which a current
sheet is allowed to form as the sources move together. The free energy stored in
the current sheet was calculated and found to be of the order 102°~10?! J for two
sources with an interaction distance of 5—10 Mm and situated in an ambient field
of 10 G. This corresponds very well to the emission from a normal X-ray bright
point lasting for 8 hr which would release a total energy of 3 x 1020-3 x 10?1 J.

Following on from their work a study has been carried out in this paper analysing
in a similar way the interaction of two oppositely directed sources of different
strengths in an overlying horizontal field. As in Priest, Parnell, and Martin (1994),
the sources are initially assumed to evolve through a series of quasi-static states.
Again the magnetic field structures have different topologies in the pre-interaction
phase, the interaction phase and the cancellation phase, but here an extra phase
occurs called the capture phase, which starts after the interaction phase and before
the cancellation phase. These phases are all considered in Section 2, which also
includes a study of the positions of the neutral points in the different phases as
the positions and strengths of the sources vary. In Section 3 it is assumed that
no reconnection takes place as the sources move together and so a current sheet
forms extending up from the photosphere. The magnetic field due to the current
sheet is calculated and the variation of the end-points of the current sheet as the
sources move is studied. The current sheet approximation is used to estimate the
total amount of energy released in the reconnection between the two sources.
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2. Interaction of Two Unequal Sources in a Uniform Field

Magnetic fragments in the photosphere move at approximately 0.5—1.0 km s~!,
a velocity much slower than the typical Alfvén velocity of 1000 km s~!, and so
the interaction of these fragments may be considered to evolve through a series
of quasi-static potential states. Consider two poles, one of strength —g situated
at z = —a on the real axis of the complex plane and of the other of strength f
positioned at z = a; they represent two magnetic regions of opposite sign and
differing strengths lying in the plane of photosphere. The y-axis corresponds to a
vertical axis extending from the photosphere into the chromosphere and corona.
We shall assume that there is a horizontal uniform magnetic field overlying these
poles and produced by distant sources. Such a horizontal field is reasonable on
both observational and theoretical grounds since Ha pictures of the chromosphere
invariably show fibril structures crossing supergranule cells. In addition most of the
photospheric magnetic flux is concentrated into strong magnetic field regions such
as sunspots or intense flux tubes at supergranule boundaries, so that as this extends
upwards it fans out to produce a predominantly horizontal structure, at least in the
lower corona. The potential magnetic field for this situation can be written using
complex variable theory in terms of the complex function B, (z), where z = x + iy,

Bp(z) = pr(xa y) + in:c(x) y) =
iy af ig .
= tBo + (z—a) w(z4+a)

_iBo(Z2+ (f' = g")z+a(f + 4 —a))
- 22 — g2

; ey

where By is the strength of the ambient magnetic field, f' = f/(nBo), ¢ =
9/(7By), Bpz(z, y), and Bpy(z, y) are the components of the potential magnetic
field B,(x, y) parallel and perpendicular to the plane of the photosphere, respec-
tively, and a is the half-separation of the poles.

The position, z,, of the neutral points can be found by determining where
B, = 0, namely

(=9 )m+a(f' +9 —a)=0, )
which has solution

(=) (- g —4alf' +g —a)
= - .

Zn

3)

When z, is purely real and single-valued there will be a single neutral point which
lies on the photosphere; this happens when

(f' =9 —4a(f +¢' —a)=0,
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which implies

/ /
azf _2'_9 +/flg'.

Let

di=(f"+4)/2+Vf'¢ 4)

be called the interaction distance and

de = (f"+4)/2-VFq )

be called the capture distance. When f = g (the particular case studied by Priest,
Parnell, and Martin, 1994), d. = 0 and d; reduces to the value 2 f’ used by them.
Initially, when the poles have a half-separation of ¢ > d; (the pre-interaction phase),
they are unconnected and there are two neutral points given by Equation (3) on the
photosphere (Figure 1(a)). Figure 2(a) shows how the two neutral points converge
as the half-separation, a tends to d;. As the poles move together they first come
into contact when @ = d;, the interaction distance. When a = d; (the start of
the interaction phase) a neutral point forms on the z-axis at z, = —(f' — ¢')/2,
as shown in Figure 1(b). During the interaction phase the poles continue moving
together and their half-separation, a, lies in the range d, < a < d;. Here z, is
given by

—/—'+4al+l——a,-—’_/2
znz(xmyn):( (f2 g)’ \/ (f'+g . )= (f 9)) ©)

and has both real and imaginary parts, so the X-type neutral point lies above the
photosphere, as seen in Figure 1(c).

It is interesting to note that the neutral point does not move horizontally relative
to the midpoint 0, between the two sources as the poles move from d; to d., but it
only moves vertically (Figure 2(b)). Instead, in the frame of the point O, the weaker
of the two poles is seen to move under the neutral point, so the X-ray bright point
will not lie directly above the cancelling magnetic feature when it starts, but it will
be located to one side as seen in Figure 1(c). A maximum height is gained by the
X-type neutral point when dy,,/da = 0, which occurs when a = (f' + ¢')/2, and
Yn = Ynmax = V. J'g', as shown in Figure 2(b). The neutral point then descends
back down to the photosphere once more, where at a = d., the capture distance,
the weaker pole becomes fully connected to the stronger pole (Figure 1(d)). As the
two poles continue to move together reconnection ceases and the capture phase
starts. With the weaker pole now fully connected to the stronger pole, two neutral
points appear on the photosphere, lying to the left of the poles (Figure 1(e)). The
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Fig. 1. The magnetic field due to two poles of strengths f(= 3g) and —g, positioned, respectively, at
z = a and z = —a with a uniform background field of strength By = 10 G, where d;, the interaction

distance, is normalized to 1.0, and so g = 7By/(2 + v/3). (a) The half-separation, a = 1.3, of
the poles is greater than the interaction distance, d; (the pre-interaction phase). (b) a = d; and an
X-type neutral point is formed. (c) When a = 0.15 the X-type neutral point is positioned above the
photosphere (during the inteaction phase). (d) At a = d. = (2 — v/3)/(2 + V/3) the capture phase
starts. The region showing the magnetic field is then enlarged in (e) where a = 0.05 and pole —g is
completely ‘captured’ by pole f. Zero separation of the poles in (f) shows the cancellation phase.

neutral points diverge until the poles have zero separation (Figure 2(c)), when at
a = 0, in this model, the cancellation phase starts (Figure 1(f)).

The interaction distance, d;, depends on the ratio of the strengths of the poles. If
it is assumed that f = kg, where k is a constant (k > 0), d; and d. can be written
as

k41 ,
di=(—2—“+\/E)9 (N
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Fig. 2. (a) For poles f(= 3g) and —g = —wBo/(2 + V/3), a graph of the positions of the neutral
points, z»+ and z,—, on the photosphere against the half-separation, a, when a is greater than the
interaction distance d;. (b) The height of the neutral point, y,, above the photosphere is plotted versus
the half-separation a, when d. < a < d;. (c) A graph of the positions of the neutral points, z,+ and
zr»—, on the photosphere plotted against a which varies between 0.0 and d., the capture distance for
the above poles.

and

do = (’“_;”- k)g’. @®)

If f is bigger than g (i.e., k > 1), then as k increases the interaction and capture
distances increase. If g is bigger than f (i.e., £ < 1), then as k decreases (i.e., g
becomes proportionally bigger) the interaction distance decreases but the capture
distance increases (Figure 3(a)).

If the typical velocity of two interacting fragments is taken to be v, then the
typical life time, ¢, for an X-ray bright point will be

oo di —de _ 2k d; ©)
g v (k+1)/2+VE)w
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Fig. 3. (a) A graph of the values of the interactive distance (d;) and capture distance (d.) versus
k = f/g, the pole strength ratio. (b) The predicted lifetimes (¢1) for X-ray bright points versus the
interaction distance (d; )} when the velocities of interaction of the poles are 0.3 km s~ ! and 0.1 km s ™!
and the pole strength ratios (k) are 2, 5, and 10.

For intracell/network cancellations, v is approximately 0.3 km s~! and & is
approximatley 10, and so interaction distances of 2, 5, and 10 Mm, respectively,
give the lifetimes (¢1,) for the bright points of 1.4, 3.4, and 6.8 hr, respectively. By
comparison, the observed cancellation times are 15 hr. Ephemeral region/network
or ephemeral region/intracell cancellations have velocities (v) of approximatley
0.1-0.3 km s~! and k approximately 5, and so interaction distances of 2, 5,
10, and 15 Mm give lifetimes for the bright points of 5-2, 12—4, 24-8, 36—
12 hr, respectively. Observed cancellation times are 1-36 hr. Network/network
cancellations have v of approximately 0.1-0.3 km s~! and %k approximatley 2,
and so interaction distances of 5, 10, and 15 Mm produce lifetimes for the bright
points of 14-5, 27-9, 40—14 hr, respectively (Figure 3(b)). Again 1-36 hr are
the observed cancellation times. X-ray bright points are known to have lifetimes
between 2—48 hr (Golub et al., 1974), so from the lifetimes predicted by this
model it is easy to see why such a great range could arise. If £ is of order 1 and
d; large then the bright point will have a long lifetime, as in the network/network
cancellations with d; = 10—15 Mm. If £ is large and d; small a short bright point
lifetime ensues, as seen with intracell/network cancellations with d; = 2—5 Mm.

On the Sun the magnetic fragments that cancel to produce cancelling magnetic

. features have a non-zero width, so let us consider briefly a model with sources

having a non-zero width 2w, say, and suppose the half-separation (a) is measured
to the centre of the sources and cancellation begins when a = w (rather than a = 0)
when the sources come into contact. The capture phase will therefore only exist if
d. > w, so let us estimate their values. The typical width of intracell and network
fields is 1-5 Mm, with respect to the present resolution, so cancellation will start
at half-separations (w) of around 2.5 Mm. In intracell/network cancellations k
1s approximately 10 and interaction distances of 2, 5, and 10 Mm give capture
distances (d.) of 0.5, 1.3, and 2.7 Mm, respectively, using Equations (7) and (8).
This implies that only those intracell fields with the largest interaction distances will
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exhibit a capture phase after the bright point and before the cancelling magnetic
feature. When a capture phase does occur, the height of the reconnected field
lines will usually be relatively low, below the chromosphere, and so no fibrils
would appear. For ephemeral regions the typical widths of fragments are 1-5 Mm
as before. Ephemeral region/network or ephemeral region/intracell cancellations
have pole strength ratios (k) of approximately 5 and so interaction distances of
2, 5, 10, and 15 Mm, respectively, give capture distances of 0.3, 0.7, 1.5, and
2.2 Mm; therefore in these types of cancelling magnetic features a capture phase is
unlikely to be seen other than in the situations where the sources start interacting
at distances of more than 15 Mm. This implies that photospheric cancellation will
probably start before the end of the X-ray bright point, as seen in most situations
on the Sun. Network fields have sizes of 1-10 Mm, and therefore cancellation
will start at half-separations of about 5 Mm. In network/network cancelllations
with k£ approximately 2 and interaction distances of 5, 10, and 15 Mm, the capture
distances are found to be 0.15, 0.3, and 0.44 Mm, respectively, implying that a
capture phase is very unlikely to occur, and the cancelling magnetic feature will
probably start relatively soon into the life of the bright point.

Of course, magnetic fragments are unlikely to be of the same size in reality
and so cancellation will not necessarily start right at the midpoint between the
fragment centres. Also the magnetic fragments may well start to cancel before they
actually come into contact as reconnection in the photosphere may cause some
submergence, but the above considerations give explanations as to why cancelling
magnetic features and X-ray bright points overlap in timing and give an idea as to
which type of cancellation is most likely to give rise to a bright point before the
cancellation itself starts.

The position of the X-type neutral point in the interaction phase can be written
in terms of k£ and d; as

~(Vk - 1)d;

Tp = , (10)
VEk+1)
as can the maximum height of the X-type neutral point,
2vVk d;
Ynmax = 7775 (11)

VE+1)2°

They are plotted in Figure 4(a), where it is found that, as the pole strength ratio
(k) increases, the position of the X-type neutral point in the interaction phase, and
hence the bright point, moves further away from the midpoint of the sources. As the
interaction distance increases, the neutral point also moves further from the mid-
point of the sources. In the intracell/network cancellations, k is approximately 10
and cancellations will start at a half-separation of about 2.5 Mm, so interaction dis-
tances greater than 5 Mm will give an X-ray bright point offset from the cancelling
magnetic feature. In network/network cancelllations, however, k is approximately
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Fig. 4. A graph of the position of the X-type neutral point during the interaction phase versus the
pole strength ratio k for interaction distances d; of 2, 5, 10, and 15 Mm. (b) A graph of the maximum

height, ¥, max, Of the X-type neutral point above the photosphere against k, for interaction distances
d; of 2, 5, 10, and 15 Mm.

2 and the cancellation will start at about 5 Mm, so the X-ray bright point is likely
to be directly above the cancelling magnetic feature. From Figure 4(b) the height
of the X-type neutral point decreases with k£ and d;, and therefore network/network
cancellations will produce bright points higher in the corona than intracell/network
cancellations.

3. Energy Release

3.1. FORMATION OF A CURRENT SHEET

An estimation for the energy release may be obtained by first supposing that
reconnection is not allowed to take place, so that when the poles reach the half-
separation distance d; a current sheet will start to form and grow as the poles
continue moving together. It will extend up from the photosphere from a point
(1, 0) to a point (x3, ¥2), say. The form for the magnetic field, given as a complex
function, 1s

e N2 a2v1)2
B(z) = By(a, y) +iBa(s, y) = Dt E o g A0 gy

where E is a constant and a is the half-separation as before. The following boundary
conditions are found by considering the asymptotic behaviour of the magnetic field:

(1) At large distances the magnetic field must tend to that of the overlying
uniform field in the same way as the potential field, B,(z), so that as

z— 00, Bp(z)— B(z)—iBy.

(i1) Near z = a the magnetic field behaves like a source of strength f, and so
as
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z—a, B-oif/(r(z-a)).

(iii) Similarly near z = —a the magnetic field behaves like a sink of strength
—g, SO as

z——a, B— —ig/(n(z+a)).

After expanding the expressions for B(z) and B,(z) the first boundary condition
gives

Thus equating terms of order unity and z~! we find

E = By (13)
and

zi+z=—(f-4¢). (14)

The next two conditions give, respectively,

1

f'=g-(a—z)((@—m) +33)'2, (15)

g = o+ m) (@t ) +17)2 (16)

These two equations can be solved to give x, and y; in terms of x4,

2 )
1132:—&( / g ) (17

(a — x1)? B (a + x1)?

(@—=z1)*  (a+z1) 2

Using Equations (14) and (17), an expression in terms of xy, a, ¢’, and f’ may be
found:

, ale . agl2
— _ - =0, 19
(f (a—xl)z) (g (a+x1)? o (1)
or, after completing the two squares,
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g (a+z)\? / (a—z))* _
— — - =0. (20)
(a+z1) 2a (a — x1) 2a
Then this equation factorises into a quadratic and a cubic for 21, namely
2t + (f' — gz +a(f' +¢' —a) =0, 1)
F(z) = a1 —ala+g¢' + a1 +a’(g - ) =0. (22)

Solving the quadratic, which is identical to Equation (2) and hence related to
the potential state, does not give any real roots in the interval 0 < a < d;. The
cubic, F'(x), must therefore contain the value of 1 required. First it is ascertained
whether the roots of F(x) are real or imaginary. This is done by differentiating
Equation (22) with respect to z; to discover the values of x; for which F'(zy) has
a maximum or minimum:

2 / !

x1m=+\/“ ”(;’ 1 (23)
2 ! !

xlm=+\/a +“(§ 7 24)

If F(x1min) is less than zero there exist three real distinct roots to F'(x;) = 0, that
1s if

2|a+g'+f’|3/2
3v3a '

This is trivially satisfied if f' > ¢'. For f’ < ¢’ the right-hand side of Equation
(25) is differentiated with respect to a to find that the turning point occurs when
a = (¢’ + f')/2. This gives a minimum, which when substituted back into the
right-hand side of (25) gives

(¢ —f)< (25)

g-f<g+f. (26)

Thus we have shown that for all positive values of ¢’ and f' and 0 < a < d;,
F(x1) = 0 has three real and distinct roots.
From Equation (22), expanding about —a with ; = —a + 6 gives

63 — 3082 + (26> — a(g' + )6 + 2a%¢' = 0. (27)
Assuming that the roots to this cubic are «, (3, v, then

—afy=2d%¢' >0, (28)
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which implies that at least one of the roots is negative; moreover either one or all
the roots are negative. Equating the coefficients of 62 implies

a+pB+v=3a (29)
so that not all the roots are negative. Therefore at most one root is negative, which
implies that one and only one root of Equation (22) is less than —a.

Similarly expanding about a by putting x; = a + 6 gives

63 +3a6% + (262 — a(g' + f'))6 — 2a%¢' = 0. (30)
Again assuming that the roots to this cubic are «, 3, v, we find

afy =2a%¢' >0. (31)
So either one or all the roots are positive. Considering the coefficients of §2 gives

a+B+v=-3a. (32)
Thus not all the roots are positive, so at most one root is positive and hence one
and only one root of Equation (22) is greater than a. The remaining root therefore
must lie in the range —a < x1 < a which satisfied the frozen in flux condition. So

there exists a unique solution satisfying the boundary conditions for the end-point
of the current sheet which equals

where S = U ++/U2 +V3and T? = —U ++VU2 + V3, withU = a?(¢' — f') /2
andV = —a(a+g¢' + f)/3.

From Equations (33), (17), and (18) the end-points of the current sheet may now
be calculated. It is interesting to note that, by using conservation of flux the above
boundary conditions can be found instead by solving the appropriate integrals for
the flux across x = x1 for 0 < y < oo, across y = 0 for —co < z < x1 and across
y = 0forz; <z < oo, respectively.

The magnetic field due to the current sheet may be drawn (Figure 5) using
Equation (12) with F = By, x; given by (33) and solving for x; and y, from
Equations (33), (17), and (18). Figure 6 shows the endpoints of the current sheet
plotted in the xy-plane for the half-separation, a, between 0.0 and d;, where the
poles have a strength ratio of £ = 3 and lengths are normalized with respect to d;.
The shape of the current sheet for a = 0.02 is represented by a dashed curve.
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Fig. 5. A plot of the magnetic field with a current sheet according to Equation (12) for a positive
pole of strength f(= 3g) situated at z = 0.5, a negative pole of strength —g = —mBy/(2 + v/3)

situated at z = —0.5 and the background field By of strength 1.0. Lengths have all been normalized
with respect to d;.
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Fig. 6. The positions of the end-points of the current sheet for two poles f and —g, where f = 3g,
are plotted in the xy-plane lying between 0.02 and the interaction distance (d;). The location of the
current sheet when a = 0.02 is indicated by a dashed curve.

3.2. FREE MAGNETIC ENERGY

The free energy stored in the current sheet can be calculated easily (Hu and Low,
1983; Priest, Parnell, and Martin, 1994) by first considering the total magnetic
energy W in a volume V' with boundary S,

1
W:—/Bzdv. (34)
2;LV
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Since

B=VxA, A = Aé;,
and

VxB=ud, J=Je,,

where A is the flux function and J is the current density, this may be rewritten
with dS = dzé, as

o0

1 i

W= Slde — - / (AB)yeodz | (35)
—o0

where I, is the total current flowing in the current sheet and A, is the constant
value of the vector potential (A) at the current sheet which is choosen to be equal
to zero for convenience.

Suppose B, is the potential magnetic field with the same normal field ony = 0
as B, so that the flux functions for the potential field and the full field are the same
at the photosphere (A, = A on y = 0). Then the magnetic energy of the potential
field is

1 7
Wy =5 / (ABoa)y—odz . (36)

The free energy stored in the current sheet is the difference between the total
magnetic energy and the energy of the potential field and thus becomes in our
two-dimensional field of depth d;

W, -1 T
- - / [A(By — Bya)]y—oda , 37)

where By, By., and A along y = 0 are found to be

_ N2 2\1/2
B. = Im{B(z) = 2222 = 20 )7 (38)

f g

m(z—a) w(z+a)’

Bpe =Im[By(z)] = By + (39)

—nBog'(=—9) -a<z
A= 0 —a<z<ay. (40)
—ﬂ'B()f'(—_— —f) r>a
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So the free energy stored in the current sheet can be written as

W, -1 |
dif 2# /—g[Bx——Bpx od:r—i———/ —f[Bz — px]y:odz. 41)

— 00

This can be solved analytically, by first solving the indefinite integrals

/Bpmiy:o dz = /BO + 7r(a:f— a) B 7r(:1:g+ a) dz =
= Bo{z + f'log[z — a] — ¢’ log[z + a]} , (42)
_ N2 4 2Y1)2
/Bxly:o dr = / Bolz — 1) ;(f_ aﬁz) )y, (43)

which can be written as

[ Bulyeoto = P20 [ QG | Boatay) [ Q)

2a r—a 2a T+ a

dz,  (44)

where Q(z) = ((z — 22)* + 93)"/%.
It is noted that

Q*(z) = (z - a)* +2(a ~ 22) (z — a) + Q*(a) (45)
Q*(z) = (z +a)® —2(a + 13) (z + a) + Q*(~a), (46)
then
Q(fl? dz
[Zate=owamm [ o5+ @0 [ ogary . @

Q(x) dz dz
mdﬂ? =Q(z) - (a+932)/ 0@) +Q2(—a)/——($+a)Q($) . (48)

So Equation (44) becomes

T a—X 2(1
/m@mww%mw%mwm T+ gQ”x

dz (a + a:l Q2
x / (x — a)Q(x) / (z + a) } - (49)

The remaining three integrals can easily be solved to give

dx
Q(z)

= log|Q(z) + = — x2] , (50)
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J——— {Q%) +(a— ) (z—a) +]Q(a) Q(w)]
(z—a)Q(z) 1Q(a)| T—a ’
(51)
/ dx _ -1 9
(z+a)Q(z) |Q(—a)l
< log [Q2<—a> = (ot an) e +0)+1Q(-0)| Q)
(52)

Using Equations (14), (15), and (16) the final expression for Equation (43) is

/Ba:|y=0 dr = BO{Q(x) + (fl - 9,) log[Q(x) + x — z]—

— 'log [ Q(a) + (a — xz)agx_—aa) +|Q(a)| Q(w)] _

—g'log

[Q%(—a) — (a+22) (z + a) +|Q(—0a)| Q(x) }
i r+a '
(53)

Now putting in the limits for the first integral from —oco to —a, and noting that
Q(z) = —|Q(z)|, gives
- [ 1Be = Bpaly=odo =
—00
(Q(=a) +a+ )
4Q*(—a)

2(]Q(a)[ 1Q(=a)| +2a(a — 2) — Qz(a))] }
(IQ(=a)| + a + 22) (1Q(a)| + a — z2) '

Similarly, putting in the limits for the integral from a to oo, where this time

Q(z) = |Q(x)|, gives

= By {—a+ Q(—a)| — 22 + ¢’ log [

+f'log [ (54)

- /[B,E — Bpgly=odz =

a—x 2
:BO{_G+|Q(Q)|+$2+fIIOg [(‘Q(a)|+ 2) ]+

4Q*(a)
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Fig. 7. The free energy (Wy) in joules as a function of a/d; when the background field By is 10 G
for (a) different values of the interaction distance, d;, when the pole strength ratio ¥ = 3, and for
(b) different values of k, the ratio of the pole strengths, with d; = 5 Mm.,

rd'log [ 322(1Q(=a)| — o —22) ] } |

(Q*(=a) = 2a(a + 22) +1Q(a)[ 1Q(=0a)]) (1Q(a)| + a — 22)
(55)

Thus the free energy stored in the current sheet is finally

d 1

Wf = ;M / "‘g[Ba: — Bp:z:]y:O dz +

B2
= 28 - g(jQ(-) - a2 - F(Q(@)] - a+ 22)-
—a a+x,)? , a a— ;)%
_g,zlog!uc;( olre )] leog[ucz( Leo 2>J_

4(1Q(a)] 1Q(=a)| + 2a(a — x2) — Q2(a))2] }
(|1Q(—a)| + a+ z2)? (|Q(a)| + a — 13)? :

d o0
2#Z /_f[Bw — Bpzly=0dz =

—f'q' log [ (56)

The free magnetic energy stored in the current sheet is plotted in Figure 7(a) on
a logarithmic scale as a function of a/d; for interaction distances, d; = 2, 5, 10,
and 15 Mm, with a background field strength By = 10 G, where the pole strengths
are f' =3¢',¢' =d;/(2+ v/3). Figure 7(b) shows the free magnetic energy versus
a/d; for different pole strength ratios, £ = 1, 3, 5, and 10, where the interaction
distance is 5 Mm and the ambient field, By, is 10 G. An average X-ray bright
point with a lifetime of 8 hours emits a total energy of 3 x 102°—3 x 102! J, which
correspond to the energies attained in Figure 7(a) for interaction distances from 5
—10 Mm and for pole strength ratios of 1-3 in Figure 7(b).
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4. Conclusion

The development here of the converging flux model of Priest, Parnell, and Martin
(1994) for the interaction of two magnetic sources of opposite sign and differing
strengths agrees with many key X-ray bright point and cancelling magnetic feature
observations. The pre-interaction phase shows unconnected sources suggesting no
chromospheric fibrils linking the magnetic fragments. It creates an X-ray bright
point in the interaction phase due to reconnection in the corona. This bright point
1s shown to lie near the cancelling magnetic feature but not necessarily directly
above it. Then cancellation of the magnetic fragments occurs by reconnection in
the photosphere. A new phase is found to start at the end of the interaction phase,
called the capture phase, where the weaker pole is fully connected to the stronger
pole as the poles continue to converge.

With the added variation in the ratio of the pole strengths, the complete range
of bright-point lifetimes may be explained and we suggest that it would be useful
in future observational studies to compare the bright-point properties with the
ratio of the source strengths. For example, the model suggests that two poles of
similar strengths (k = 1) and a large interaction distance would give a long bright-
point lifetime, as in network/network cancellations, whereas in intracell/network
cancellations where k = 10, say, and d; = 2—5 Mm the bright point would only
last a few hours. We suggest from our model that not all types of cancelling
magnetic feature will have capture phase, but such a phase is more likely to
occur in intracell/network cancellations. This means that in this type of cancelling
magnetic feature the X-ray bright point would be expected to start well before the
cancellation, and may even have finished before the fragments start cancelling. In
a network/network cancellation the cancelling magnetic feature is likely to begin
several hours before the bright point ends.

If during the interaction phase reconnection is inhibited from taking place, a
current sheet forms. The magnetic field due to this situation has been drawn, as
has a graph of the end-points of the current sheet versus the half-separation, a.
The current sheet grows as the half-separation of the poles, a, becomes smaller.
The free energy stored in the current sheet has been calculated giving an estimate
of the amount of energy that can be released at any one time during the bright
point, and so it would also be interesting to compare the predicted energies with
future observations. The variation in the ratio of pole strengths gives a range of
total energies released during the bright point. Two poles with a pole ratio of 5,
velocity of 0.15 km s~ ! and interaction distance of 5 Mm would create an X-ray
bright point with a lifetime of 8 hours and total energy emission of 3 x 10% J,
similar to the observed values for a normal 8-hour bright point of 3 x 10%°—
3 x 10%! J. The model also suggests that bright points are more likely to lie directly
above their cancellation sites for network/network cancellations between strong
magnetic fragments of similar strengths, whereas bright points may be offset to
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one side of the cancelling magnetic fragment when cancellations between magnetic
fragments of dissimilar strengths occur, as in intracell/network cancellations.
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