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Abstract. Using SOHO/MDI magnetic maps we present theroidal flux strand, or by sub-surface reconnection between the
first direct observational evidence for the emergence of a Bpposite polarity legs aR-loops.

loop in the solar photosphere. We show that two active regions An important difference betweefl- and U-loops is that
(ARs), i.e. two adjacer2-loops, which were emerging at thewhile an{2-loop can rise rapidly by draining material down its
same time at the same solar latitude, about 150000 km distaless, in a U-loop matter is trapped in the concave part of the
in longitude from each other, emerged from at least partialiyop and cannot leave the Sun without disengaging from the
the same toroidal flux strand, and we bring five independquiasma (Parker 1984). However, the horizontally oriented field
arguments to prove this assertion. The opposite polarity legs®tonstantly agitated by turbulent convection and is suscepti-
the two Q-loops were connected below the photosphere bybée to a form of Parker instability (Parker 1966; Mouschovias
U-shaped loop. Following the emergence offhtoops, the U- 1974), which eventually results in the formation of heavy mag-
loop started emerging, manifested by the fast proper motionradtic valleys and an evacuated buoyant field between them. The
the leading spots of the eastern (smaller) active region, whidgnse and heavy magnetic valleys may sink and break away by
after forming an elongated channel, collided with the followinghagnetic reconnection. Low (1996) estimates that the speed of
spots of the westerly AR and started cancelling with them. Thigis process could reach 1 kmi'sin the photosphere. Further-
full cancellation could not be followed because the ARs rotateabre, small sections of the horizontal loop can be brought up
out of sight. The total magnetic flux of the two ARs was unequdly turbulent eddies, creating a mixed-polarity field (down to a
the flux in the smaller AR was a quarter of that of the larger onfew Gauss, e.g. the intranetwork field) through the “sea-serpent”
We propose scenarios for the formation of such a U-loop aptbcess (Spruit et al. 1987). As a result of these processes, the
discuss the implications of the confirmed existence of U-loopsrizontal field effectively disappears from the photosphere, re-
for the solution of such puzzles as the in-situ disappearancesafting in a flux decrease in two opposite polarity areas (the legs
magnetic flux from active regions, active nests and the formatiohthe U-loop). Spruit et al. (1987) pointed out that those two

of inter-AR filaments. areas may be so far apart that they are not recognized as being
related. The underlying sea-serpent process creates a pepper-
Key words: Sun: activity — Sun: magnetic fields and-salt magnetic field, which does not differ much from the

rest of the background field, and thus remains unnoticed.

However, we can expect the process of U-loop emergence to
1. Introduction be observable when the two connecitlbops are close to each

) ] ] other and emerge at the same time. Then we have a chance that

Although most of the large-scale magnetic flux is believed {ge emerging? loops lift at least part of the U-loop above the
emerge from the solar interior in the form@floops, the exis- photosphere, preventing the formation of a long, truly horizontal
tence of other flux-tube geometries has long been suspectedrggat of the U-loop. Then we would see the unusual sunspot
loops, kinked knots and balls (Tanaka 1991; Lites et al. 199htion consisting of opposite polarity spots of two different
and U-loops (Parker 1984; Spruit et al. 1987). Zwaan (199gtive regions seeking each other out, followed by a “clean”
pointed out that while th€l loop concept is indispensable forgancellation of their magnetic fields (Low 1996).
the explanation of the emergence of ARs, the complementary gince the launch of SOHO the continuous 96-minute ca-
U-loop concept is very important in the explanation of the dgrence of full-disc magnetic observations has provided excellent
cay of ARs. U-loops are the opposite(@floops: they have two gpportunities to discover finer details of the evolution of the
ends located in the photosphere but are still embedded in fggnetic fields in solar active regions. Between 30 May-7 June
convective zone. They may be created in various ways, €.9. B899 we observed the emergence and subsequent evolution of
tween two adjaceri®-loops that have emerged from the samg,o ARs (NOAA 8562 & 8567), which, we believe, clearly
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Table 1. Magnetic flux in the ARs

Time AR1 AR2
uT Total unsigned  Positive Negative Total unsigned  Positive Negative
(Mx) (Mx) (Mx) (Mx) (Mx) (Mx)
1-JUN-99 12:00 1.20.116® 55+0.410¢' -6.3+0.510°! 1.0+0.0 1¢' 5.3+0.11¢° -4.740.110°
2-JUN-99 12:00 130.116° 6.240.410¢' -6.4t0.51¢! 1.3+0.310¢' 6.6+0.210° -6.0+0.21C¢°
4-JUN-99 06:00 2.80.110%> 9.1+0.6 1¢! -1.1+0.11CG? 45+051¢! 2.3+0.310¢! -2.2+0.21¢!

the observations in Sect. 2, show the motion of spots, magnesparation scenario of the opposite polarities of bipolar ARs
flux measurements and the flare activity in the ARs in Sect. 3.(lig. 2). However, their motion did not decelerate and cease as
Sect. 4 we discuss the importance of U-loops in understandimgrmally happens, but the spots kept moving with about the
the in-situ disappearance of magnetic flux and the formatisame velocity (0.3 kms!) for the following four days until the

of filaments, and in Sect.5 we present five independent ardjust of the spot “train” reached the main trailing spot of AR1
ments to show that we have indeed observed the emergencé-ajs. 1, 3 and 4).

a U-loop. When the leading negative spot of AR2 reached the moat
boundary around the trailing spot of AR1 on 5 June at about
2. Data 21 UT, its flux quickly started to spread out along the boundary

of that modified supergranular cell (Fig. 1f-g). The main nega-
MDI (Michelson Doppler Imager) is one of the twelve experjye spot of AR2 then approached and collided with the main
iments onboard SOHO, and which measures the photosphgiing spot of AR1, rotating around the latter in a clockwise
manlfestanon of solar osglllauons (Scherrer et a_tl. 1995). B&i‘rection (Fig. 1h). At the same time, several negative polarity
sides the dopplergrams, it records the line-of-sight magnegigncentrations appeared in the trailing positive polarity region
field with a resolution of 4” in the full-disc mode. In this articlegf AR1. The gradual disappearance of both positive and neg-
we analyse 5S-minute averaged full-disc magnetograms wity@se flux was very apparent in the magnetic movie. However,
96-minute cadence (15 day) taken in the period of 30 May - py then the ARs were too close to the limb for flux measure-

7 June 1999. ) ] ments and rotated out of view before the cancellation process
We made a co-aligned movie out of the MDI magnetogramgas completed.

rotating them to the same position around the central meridian, rig 1 can only provide a static presentation of the
thus removing the effects of the pr_ojection from the images. é_f\‘/ents described. More dynamical on-line versions are
the measurements of the magnetic flux we measured the if¢ compressed numerical movies (AVI format) located at

position of the ARs and applied a correction for the projectiofyy), . / /mesola.obspm. fr/gallery/mdi_i.avi (white-light)
effects on the magnetic fields, supposing that the magnetic Ve 1ttp : //mesola.obspm. fr/gallery/mdi_b.avi (mag-

tors are perpendicular to the solar surface. netic fields). A magnetic field movie in animated GIF for-
mat (with no compression) is also available A&ttp
3. Results / /mesola.obspm. fr/gallery/uloop.gif.

3.1. Parallel history of flux emergences and spot motions
in the two ARs 3.2. Magnetic flux evolution of the ARs

The first flux emergence was seen to startin AR1 (NOAA 856Zhe magnetic flux content of the two ARs is shown in Table 1 at
on 30 May at 11:12 UT. In AR2 (NOAA 8567) the first upcomdifferent times. AR2 had two independent bipoles, B1 and B2.
ing flux (B1) was seen about 10-11 hours later at 22 UT. Tl emerged first and reached its peak flux on 2 June, after which
latter bipole reached maximal separation’(26& 19000 km) time B2 started emerging at the same place, and having more
by 1 June 3 UT and decayed steadily after that; the separatiban three times the magnetic flux of B1, started dominating
of the opposite polarities slightly decreased and its flux becaiB2. The peak fluxes were reached on 4 June in both ARs. The
dispersed by supergranular flows (Fig. 1). Meanwhile, a secdtikes were corrected for the projection effects on the magnetic
impulse of flux emergence started in the center of AR1 onfields, supposing that the magnetic vectors were perpendicular
June at about 12 UT, which, through merging of several smalterthe solar surface. The errors were calculated to be proportional
negative flux concentrations, resulted in the formation of a sdo-the area of the measured region takiat0 Gauss error per
ond leading spot east of the first one and also created significpixel for both negative and positive fields, greatly overestimat-
negative flux concentrations in the trailing part of AR1 (Fig. 1cing the error introduced by instrumental effects. However, we
On 2 June at 20:51 UT a new episode of flux emergence starkegt the high error values because we wanted to account for
in AR2 (B2, see Fig. 1c). During the following 24 hours severaither errors introduced by the inclination of the magnetic vec-
negative (leading) flux concentrations formed in AR2, while tHers in the ARs, which, in the presence of the U-loop geometry,
positive (trailing) polarities had a more dispersed appearancan significantly differ from the normal to the surface.

The leading spots started moving westward, following the usual
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Fig. 1a—h.Evolution of the two active regions during seven days. Arrows point to the fast moving main spot of AR2 (p1), which, according to
our interpretation, is a signature of the emergence of a U-loop connecting AR1 to AR2 (NOAA 8562 to 8567). The formation of magnetic flux
concentrations elongated along the direction of proper motion (double arrgvagwell as of chains of umbrak)(suggest a highly inclined
(almost horizontal) flux tube geometry on the leading side of AR2. B1 is the first bipole which emerged ia-ARBR appeared at the same

place 2.5 days latec).

In Table 1 we see that AR1 contained about four times aample analysed by the above authors, we find that AR1 and the
much flux as AR2. The magnetic flux was well balanced ffirst bipole (B1) of AR2 followed the rule, while B2 of AR2,
AR2, while AR1 showed a significant flux inbalance: its leadingspecially by 6 June, showed at least three times more polarity
(negative) polarity was about 18% higer than the amount &éparation than would be expected from its total flux content
positive flux. (Fig.5).

Active regions with larger fluxes have larger polarity sepa-
rations. L. T_ian etal. _(1999) a_nalysed 20 bipolar ARs, plqttin§.3_ Flares in the AR
the magnetic flux-weighted distance between the opposite po-
larities versus the total magnetic flux of the ARs. When plottirigclean” magnetic cancellation is predicted to occur when a U-
the total flux of AR1 and the two independent bipoles (B1 arildop emergence brings two opposite polarities together (Low
B2) of AR2 versus their polarity separation, together with thE996), implying that high flare activity is not expected to accom-
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Proper motion of the main spots in the two ARs
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Fig. 2. Motion of the spots in AR1 and AR2 (NOAA 8562 & 8567, respectively). Arrows show the directions of the proper motion. Note that

leading and trailing spots separate and the trailing spots of AR1 and leading spots of AR2 move towards each other. Leading (negative polarity)
spots are marked by crosses, following (positive polarity) spots by dots.

pany such events, because the magnetic energy of the oppasgeificant flaring (e.g. Gaizauskas et al. 1998). Thus we con-
polarities is not liberated (as in magnetic annihilation), but theitude that the cancellation we observed was indeed a “clean”
magnetic flux instead simply moves above the photosphere.one.

In Fig. 6 we plot the number of flares (the majority SF, and
a few SN and F1 H classes) which occurred in these two ARs
according to the listing in the Solar-Geophysical Data. All thé. Discussion of the significance of U-loops
flares, except for one on the 5th and 2 flares on 8 June, occurge

d .
in AR1. Flaring showed a peak on 3 June, when flux was vigoy, e demonstrated existence of U-loops can solve several old

ously emerging in AR1. These early flares do not appear to %uzzles. Normally, the magnetic flux which emerged in the form

related to the emergence of the U-loop. There was another fl Te(gz loops is, atfirst, strongly concentrated in the photosphere.

on 3 June (max. at 07:45, 2B), which was listed in the SG e concentrations (sunspots) are eroded by turbulent motions

as an event in NOAA 8560, an AR just to the south of ARWh'Ch slowly, thrqugh a random—wa]k process, diffuse the flux
into the surrounding area. Meanwhile, the total flux slowly de-

(NOAA 8562). This flare was observed by the THEMIS tele: eases due to small-scale cancellation processes as the diffused

scope on Tenerife, and had in fact some brightening in NO. : . . .
ux encounters opposite polarity concentrations in the network.

8562 as W?” (Chambe etal. 2000). After the “collision” of th?—|owever, there are several observations which show that not all
two opposite polarity umbrae of the two ARs on 6 June the{ﬁe magnetic flux disappears in such way

was a minor enhancement in flaring in these ARs. However, In active nests, where active regions (ARs) appear in close
these latter flares did not surpass the SN &hd C1.3 GOES . .. s 9 p_p .
vicinity and succession (Brouwer & Zwaan 1990; van Driel-

class levels. Normally, the collision and subsequent cancellatiqri . . -
of such substantial magnetic field concentrations would lead S sztelyi et al. 1992).’ ARs appear to evolve differently; they
ecay faster than do isolated ARs. Even the gradual decay of
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Fig. 3. As the trailing spot of AR1 (f1) and leading spot of AR2 (p1}, ' 1ot AR1 (+) and the first bipole (B1) of ARZ{ followed the
move towards each other they move almost the same amountin Iatituc?e

to meet. The velocity of approach is about 0.35 kih.s rule, while B2 of ARZ @), eSpemaIIy by 6 June, showed at IeasF three
times more polarity separation than would be expected from its total

flux content.
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Fig. 4. Approaching motion of the opposite polarity spots of AR1 (f1) Start Time (29-May—99 00:00:00)

and AR2 (pl) in longitude versus time. The two spots collided ong§y 6 Number of flares in the ARs as they evolved show a peak on 3

June. June, when flux was vigorously emerging in them. These early flares
do not appear to be related to the emergence of the U-loop. The second
peakin flare activity appears on 7 June, when the magnetic cancellation

spots seems to be fastest in nests and flux seems to disa Wa\%lgoing on between the opposite polarity umbrae of AR1 and AR2.
P DHS ever, these flares were small, they did not exceed the C1.3 and

within the periphery of the nest (Gaizauskas et al. 1983; Zwagg SN level. The figure is based on the flare list published in the

1992). Solar-Geophysical Data (1999).
Wallenhorst & Howard (1982) and Wallenhorst & Topka

(1982) observed decaying ARs using Mt. Wilson magnetograms

and found no increase in the surrounding field regions as spotsRabin et al. (1984) observed that 102° Mx of magnetic
decayed; the flux seemed to fade away with no signs of whélex concentrated in an area of 30 arcsec disappeared overnight.
it went. Furthermore, Wilson & Simon (1983), Liggett & ZirinTheir vector magnetograms show that all components of the
(1983), Simon & Wilson (1985), and Topka et al. (1986) renagnetic field weakened together. They estimate that if the field
ported “in situ” flux disappearance from isolated ARs. The fluxad weakened through diffusion or fluid flow, 90 % of the orig-
did not noticably leave by diffusing into surrounding quiet aiinal flux would still have been detected by the magnetograph
eas, but seemed to diminish within the AR by about 10% peithin a suitably enlarged area. In fact they detected a three-
day. These results are very puzzling, though one has to kdeld decrease in flux. Since the disappearing flux was located in
in mind that flux seems to disappear when its strength or scaleegion of low magnetic shear and low activity, they found it
drops below the observational threshold. unlikely that the field dissipated through reconnection.

Number of flares in the ARs
5
B B A S By S S B
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Theoretically, the buoyant rise of a U-loop is more a simple
geometric explanation of why, at the photosphere, two magnetic
elements of the opposite polarities should seek each other outin
order to annihilate. Low (1996) proposed that many such clean
cancellation events (e.g. Rabin et al. 1984, Zirin 1985) which
had been attributed to flux retraction (submergence) were, in
fact, rather due to emergence of U-loops through the photo-
sphere.

A possible manifestation of the emergence of U-loops
is the moving magnetic feature (MMF) phenomenon. MMFs
are small, often bipolar, magnetic concentrations which move
radially outward across the moat cell surrounding decaying
sunspots, carrying magnetic flux away. Spruit et al. (1987) pro-
posed that if ARs are formed at least partially of the same mag-
netic flux bundle, U-loops may emerge between them and peel
off flux from the spot. The presence or lack of U-loops may
cause the intrinsic spread in sunpot decay rates (Zwaan 1992).
Fig. 7.The presence of the filament, indicated by an arrow, between the Another pos&blg consequence of the emergence of U-loops
two ARs supports the scenario that an emerging U-loop was connect'iﬁdhe formatlo_n of fllaments. Martin ,(1989) observed that the
the ARs, see discussion in the text. Tha hage was taken by Big formation of filaments is accompanied by a systematic con-
Bear Observatory on 03 June at 15:38 UT, the MDI magnetogram w&ging drift of opposite polarity magnetic elements toward the
taken 22 minutes later. inversion line. An emergence of a series of U-loops can be the re-
sult of the rise of a quadrupolar configuration (Titov et al. 1993)
or of a horizontal twisted flux rope, with a quiescent filament
forming in it (Rust & Kumar 1994; Low 1996). In this case
the magnetic field along the inversion line would be concave
upward, consistent with the inverse configuration observed in
the majority of prominences (Leroy et al. 1984; Bommier et al.
1994). Note that the majority (65%) of quiescent filaments form
between two ARs (Tang 1987). Our observation that a filament
appeared between the two emerging ARs, at the place of the
rising U-loop, supports this scenario (Fig. 7). Deng et al. (2000)
recently observed small-scale flux emergence in the centre of
a mature AR. They observed two evolving small arch filament
systems which were seen occasionally connected by alongated
U-shaped chromospheric fibrils. According to their interpreta-
tion the two small-scale flux-systems were formed of the same
magnetic flux tube and the U-shaped fibrils were signatures of
the emergence of U-loops between them. This process led to the
formation of a filament.

—200

Fig. 8. Flux tube topology in the two ARs on 3 June (upper panel) an5d Conclusions

5 June (lower panel). Note that only a part of the magnetic flux of ARA/e propose that the two ARs we observed to emerge at the
was extended eastward and emerged to form AR2. same latitude in about 150000 km distance at the same time
were formed at least partially of the same magnetic flux tube
(Fig. 8). To be more precise, only a quarter of the magnetic flux
A popular interpretation of the above observations is ?%{the larger AR was extended eastward and emerged to form
submergence of magnetic flux. Submergence is certainly a pr 2 (cf. Table 1.)' . L
cess which can remove flux from the photosphere in small-scgle Our suggest!on is supported by the following five indepen-
cancellation processes (e.g. Harvey et al. 1999). However, iaf%”‘ arguments:
doubtful that large-scale flux can submerge. Low (1996) pointed The proper motion of the leading (negative) polarities of
out that if two photospheric patches of opposite polarities are AR2 indicates a flux tube geometry different fréddoops.
connected by the tradition& loop in the atmosphere above, it  The usual evolution of proper motions in an emerging bipole
is unlikely to have the ability to force the entire magnetic field involves a separation of the opposite polarity spots which is
back down to submerge it below the photosphere. fast at first (0.1-0.7 kms'), reflecting that the top of the
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Q-loop is crossing the photosphere, but decreases quictdiiere the flux emergences were co-temporal). In our case the
as the more vertical parts of the flux tube are surfacing (fbigh and continuous MDI magnetogram cadence permitted us
a typical example see e.g. van Driel-Gesztelyi & Petrovdag bring more independent arguments to prove the existence
1990). In the case of AR2 the leading spots moved withf a sub-photospheric magnetic connection and the subsequent
an almost constant speed of 0.3 km suntil they collided emergence of a U-loop between the two ARs.
with other umbrae of opposite polarity (Fig.4). Such non- Why was the emergence of this U-loop asymmetric? We
decreasing speed rather suggests a concave-up flux tubeofpserved that the approach between the f spots of AR1 and the
ometry (however, in the concave-up case we would instepgpots of AR2 was mainly achieved through the fast motion of
expect an acceleration of the sunspot motions). However,the latter, while the f spots of AR1 moved much less. Since the
emerging U-loop may get heavier as it has problems withagnetic flux of AR1 was four times that of AR2, only a fraction
draining material, which may slow down its rise. of the flux of the bigger AR belonged to the U-loop, while the
2. Inthe leading (negative polarity) part of AR2 magnetic comest was part of a normél-loop (Fig. 8). We propose that the
centrations became highly elongated in the direction of thexailing part of AR1 flux tubes belonging to the U-loop were
proper motion and they formed an elongated chain (egntangled with the ones of th&-loop, providing an “anchor”
Fig. 1e,h). Such deformation is expected to occur when tfar the U-loop there.
emerging flux bundle is highly inclined to the vertical, i.e. Whatwas the origin of this U-loop? A U-loop possibly could
when it is “flat” as a U-loop. form if, in the convective zone during the emergence oflan
3. The polarity separation in AR2 was about three times largeop, external flows would be able to separate a considerable
than in other ARs with the same magnetic flux contempiart of the flux bundle from the rest and then push a part of the
(Fig. 5). Since the relationship between polarity separatiseparated flux tube down thus forming tReloops connected
and magnetic flux of ARs should reflect the physics of tHey a U-loop. Another, more plausible scenario is that the two
usualQ-loops (the balance between the magnetic tensidirs were formed by an extended Parker instability at the bot-
force and the buoyancy), the deviation of AR2 from the rulm of the convection zone, triggering several impulses of flux
suggests a different flux tube geometry. emergence. Since the episodes of flux emergence occurred in
4. The opposite polarity umbrae of AR1 (f1) and AR2 (plthe two ARs very close in time, they seem to have the same
moved towards each other both in latitude and longitude doigin. It is plausible that the initial instability, modifying the
meet (Figs. 3 & 4). There was another pair of umbrae (f2 &urroundings, can trigger a near-by instability when the field
p2, c.f. Figs. 1 and 2) which were moving towards each othgtrength is close to a critical value. Such nearly simultaneous
in a similar way, but their collision occurred (presumablyinstabilities may be the cause of activity nests. The observation
after they rotated out of sight. It is very improbable that twthat magnetic flux seems to disappear faster in active nests than
pairs of magnetically unrelated umbrae would seek eatrhisolated ARs and that most of it disappears inside the bound-
other out by pure coincidence. However, if we consider thaties of the nest, besides an enhanced cancellation rate, suggests
the two pairs of spots were parts of a rising U-loop, thethe presence of U-loops.
approaching motion and collision is natural. If U-loops are such common features, why were they not
5. When the first two opposite polarity umbrae collided ambticed in magnetograms earlier? We believe that the movie rep-
started cancelling, their cancellation was “clean”: it was no¢sentation of the coaligned, de-rotated and de-projected high-
accompanied by important flare activity (Fig. 6). The smatladence MDI maps made it possible for us to recognise the U-
number of minor flares observed during the flux cancellatidoop emergence, which was not at all obvious when we looked
process, we believe, were due to the fact that the emergatgthe daily unprocessed individual magnetograms. With the
U-loop was fragmented and among the separated flux tulvesalth of the MDI data base and the necessary software readily
and the ones belonging to the norrfialoop of AR1 separa- available, we believe that many more such events will be found.
trices formed and reconnection events took place. However,
these flares did not exceed the C1.3 GOES class level, shgknowledgementsiVe thank the SOHO/MDI consortium for the
porting the idea that we simply witnessed flux emergengggnetograms and the the Big Bear Solar Obser_vatory for the H
of a concave-up structure without major reconnection prgr_lage used in the paper. We thank the referee for his/her helpful com-

cesses and annihilation of substantial amount of magnéefiEnts: LYDG was supported by the Hungarian Government grants
flux 9 éﬂgoge, OTKA T-026165, T032846 and the Hungarian-French inter-

governmentsS & T cooperation programme “Balaton”.

We then conclude that the two ARs we analysed were mag-
netically linked by a U-loop. A similar conclusion was reacheeferences
by Pevtsov & Longcope (1998) for two other pairs of ARSgommier v, Landi Degl'lnnocenti E., Leroy J.L., Sahaldghot S.,
though they never mentioned the term “U-loop” and their main 1994, Solar Phys. 154, 231
aim was to explore the geometry of aft-toop with a stitch”.  Brouwer M.P., Zwaan C., 1990, Solar Phys. 129, 221
They argued that each of the pairs of ARs analysed was form@ghmbe G., Malherbe J.-M., Trottet G., Rayrole J., 2000, in preparation
by a severely kinked flux tube, one of which emerged abowéng Y.Y., Schmieder B., Engvold O., DeLuca E., Golub L., 2000,
one month after the other (a difference with our observations, Solar Phys., in press
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