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A B S T R A C T . S i p h o n flows a l o n g a r ched , i so l a t ed m a g n e t i c flux t u b e s , c o n n e c t i n g 
p h o t o s p h e r i c footpoin ts of oppos i t e m a g n e t i c polar i ty , c ause a s ignif icant i nc rease in the 
magne t i c field strength of the flux tube due to the decreased internal gas pressure associated 
wi th t he flow (the Bernou l l i effect) . T h e s e s iphon flows offer a pos s ib l e m e c h a n i s m for 
p roduc ing in tense , incl ined, smal l -scale magne t ic structures in the solar pho tosphere . 

In o r d e r t o p r o d u c e m a g n e t i c flux tubes in the so lar p h o t o s p h e r e w i th the o b s e r v e d 
field s t r eng ths of 1000 - 1500 G, t he in te r io r of the flux tubes m u s t b e subs tan t i a l ly 
evacua t ed . T h e o b s e r v e d m a g n e t i c field s t rengths are ve ry n e a r the l imi t ing m a x i m u m 
va lue Bp = (%τφ6)

1/2 of a total ly evacua t ed flux tube conf ined by the ex te rna l gas p ressure 
pe ; t hus , a m e c h a n i s m that p roduces a substant ia l evacua t ion of the flux tube is requ i red . 
O n e such m e c h a n i s m , first p r o p o s e d by P a r k e r ( 1 9 7 8 ) , is the c o n v e c t i v e co l l apse of a 
ver t ical flux tube in the superadiaba t ic layer ju s t b e l o w the p h o t o s p h e r e . Th i s m e c h a n i s m 
has b e e n s tud i ed e x t e n s i v e l y ( see , for e x a m p l e , W e b b a n d R o b e r t s 1 9 7 8 ; Sp ru i t a n d 
Z w e i b e l 1979; Sprui t 1979; H a s a n 1985; Venka t ak r i shnan 1985; N o r d l u n d 1986; and the 
r ecen t r e v i e w s by So l ank i 1987 , S tenf lo 1989 , a n d T h o m a s 1989) . H e r e w e d i s cus s 
ano the r pos s ib l e m e c h a n i s m , n a m e l y , s iphon flows in an a rched , i so la ted m a g n e t i c flux 
tube ( T h o m a s 1984, 1988) . 

E a r l i e r w o r k o n s i p h o n flows, b e g i n n i n g w i t h M e y e r a n d S c h m i d t ( 1 9 6 8 ) , dea l t 
exc lus ive ly wi th the ca se of an effect ively rigid, e m b e d d e d flux t ube in the l imi t of l o w 
p l a s m a beta , appropr ia te for condi t ions in die solar co rona or ch romosphe re (see the rev iew 
by Pr ies t 1981) . F o r condi t ions in the solar p h o t o s p h e r e o r convec t ion zone , wi th p l a s m a 
be ta of o r d e r un i ty , the flux tube c a n n o t be cons ide red rigid; i ts c ross - sec t iona l a rea and 
magne t i c field s trength m u s t change in response to changes in internal gas pressure induced 
by the s i phon flow in o r d e r to m a i n t a i n la tera l p r e s s u r e b a l a n c e w i t h the s u r r o u n d i n g 
a t m o s p h e r e . T h e r e d u c e d in te rna l gas p r e s s u r e a s soc i a t ed w i t h the s i phon flow ( the 
B e r n o u l l i effect) r e su l t s in an i n c r e a s e d m a g n e t i c field s t r eng th a n d a r e d u c e d c r o s s -
sect ional area of the flux tube. 

T h e cri t ical speed for s iphon f lows in a thin isolated flux tube is the so-cal led tube speed 
ct = [c 2a 2/(c 2+a 2 ) ] 1 / 2 , w h e r e c is the in ternal s o u n d speed and a is the A l fvén speed. 
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(The tube speed is the speed of propagation of a longitudinal, or sausage-mode, wave 
along a thin isolated magnetic flux tube; it is smaller than either the sound speed or the 
Alfvén speed.) Flows with speeds less than ct (subcritical flows) or greater than ct 

(supercritical flows) along an isolated flux tube are qualitatively equivalent to subsonic or 
supersonic flows along a rigid, embedded flux tube. In an arched flux tube, the flow can 
undergo a smooth transition from subcritical to supercritical speed only at the top of the 
arch where the tube is locally horizontal. 

The maximum speed of the siphon flow depends on the height of the arch and the initial 
velocity at the upstream footpoint. If the arch height is small enough or the initial velocity 
is low enough, the flow remains subcritical throughout. I f the maximum velocity is less 
than the characteristic speed cj = [c 2a 2/(2c 2+a 2)]1^ < ct, then the flow accelerates and 
the tube expands with increasing height all along the upstream leg of the arch, and the flow 
decelerates and the tube contracts with decreasing height all along the downstream leg of 
the arch. The expansion of the tube with height is less than it would be without the flow, 
however, due to the decreased internal pressure caused by the flow (the Bernoulli effect). 
I f the maximum velocity exceeds the characteristic speed cj but is still less than ct, the flow 
accelerates and the tube expands up to the point where ν = cj and beyond that point the 
flow accelerates but the tube contracts with increasing height in the upstream leg of the 
arch. This produces a point of local maximum cross-sectional area, or "bulge point," in the 
tube at the point where ν = cy. In the downstream leg of the arch the flow decelerates 
symmetrically and there is another bulge point. For such a flow the Bernoulli effect is so 
strong that it more than compensates for the decreasing pressure with height outside the 
tube and causes the tube to contract with height above the bulge point. 

I f the arch height is increased or the initial velocity at the upstream footpoint is 
increased, we reach a critical flow in which ν = ct at the top of the arch. In this case the 
flow can accelerate smoothly to supercritical velocity in the downstream leg of the arch. 
The flow velocity continues to increases while the cross-sectional area decreases (and the 
magnetic field strength increases) with decreasing height along the downstream leg of the 
arch. However, this supercritical flow requires a very small internal gas pressure at the 
downstream footpoint which wi l l not be the case in the solar photosphere. For a higher 
value of the "backpressure" at the downstream footpoint, the flow wi l l decelerate abruptly 
and the cross-sectional area wi l l increase abruptly across a standing "tube shock" at some 
point along the downstream leg of the arch. The critical flow is "choked," in the sense that 
a decrease in the pressure at the downstream footpoint wi l l not increase the mass flow rate 
along the tube; disturbances cannot propagate upstream along the supercritical section of the 
f low. 

We have carried out extensive numerical computations of siphon flows in arched, 
isolated flux tubes in the limits of isothermal flow (Thomas 1988) and adiabatic flow 
(Monetsinos and Thomas 1989). Siphon flows are capable of increasing the magnetic field 
strength of an isolated flux tube up to as much as 80 or 90% of the limiting vacuum value 
and thus can, in principle, produce flux tubes with strengths 1500 G or more in the solar 
photosphere. In general, adiabatic flows produce greater magnetic flux concentration than 
isothermal flows (Montesinos and Thomas 1989). Radiative transfer in a real photospheric 
flux tube wi l l produce conditions somewhere in between isothermal and adiabatic flow. 

The large-scale equilibrium shape of a flux tube arch containing a steady siphon flow is 
determined by a balance among the buoyancy force, the net magnetic tension force, and the 
inertial force associated with the siphon flow along curved streamlines (the centrifugal 
force). We have calculated the equilibrium shape of the flux tube arch for a wide variety of 
siphon flows (Thomas and Montesinos 1989) and compared it with thfe shape of a static 
arched flux tube first determined by Parker (1975). In general, the presence of a siphon 
flow requires that the arch be more highly curved in order that the net magnetic tension 
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force can ba lance the addit ional effect of the centrifugal force. Wi th increas ing f low speed, 
the footpoints of the arch m o v e c loser toge ther re la t ive to the he igh t of the arch. P rov ided 
the re is s o m e m e c h a n i s m for anchor ing the ends of the f lux- tube a rch s o m e w h e r e in the 
convec t ion zone , the intensif ied par t of the flux tube at the top of the arch m i g h t be he ld in 
m e c h a n i c a l e q u i l i b r i u m in the p h o t o s p h e r e for a t ime m u c h l o n g e r than the rise t ime 
associa ted with the magnet ic buoyancy alone. 

A totally isolated flux tube arch is h ighly curved and the d is tance be tween the footpoints 
in the p h o t o s p h e r e is at m o s t e q u a l to abou t s ix t i m e s the dens i t y sca le h e i g h t of the 
s u r r o u n d i n g a t m o s p h e r e . T h i s c o n f i g u r a t i o n w o u l d p r o d u c e c l o s e l y s p a c e d i n t ense 
m a g n e t i c e l emen t s of oppos i t e polar i ty in the pho tosphere . H o w e v e r , m o r e wide ly spaced 
foo tpo in t s are poss ib l e if the arch r eaches u p to the ove r ly ing m a g n e t i c c a n o p y . In this 
case , the upper par t of the arch can ex tend hor izonta l ly ove r a cons ide rab le d is tance , be ing 
he ld d o w n against i t s buoyancy force by the magne t i c pressure of the canopy . 

W e sugges t that s iphon f lows in a rched magne t i c flux tubes m a y b e the cause of some 
of the in tense m a g n e t i c fields obse rved in the solar pho tosphe re ou t s ide sunspots . In these 
ca se s the o b s e r v e d m a g n e t i c field wi l l b e inc l ined to the ver t i ca l , w i th the inc l ina t ion 
d e p e n d i n g on the he igh t of format ion of the spectral l ine. Obse rva t i ons d o indica te that a 
significant fraction of the photospher ic flux tubes are modera te ly incl ined (10° o r more) and 
that a smal ler fraction m a y be highly incl ined (Solanki 1987). 

F o r an in tense m a g n e t i c e l emen t assoc ia ted wi th a flux tube con ta in ing a s iphon f low, 
there wi l l be e i ther an upf low or a d o w n f l o w ins ide the m a g n e t i c e l emen t , d e p e n d i n g on 
w h e t h e r it is a s soc ia ted wi th the u p s t r e a m o r the d o w n s t r e a m footpoin t of the f lux tube . 
Th i s f low wi l l b e pers i s ten t and thus shou ld be obse rvab l e , in con t ras t t o the d o w n f l o w s 
as soc ia t ed wi th the convec t ive co l l apse m e c h a n i s m , w h i c h a re on ly t rans ien t even t s and 
thus w o u l d b e difficult t o o b s e r v e . Ea r ly obse rva t ions of p h o t o s p h e r i c f lux tubes w e r e 
in te rpre ted as ind ica t ing d o w n f l o w s wi th in m a n y flux tubes , bu t m o r e r ecen t obse rva t ions 
of h i g h e r r e s o l u t i o n a re i n t e rp re t ed as i nd i ca t i ng tha t d o w n f l o w s (or u p f l o w s ) in s ide 
p h o t o s p h e r i c f lux tubes are ve ry w e a k or absen t ( see the r e v i e w s by So l ank i 1987 and 
S tenf lo 1989) . E v e n the bes t obse rva t ions t o da t e fail to r e so lve ind iv idua l f lux tubes , 
howeve r , so the ev idence that there is n o systemat ic f low ins ide a pho tospher ic flux tube is 
no t c o n c l u s i v e , a n d in any c a s e m a y no t app ly to all p h o t o s p h e r i c f lux t u b e s . M o d e l 
ca lcula t ions of the effect of s iphon f lows on obse rved l ine profi les are n e e d e d to he lp settle 
this i s sue . 

T h e s iphon f low m e c h a n i s m at leas t has the a d v a n t a g e of so lv ing o n e w e l l - k n o w n 
p r o b l e m as soc i a t ed wi th the ear ly repor t s of d o w n f l o w s . B e c a u s e all of the m a s s flux 
assoc ia ted wi th the downf low is p rov ided by an equal m a s s flux associa ted wi th the upf low 
at the o t h e r p h o t o s p h e r i c footpoin t of the arch , there is n o n e e d to expec t that the m a s s 
w o u l d have to be taken f rom the corona , in wh ich case the co rona w o u l d be total ly d ra ined 
in a mat te r of minutes by the m a n y photospher ic flux tubes . 

Th i s w o r k was suppor ted in par t by the Nat iona l Aeronaut ics and Space Adminis t ra t ion 
u n d e r grant N S G - 7 5 6 2 . 
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