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Abstract. We present a model to explain the origin of locaKey words: instabilities — Magnetohydrodynamics (MHD) —
clouds, including the so-called Local Fluff surrounding the séSM: bubbles — ISM: clouds — ISM: magnetic fields — X-rays:
lar system. We present observational evidence from ROSKAM

PSPC data, that manifest the existence of an interaction shelf

between our local interstellar bubble and the adjacent Loop |

superbubble. A linear stability analysis of this compressed in-

teraction shell has been performed. We show that due to thd ntroduction

overpressure in Loop |, a hydromagnetic Rayleigh-Taylor ifme solar system is embedded in a partially ionized cloud, con-
stability will operate, even in the presence of an obstructing ag@htionally called the Local Cloud, Local Fluff or Local Inter-
stabilizing tangential magnetic field. The field acts like surfacgaiar Cloud (LIC), which is the most local patch of interstellar
tension in an ordinary flu_id, thus inhibiting the growth of the,adium (ISM). Absorption line studies show, that in the neigh-
smallest wavelengths. It is shown that the most unstable Mg hood of the LIC there are also other cloudlets of comparable
has a growth time of the order of 10°-10° years (depending gje [ike e.g. the G-cloud (cf. Lallement 1998, and references
on the magnetic field strength), in agreement with the INter4ferein). The state of the LIC plasma is known within some

tion time between the two bubbles being several times longgfcertainty. From GHRS measurements onboard HST its tem-
The wavelength of the fastest growing mode is of the orderﬁérature is inferred to be aboE®00 + 900 K (Linsky 1996).

the thickness R, of the interaction shelb-10 pc), or smaller kqr the G cloud it could be even lower. The density inferred
depending on (i) the field strength, (ii) the angiebetween f.qm line ratios, such as MgMg, ranges from, = 0.3 cm =3

the wave vector of the perturbations and and the direction (‘P_fallement etal. 1994) ta, = 0.05cm~3, for Na (Lallement

the unperturbed magnetic field, and (iii) the pressure gradigiieriet 1997), along different lines of sight. Using a Doppler
across the shell. ane the |nstab|I|ty becomes fully ”On'l'”eﬂ’fiangulation method, the LIC velocity vector in space could be
neutral blobs of sizeS d Ry, are predicted to detach from thedetermined, having a magnitude of about 26 krh ¢s. Lalle-
interaction shell, aided by magnetic reconnection, and traygbnt 1998), in agreement with in situ measurements of neutral
ballistically towards the direction of the Sun. We are thus ablg\jium from Ulysses (Witte et al. 1996). It is noteworthy, that
to identify the local clouds with products of such instabilitiegy, the G-cloud a value of 29 knT$ (s. Lallement 1998) has

Our calculations show that we can best reproduce the obserfgd, inferred, and that for both clouds the velocity vector points
characteristics of the Local Fluff (e.g. its radius, mass, tempe(tj@,\—,ay from the wall or Sco-Cen direction.

ture, density and velocity with respect to the Sun), fora ragge of As we will show in some detail in this paper, the origin of
typical parameters of field strengih7 .G, density2—3 cm the local clouds is intimately related to the origin of the local

in the interaction shell and a perturbation angle- 45-60°.  x_ray emitting cavity, called the Local Bubble, itself. There
We have also analyzed ROSAT PSPC data to show thatthgrg cyrrently several models concerning this issue. In this re-

is a corresponding depression of absorbingsélumn density gpect it should be emphasized that the pressure of the LIC is
in the region where the bubbles interact and the blobs deta kg ~ 2000 cm—3 K, wherekg is Boltzmann’s constant, and
Moreover it is shown that this is accompanied by spectral vagjance at least a factor of 4-5 lower than the Local Hot Bubble
ations in the ROSAT R1 and R2 bands, which indicate depresgqe| predicts (e.g. Snowden et al. 1990) for the local soft X-ray
sions or holes in the interaction region between the two bubblgg,itiing plasma on the basis of collisional ionization equilib-
Send offprint requests 1®. Breitschwerdt rigm (CIE). However, the pressure of the LIQ is in agreement
* Paper dedicated to the memory of Franz D. Kahn with the pressure of the Local Bubble as derived from non-CIE
** Present addresDepartment of Astrophysical Sciences, 108 Peynodels (Breltschwgrdt & Schmutzler 1994).
ton Hall, Princeton University, Princeton, NJ 08544, USA (bre- It would be straightforward to assume that the local X-ray
itsch@astro.princeton.edu) emitting plasma represents a normal patch of hot interstellar
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medium (HIM). Our range of sight in X-rays beyond 100 ppanding shell is weak. Therefore the cooling time is very large
would then be blocked by intervening ldlouds (Jakobsen & and the formation of a dense neutral shell is severely inhibited.
Kahn 1986). However, both the overall sphericity of the cavity The North Polar Spur and its associated Loop | bubble with
(cf. Snowden 1998) and the canonical temperature ¢f x an huge apparent size covering a solid angle (%fn on the sky
10° K of the HIM (McKee & Ostriker 1977), which is on thehave been studied in detail with the ROSAT PSPC instrument
low side for Raymond & Smith (1977) CIE model fits to théoy Egger (1993) and Egger & Aschenbach (1995, henceforth
soft X-ray background (SXRB), argue against it. Moreover U¥ZA95), using diffuse X-ray background maps of the ROSAT
absorption line studies (Fruscione et al. 1994) could not find aAill-Sky Survey. Owing to its low instrumental background and
significant amount of interspersed tithin the Local Bubble. high spatial resolution the PSPC is ideal for investigating the
At an average radius of 100 pc, however, there is a significdrit gas produced by supernova (SN) explosions in the nearby
increase in the Hcolumn density indicating the presence of &co-Cen association. It was shown (i) that the Loop | is still
swept-up shell. an active superbubble witk 40 SNe having already occurred
The most plausible model in our view is that the Local Buland another 40 to come, (ii) that the dense neutrat khell
ble has been created by a number of successive supernof@e)d to be surrounding Loop | casts deep X-ray shadows in
presumablyi0” or more years ago. Although there is some dishe1/4 keV band, (iii) that a ring-like structure (“ring”) with an
agreement whether the X-ray emission is due to the reheatingeén higher Hcolumn density is located between Loop | and
the plasma by a recent supernova (e.g. Cox & Anderson 19822 Local Bubble, indicated by its strong 21 cm line emission
or whether it is due to the slowly recombining gas of an extinend a strong anticorrelation with the ROSA4 keV band. By
superbubble (Innes & Hartquist 1984; Smith & Cox 1998), it isomparing these findings to numerical simulations of colliding
suggestive that the Local Bubble is an individual object. bubbles (Yoshioka & Ikeuchi 1990), Egger (1993) concluded
Thisis challenged in an alternative scenario by Frisch (1996at the shell and ring structures were the result of an ongoing
1996), who has pictured the Local Bubble to be an appendixinferaction between Loop | and the Local Bubble, with at least
the Loop | superbubble which expanded into a low density inteyhe bubble having already formed a dense and cool shell prior to
armregion, anideathat had been proposed earlier by Bochkatercollision. In this picture the “wall” is just part of the interac-
(1987). Such an expansion may have been caused by an egimehzone, held under pressure by the two colliding bubbles, and
of star formation in the Sco-Cen association samel0° years bounded by the ring. In the following we will adopt this model,
ago, and the local clouds surrounding the solar system woublecause it can explain present observations in a consistent and
just be fragments of the expanding shell. Based on absorptjaysical way.
line studies withins0 pc of the Sun, it is argued that the local The purpose of this paper is to show that the existence of neu-
ISM flow has velocities in the range ef 20kms~! and that tral clouds and their predominant flow away from the Sco-Cen
the velocity vector is pointing away from Sco-Cen. Itis howevassociation, is a hatural consequence of the interaction between
difficult to explain the existence of a neutrat walf between the bubbles and subsequent local fragmentation of the interac-
the Local Bubble and Loop | at a distanced6f+ 25 pc in the tion zone (FigllL). The structure of the paper is as follows: Sect. 2
Sco-Cen direction, which was inferred from ROSAT WFC stayives a detailed discussion of the interaction process and a thor-
counts (Warwick et al. 1993) and optical and UV spectral analgugh treatment of the resulting hydromagnetic Rayleigh-Taylor
sis of stars in Loop | (Centurion & Vladilo 1991). The latter isnstability, in Sect. 3 the formation and dynamics of clouds is
still consistent with a later analysis of ROSAT EUV observanvestigated and in Sect. 4 we compare the results of our calcu-
tions by Diamond et al. (1995), who place the rise in columations to ROSAT observations. Sect. 5 contains the discussion
density (Vg > 10%° cm~2) towards the Galactic centre direc-and our conclusions.
tion at a distance of 25—-30 pc. As we will show in Sect. 4 the rise
in column density taVyg ~ 102° cm ™2 occurs at a distance of _
= 60 pc using recent HIPPARCOS distances (seeFig. 9). Thirsl Nteraction between Loop | and the L ocal Bubble

a third epoch of star formation has been postulated and the Wakspective of the detailed knowledge of the plasma state both
has been identified with the swept-up shell resulting from thegethe Loop | and the Local Bubble, it is fair to assume that
explosions. The problem is then somehow shifted towards e to ongoing supernova activity in Loop | its pressure will be
plaining how supernova remnants (SNRs) expanding into a gher than that in the Local Bubble. For simplicity we assume a
low density medium can produce a neutral shell. Contrary fasma in collisional ionization equilibrium (CIE) in both bub-
this view one would expect in this case that the shock wagges. This is no restriction and is conservative in the sense that
weakens rapidly due to the high speed of sound in the medigie pressure inside the Local Bubble might be smaller in case
it is propagating into, and the compression of a swept-up, &fnon-equilibrium models (Breitschwerdt & Schmutzler 1994).
When the two bubbles first merged, probatfl§—107 years ago,

1 For the sake of clarity we will use the term “wall” to denote the i d d cal d. which
interaction zone between Loop | and the Local Bubble, and “sheffOMe COMP icated gas dynamical processes ensued, which are

to refer to the swept-up and compressed ISM surrounding individglfetched qualitatively in the following. The interaction started

bubbles. The “ring” is the compressed annular zone formed in tWdth a head-on collision of the two outer shock waves, bounding
interaction region between two interstellar bubbles and bounding e swept-up shells of interstellar matter. The penetration of the
wall (see Figdl). shocks led to a mutual weakening and retardation with a tan-
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Fig. 1. Schematic representation (not drawn

to scale) of the interaction between the Lo-

\ cal Bubble and the neighbouring Loop |

————————————————————————————————————— superbubble (longitudinal cut perpendicular
galactic plane to the galactic plane). The dark slab repre-

sentsthe dense, compressed interaction zone

(“wall”), bounded by the “ring”, as seen

in absorption in the ROSAT images. Also

shown are H cloudlets that seem to be as-

Local Bubble

shell ring sociated with the wall and have systematic
velocities pointing towards us.
gential discontinuity occurring at the site of collision. The di@ Local Bubble

continuity separates two regions of constant pressure and flow R ——
velocity, but with different densities, temperatures and magnetic

field strengths. Before an equilibrium condition could be setup,

the respective shocks hit the tangential surfaces bounding e@‘n B-field 3R,
individual hot bubble, resulting in a transmitted and a reflecte z
shock wave. The transmitted shock rapidly decays into a soufid| ——— K
wave owing to the high speed of sound in the bubble, whereasy ———  ——— x
the reflected shock interacts with the newly created tangen@

surface. It is well-known that such a tangential surface is unsta=
ble and will be dissolved, and the system will settle down afterg. 2. Sketch of the compressed interaction zone of thickridas
some time in an equilibrium configuration, characterized byb&tween Loop | and the Local Bubble. If the magnetic lines of force
homogeneous dense interaction zone of uniform pressure arsdantiparallel, magnetic reconnection will produce a neutral current

magnetic field, bounded by the tangential discontinuities of thBeet in which resistive dissipation occurs, thus weakening the field in
hot bubbles on either side. the wall. The curvature of the shell boundaries is overemphasized.

Loop | bubble

With supernova explosions in Loop | occurring on average
about event x 10° years (Egger 1998), the compressed shell

between the two bubbles is then subject to an effective gravifie to the curvature is negligible, as has been shown in the case
get = (0,0, —go) pointing towards the center of Loop | (seef the gravitational instability of a spherical shell (Tomisaka
Fig.[2) in the rest frame of the expanding hot plasma. & Ikeuchi 1983). Moreover the density perturbations satisfy
Such a situation is inherently Rayleigh-Taylor unstable fgr,/, < 1, and the flow may therefore be considered as incom-
all wavenumber§e| with the largest ones growing fastest. Howpressible. In such a situation pressure and density changes can
ever the presence of a magnetic field with a component paraiglregarded as adiabatic. In fact, the flow in an active superbub-
tok acts like surface tensioninan ordinary fluid. In Othel’WOI’dg]e is energy driven with occasional cooling occurring when
the magnetic stresses tend to straighten out the corrugated lig€gipernova shock wave from the interior hits the shell. The
of force. interaction zone itself is dense enough to be treated as isother-
The compressed wall can be represented by a thin and defgg The sound crossing time in both the bubbles and the wall
slab held under pressure from both sides. The plane parallel gdsmall enough compared to the dynamical time scale for the
proach is justified, because the thicknéga,, of the wall is pressure to be treated as uniform.
much less than its radius of CurvaﬁrRsh. A Stabilizing effect The hydromagnetic equations (|n case of ideal MHD) to be

2 Due to the small relative difference in radius between the wall arc];gnSIdered are.

the Loop | shell, we will usé R, and R, to denote boththewalland 5,
shell thickness and the wall and shell radius, respectively. ot +V(ou) = 0, (1)
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Qaj +o(uV)u = —VP+ l(j X B) + foxt » ) and propagating along _the interface, wh&pe is the increment
ot c of any perturbed quantity, and
VP = *Vop, 3)
E:Vx(uxB), (4) k(ky), r—(y) a7)
VB =0, (5) k. P
j = i(v x B), (6) are the respective components of the wave vector and the dis-

tance from the origin of the coordinate frame (see [Hig. 2). In

whereo, u, P, j, B, fexi, ¢; andc denote the matter den-y,q apove definition for perturbations, instability will arise for
sity, velocity, pressure, electric current density, magnetic f'eifjreal and positive. Using EG_{IL6) one obtains the following set

strength, an external force, speed of sound in the compresgfagqua
interaction shell and the speed of light, respectively.

For simplicity we consider the caseBfbeing parallel to the
interface of the superbubbles and the shellsB.e= (B, 0,0).
This is also the most likely case from physical considerations,
because any frozen-in magnetic field in the swept-up intersté{?t=
lar medium will be wrapped around the bubble as it expands.
The external force will be due to the acceleration of the sheﬁf‘suy
which will described by an “effective” inwards gravitational
accelerationy.g; hencefoxs = 0ges-

wdp

0w,

2.1. The linearized perturbation equations

We make the usual ansatz for a perturbed quaniy,= aoP
Xo + 06X, subtract the unperturbed stationary equilibrium dz
background stateXy, and write out the components of the §pB
perturbed equations to first order. The background fluid sat-

tions
do
= —6 P el
Y dz
5B, dBy
= —ik,0P -
! + 4 dz
By

= —ik,6P + 7 (ik,6B, — ik,0B,)
™

LB (s, )
0B, dBy
i i — godo
_ 2ddp
S dz
= @kwéu _ 4B ous e .
w dz w

(18)
(19)

(20)

(21)
(22)

(23)

isfies total pressure equilibrium across the boundaries, igaking use of the incompressibility of the flow we obtain

(d/dz)(P + B?/87) = 0. Since the flow is dependent an
and in order to keep the treatment general, we allow for a grédu.

dient in the density and magnetic field strength. Bz kelus = ikyouy . (24)
9dp — _su do @) As usually, the above equations can be combined and rearranged
ot “dz’ so that all perturbation variables can be eliminated in favour of
985*? _ _vsP+ %[(V «0B) x B ?#Z Rewriting Egs.[(2D) an@{21) with EqE.{18) ahd|(23) results
7
+(V x B) x 6B] 4+ 00ges , (8) b B2
VoP = Vo, 9) odu, — fﬁ(ikzéuy — ik, Ouy)
T = D, — g e 0 i, (5p- 2B ) 25)
VéB =0, (11)
Véu = 0. (12) and
Writing out Eq.[[8) in components gives k. B2 d doP
9 a.[8) P 9 odu, — e 20 (ikxduz 5u$> + — (26)
00Uy 06P B, dBy w 4w dz dz
0= =~ -, (13) )
ot Ox 4m dz go . do 1 dBy
Lot 0P Bo (005, 05Be), a9 0 %d T I ()
ot Jy  4m \ Oz y By [dBy déu d?By
R z 5 277 o9 kaz(s x5
Q&Suz — _86713_’_& 06B. _ 00B, + drw { dz dz Tou dzz et
ot 0z 47 Ox 0z

_ 0B, @ — a0
Ar dz 0%
We begin by considering linear perturbations (normal

modes) varying as
0X ~ expli(ksx + kyy) + wt], (16)

2 1.2

B k
ow(iky0uy, — ik, ou,) + —2 = (ik,ou,

4T w
— ikydu,) =0.

Next we multiply Eq.[(25) with’k,. and Eq.[(IP) with-ik, and
(15)  add them up to give

(27)
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Therefore the term in brackets has to vanish, which is equivalent
to thez-component of the vorticityV x Ju]., to be zero, i.e.

Local Bubble
Jeff

k,
ouy = k—J(Suw. (28)
Thus Eq.[(Zb) simply reads:
00uy = —iky <5P — FddBO(SuZ) . (29)
W z

Combining Eq.[(2P) with[{19), using_(24) and definihg :=

k2 + kf, we obtain Fig. 3. Sketch of the tangential boundary between Loop | and the Local
Bubble. The magnetic field is different, but constant on either side. The
gwizSu — k2 (5]3 _ BOdBOcSuZ> (30) gravitational pull due to the weight of the fluid is a functiog ¢f, y, ¢).
dz * drw d
Finally, we can use EJ.(80) to eliminat® from (28) and after Eq.[33) reads
some algebra arrive at 292 2
9 <1 + kx”;"3> [dz — kﬂ Su,j = 0. (35)
d ( d ) 9 gok2 dQ w dz
— [ o—0du, | — k*odu, + — = (32) . ’ o
dz \ " dz w? dz A trivial solution corresponds to Aln waves, satisfying the
k2B2 [( d? ) 1 dBy dSu. Su. d*Bo simple dispersion relation® = —k2v7 ;, and propagating
T Arw? Kd22 —k > ous + By dz dz By d2? ] along the lines of force. They do not represent unstable so-

lutions, becausk, must be real so that far — +o0, the phase
Eq. (31) will be examined now in some detail. factor~ explikx +wt] remains finite; therefore is imaginary,
Disturbances witlk, = 0 will not cause any stretching andrepresenting a purely oscillatory behaviour.
bending of field lines, because the wave front is copland to The other solution is simply given by
Eq. (31) then reduces to

du, j = Aexp(tkz) (36)
& <Qd5uz> — k%pbu, = _gok2 de (32) and the sign has to be chosen such that; remains finite for
dz \"dz w? dz’ z — 400, i.e. “~" for z > 0 and “+” for z < 0. We note

which leads to the dispersion relation of the ordinary Rayleightlat forz = 0andforz = ofta, (With 0Rs, being the wall

Taylor instability without magnetic field. Before discussing this ickness), Cc?“d'F'O” (1) is automatically satisfied. .
. . ; The velocity fielddu can be generally decomposed into a
special case, Eq.(B1) will be solved for the general case includ- _.. : . . )
ing B rotational and into an irrotational part:
Sincep and B are constant in each region with a discontindu = v — V. (37)

uous jump across the boundary EQJ(31) reduces to From Eq.[T2) and the general form of the rotational part

2 202 /g2 V x =, we deduceV?y = 0, anddu = —V1). Remembering
K L (U P S 0 S (33) :
020 T e g2 z Qouz =1, thatk. = ,/k2 + k2 = k, we obtain
for regions 1, 2 and 3, respectively (see Elig.2). Across the = C; expli(kyx + kyy) + kz + wt] (38)
boundaries, the solutions have to be matched, fulfilling the cQQpich goes to 0 for — Foo, respectively. Condition (i) is
ditions of continuity of the velocitg-component and total Pres-automatically satisfied, if we observe that €. = —C, for
sure, i.e. 5 —0.

Waves propagating (at some angle in general) along the
magnetic lines of force will undulate the tangential disconti-
6By, = 0P + Boj+1 §Byjt1, nuity boundary and stretch the B-field, thereby increasing the
g dm magnetic tension forces (cf. the second term on either side of
for j = 1, 2. We note, that waves propagating along the tange(?.pndition (ii)). The undulated surface will have the general form
tial discontinuities will deform the boundaries so that the g4see Fig.B):
at different positions will experience a different gravitationa) _ (a,y,t). (39)

acceleration, which has to be included in condition (ii). )
Defining the Alfven velocity in each region by Let us now have a closer look at the deformed interface

between region 1 and 2. From Hg.X(13) we obtain by integrating
B2,
2 _ 20, QO P; 0 O,
v N ’ (34) il = — T
AT dm; Oz %ot o

(i) (5uz7j = 6uz’j+1

.. By,;
(i) oP; + 1 J

(40)
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from which it follows that

k2
1 o Gok(o2 — 01) — 3= (B3, + Bg )

— =w , 49
01+ 02 (49)

T

Qo

with 7, being the growth time of the instability. From Hig. 4 itcan
be seen that the maximum growth rate occursifor (1/2)k.

and that itincreases with decreasing magnetic field strength (for
definitions ofk. andk, see below). Note that Ed. (49) also cov-
ers the cases of ze®-field in Loop | and the same magnitude
of the field in both regions 1 and 2.

Considering our previous ansafz {(16), unstable solutions
must have real and positive. Since the density in the wall is
much larger than its counterpartin the Loop | bubble & 05),
this will be satisfied for any wavenumber with< & < k.., with
the critical wavenumbek, given by

Fig.4. The growth ratev(k, |B|) in arbitrary units as a function of i 47 (02 — 01)90 (50)
wave vectork .(|n urms of k.) and magnetic field strengttB| = ¢ (B(2),1 + BS,Q) cos2a’
\/ B3 1 + B3, inunits of uG. ) )

where we have usel, = k cos a, with « being the angle be-

tween the wave vector of the perturbation and the direction of the

and by exchanging differentiations with respecttandt: 2
Y ging P undisturbed magnetic field lines. The terndz (B2, + B3 )

0P; = ojwiy (41) introduces an upper limit in the unstable wavenumbers. Thus

with j = 1, 2. From Eq.[ZB) we infer magnetic tension forces have a stabilizing effect, just as surface
iBo.: k2B, . tension in an ordinary fluiq. . N

0By ; = w"’ kg bug j = ””w Lap . (42) In the classical Rayleigh-Taylor instability (see HQJ(32))

there is no limit ork as we can see by settid$) ; = By 2 = 0,

Now, ” - with the largest wavenumbers growing fastest. The same is true
R _ ) for perturbations witlax = 7 /2, which do not lead to a deforma-
Otz = ot [ 0z L_O = £hv5(2,9,0,8), (43) tion of the field lines but simply to an exchange of higher field
and thus and lower field plasma. We believe that the present topology of
k field and plasma does not easily promote such a process. Firstly,
= &(@,y,t) = £-9;(2,4,0,1). (44)  we have treated for simplicity the onset of instability for slab ge-

ometry whereas, on larger scales, the field lines are circular and

Condition (i) therefore requires at= ¢: wrapped around the bubbles or, considering the shell, may even

— Ecl expli(kex + kyy) + wt] = be rooted somewhere in the undisturbed interstellar mgdium.
w Secondly,By 1 and By , are in general not parallel but oblique
ECQ expli(ka + kyy) + wi] (45) with respect to each other, thereby also seriously inhibiting the
w exchange mode.

and therefore In the following, we will therefore consider the bending
C,+Cy =0, (46) mode instability and také < o < /2 in our numerical es-

) | ; timates. In this case our simplifying assumptions on the field
asitwas ar_eady deduce_c_j or= 0. . ) geometry will not cause any restrictions. The most unstable
We now inspect condition (ii). As mentioned earlier we ha

. . ) Mvavenumberk, , is given by (cf. Appendix A)
to incorporate the weight of the fluid betweer= 0 andz = &,

which physically corresponds to an extra accelerating force per_ }k( ' (51)
unit area. Its value is simply given bygge:1£ in region 1 and 2
—goo2§ in region 2. Thus condition (ii) becomes The corresponding growth time is then
(SBz’Q 5Bm,1
et Ban 200t g tanler 008 D ) L (g (e 0 (62
Using the expressiong (#1) afid{42) and from (46) the relation T ’ (02 = 01)90
Y1 = —1)2, we obtain Before discussing the implications of E.{52) for the inter-
B?, ) B?, ) action zone between Loop | and the Local Bubble, we have a
02wiho + 47@ ki = — o1wips — 47r(;) k3o brief look at the interface between regions 2 and 3, i.e. the tan-

k gential discontinuity between the shell and the Local Bubble.
+ 90;(@2 —01)Y2, (48) It is intuitively clear, that a stratification in which a dilute and
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light fluid is gravitationally supported by a dense and heavy 08e375 x 10* cm 3 K, respectively. In the same manner we obtain
is inherently stable. Shifting our coordinate system witk 0 for the Local Bubble from the conservative assumption of CIE
to the boundary separating regions with densitiesps and nig = 5.2 x 1073 cm 3 andT15 = 1.2 x 10° K for the den-
field strengthsB, 2, By 3, respectively, we can apply the samsity and temperature, respectively (Egger 1993). Errors are of the

analysis as before and find accordingly same order so that the maximum and minimum permissible pres-
> sure range ip/(2kg) = 0.686 x 10* and0.562 x 10* cm 3 K,
k kz BQ B2 .
L (03— 02) — 7= (B3> + B3 3) (53) respectively.
02 + 03 ' From absorption measurements of soft X-rays with ROSAT

Now 03 < 02, hencew is purely imaginary and all solutions!t i250 knovgn that the l;locolurr;n density of the wall isV,, ~
will therefore be stable. 10 cm™2 = Ny 10%° ecm~= (Egger 1998). Thus the wall

However, once the instability becomes fully nonlinear, tH&CKNess is

i i Ny N.
whole wall separating the Local Bubble and Loop I will b%RW o Do g N0 (54)
affected (cf. next section). Ny n1o

) ) where we have written,, = n19 10 cm 2. Note thatthe column
3. Theformation and dynamics of clouds density of the wallN,, is presumably about twice that of the

The linear stability analysis in the previous section has shokROP | shell,N,; however since the observational uncertainties
that there are perturbations of a minimum wavelength that c@hfne shell thickness can be larger than a factor of 2, we do not
grow beyond any limit. However, restricting ourselves to smafiScriminate in the following.

amplitude perturbations we cannot follow the instability into The pressure difference bereen Loop I and the Local
the nonlinear regime. Qualitatively we expect that the unstaffgbble leading to the acceleration of the wall ran@e@ =
waves will affect the whole wall, which will become heavily?-4 x 107'* 109.8 x 107!?g/(cms?). Thus even in the worst
corrugated. Bending of the field lines will become so sevef@S€ there is a substantial pressure d|fferenc_e that pushes_ the
that magnetic reconnection will occur across antiparallel in8&!l into the Local Bubble and ensures the existence of an in-
of force coming close to each other. Therefore the field canfgPility. In the following estimates we use for convenience the
ultimately prevent fragmentation of the wall into blobs of typicd€@n valueA P ~ 8.7 x 10~ '? g/(cms?).

diameterd, ~ k. Before we can calculate the size of such The z-component of the “effective gravitational” accelera-

a cloudlet, we have to discuss the properties of Loop | and " of the wall is then given by

Local Bubble, from which the pressure difference across the Ap

wall, driving the instability, can be inferred. 9o = =N

w

~ 5.8 x 10 % cm/s?, (55)

with m =~ 2 x 10~24 g being the mean interstellar atomic mass,
andN,, = 7.510' cm~?2 (see Secl.4l1).

The plasma properties of the Loop | superbubble were deter- The average radius of the Loop | bubblefig, ~ 150 pc
mined by spectral analysis of ROSAT PSPC soft X-ray dagid therefore the density of the ambient medium is (Egger 1993)
along several radial cuts across the North Polar Spur (Egger ‘

1993, 1995). Deprojection under assumption of spherical symy = — 2~ 0.5ecm 3. (56)
metry resulted in radiab- andT-profiles of the bubble. Large sh

variations are found in density as well as in temperature, and ) i

in some regions the uncertainties are considerable. Howeveg- Properties of the unstable region

close to the bright edge of the Spur, i.e. the shock heated FfRe wall and the Loop | shell are illuminated by the stellar
of the bubble, the data are relatively clear and thestatisti- qontent of the Sco-Cen association. The dynamical age of the
cal errors only about=6% (Egger 1993). To be conservativesie|lar cluster is about x 107 years and therefore the number
we use a value oft10%. Values derived from spectral fit- of SN candidate stars is about 40 of spectral type between B3
ting are generally model dependent. Here we have carefuliq B1 (Egger 1993). The Lyman continuum output rate of a B1

reanalyzed the data obtained by Egger (1993) and have usgg isS;, ~ 3.3 x 10% photons s (Spitzer 1978). In order
the standard Raymond-Smith collisional ionization equilibriugg keep the wall ionized a photon rate of

(CIE) model with solar abundances. As a result the derived

parameters fon andT are not statistically independent. Typ-S: = 473 nZ R4 6 Ry,

ical values of the shocked interior of the bubble close to the —= 4745 R2 N, n,, (57)
shell areT;; = 2.5 x 1_06 K _and n = 1.5 x 1072 cm™3. ~ 7.2 x 10%° Nygnyo photonss—! ,

To lowest order, variations inp; and 7Tt are such that the

pressurep/(2kg) = n T is uniform on a global scale, exceptis required, wherg? = 2 x 10719 7~3/4) cm? /s ~ 2.36 x

for some regions, as mentioned above. Since the errors 0f0~13 cm? /s for T = 8000 K (see below) is the recombination
andT are of the same order the maximum and minimum ateefficient for hydrogen into the atomic lewel= 2, excluding
lowable pressure for Loop | ang/(2kg) = 4.125 x 10* and recombinations into the ground state which produce an ionizing

3.1. Properties of the Loop | superbubble
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Table 1. Temperature of the wall},, plasma bet#p, Alfvén speed, The instability will eat its way through the wall, steadily pro-
vAw, growth time of the most unstable modg,(k.), diameterd,, ducing blobs of size

and massiny, of the clouds, respectively, as a function of magneti

field strength,B_g, in the unstable region, fax = 0, n1o = 0.5 and b~ Uk*

Nao = 0.75 (see Seci4l1). (B3, + B3 ,) cos®

27 go(02 — 01)
B&Q cos? aNg,

Properties of blobsin the unstable region

B_¢[uC] 2 3 5 7 D = or AP

Ty [K] 8570 8280 7320 5980 3040 Nag B2, cos? a

Bp 37 16 5.0 2.0 05 = 0.06 227=6"" " e (60)

vaw kms™l] 17 25 4.2 6.0 85 n10

(k) [yl 2.0-10° 2.9-10° 4.9.10° 6.8-10° 9.8-10° ~ 2.2pc.

ds [pc] 0.4 0.8 2.2 4.4 8.9  As it turns out, the size of the blobs is comparable to or less
my [Mo] 0.003  0.04 0.8 6.2 53

than the thickness of the interaction zone and thus fragmenta-
tion of the wall and creation of holes or depressions in neutral

photon to be absorbed “on the spot”. Therefore the numbertidrogen column density by detachment of blobs seems very
early type stars falls short by 3 orders of magnitude and thgely. This is achieved by significant mass motions induced by
shell mainly consists of moderately warm neutral Fhe same the fastest growing mode. The creation of blobs will be assisted
is true for the wall, because in the Local Bubble there is Ry Mmagnetic reconnection, which in case of Petschek’s (1964)
known stellar cluster that could contribute to ionization. ~ Mechanism typically occurs at a rate0.1vay /I, wherel is

The magnetic field strengths inside Loop | and in the shell diee typical distance between antiparallel lines of forceang
largely unknown. Since Loop | was first observed as an annui@the Alfvén speed in the wall. Once the waves will become
structure in radio wavelengths (Berkhuijsen et al. 1971), aR@nlinear (within a few growth timg and turbulence will be
from spectral index and polarization measurements it becafy developed/ will be sufficiently small for reconnection to
clear that the radio emission is due to synchrotron radiatigifoceed due to tangling and twisting of field lines.
there must be a non-negligible magnetic field associated with The plasma beta is given byp = 8mnawkpTun /B3, =
the shell. Conversely, there is a lack of radio emission frof® 710 (Zw/1000[K])/B2¢; therefore the dynamics of the
the bubble itself, so thdtBy 1|/|Bo2| < 1. We assume that plasma in the shell will be largely determined by the thermal
|Bo71| =0 and\BO,g\ = B,e,uG, with B_¢g =5,n19 =05 pressure as Iong & 5 < 10.
and N,y = 0.75 (see Seck.4l1) as typical values. In Tdble 1 we
have listed the properties of the interaction region as a functigrs. cloud dynamics
of B_g. The temperature of the magnetized wall is then roughly

given by Here we consider blobs to be driven by the pressure farEe
acting on the wall and hence also on individual blobs. Once
T P, — Bj 5 /8 the blobs have detached, they will move ballistically through
v nwkp the Local Bubble without any noticeable deceleration, because
4380 B2, the mass of hot gas swept up by a blob is in general negligible
= ( o 28'8111()) (K] (58) in comparison to the mass of the blob itself. For simplicity we
assume the blobs to be spherically symmetric (see discussion
~ 7T320K,
below).
withthe average pressure ofthe wall beifg = P+ 3 AP ~ The equation of motion is then given by
6.04x 10~ dyne cm ™2, which takes into account the pressure  du,
gradient across the shell. me=os = Fe,

We know thato; /02 < 1; hence the growth time of the

_ T
fastest growing mode is given by = 4dbAPez , (61)

wherem; andwv;, denote the mass and the velocity of a blob,

(k) = 1(91 + 02) _Bozcosa respectively. The mass can be written as
™ (02 — 01)90 4 ‘
_ Bpacosa my = §7rnsh(db/2)3
9o/ 02 s N3ymBS cos® o
- m  NyBo.2cosa = 3.310 — 2, Mg (62)

TNsh AP ~ 0.8Mg.
9.9 x 104 NQOB_ﬁ Cos &

VIS (59) 8 There has been arecentsuggestion to increase the reconnection rate
Vo by turbulence (Lazarian & Vishniac 2000), mainly due to the increase
4.9 x 10° yIS. of the surface area over which antiparallel lines of force could merge.

Q
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The cloud mass is a very sensitive function of the field strength,+ (AP/(2P.p))) ", thus ng/n, ~ 0.13-0.34. Accord-
and values ofB_g cos o« > 5 are above the estimated mass ahgly, the cloud radius after cloud expansion is estimated to
the LIC (see Tablgl1), which is more of the orderofl M. beR. /Ry, = (nb/ncl)1/3 ~ 1.4-2.0. The cloud mass is given
The acquired velocity increageu, by the accelerating force by Eq. [62).
over atimeAt is For a direct comparison, we use the Local Cloud (LIC). The
3 APA? density of the LIC is not very well determined; values for the
=-——. (63) electron density range from, = 0.05 (Lallement & Ferlet
2 mNw 1997) to0.3 cm~3 (Gry et al. 1995), depending on the method
Note, that if d, > OR., the blobs will have a usedandthedirectionoftheline ofsight. Toinferthe gas density
more flattened shape, andn, ~ mwm(dy/2)2N, ©nehastoknowthe degree ofionization. Ithas beenreported by

~

~ 2.71073(Nao/n10)2Biscosia  and  therefore variousauthors (e.g. Slavin & Frisch 1998) that helium is overi-
Av, = APAt/mN,; as expected, the geometry factopnizedrelativetohydrogenandtherefore the LICis probably not
in Eq. [63) is of order unity. With the values adopted for th& ionization equilibrium. From the Hand He backscattering
interaction region this occurs fdé_g cos e > 10. radiation as well as the direct measurement afiéh Ulysses

The duration of the applied force is approximately th1e most likely value for the total LIC density i32cm™
timescale of the formation of the blob, which is a few growtkFrisch et al. 1999).

Avb

times (for the instability to become fully nonlinear), i&t ~ We obtain good agreement between observations and the
nry(k.), wheren is typically a factor of up to a few. Using model for a set of parameters;y = 0.2-0.3, B¢ = 6-7,
Eq. (59), we obtain a = 45-60° for the angle of the propagating waves with respect
to the B-field (cf. Tabld2). Note that the temperature of the LIC
Avr 3 APty (k) in the model is not well determined due to the variatiod\d?;
b 2l MmNy the mean value i$,; = 7740 K, for the most probable value of
By cos a P, = 6.0 x 1072 dyne cm~2. The velocity is reproduced for
= 3”W a plausible range of ~ 2 (see above). The growth time of the

instability for our chosen parametersjgk.) ~ 5 x 105 yrs. In
Table2 we have listed results from both the classical CIE model
Using the previous numbers, we find thaty, = and a non-equilibrium ionization model of the Local Bubble
0.6 (B_¢//M10) kms™! ~ 4.2kms~! (for o = 0) and hence (Breitschwerdt & Schmutzler 1994); the latter results in a much
Avy, ~ 12.7nkms™ 1. For a reasonable value gf~ 2-3 itis lower Local Bubble pressure (by a factor of 5) and hence in a
possible, for example, to recover the observed cloud velocite@mewhat larger pressure differens€ across the wall. One of
of ~ 26 kms!. the advantages of anon-CIE modelis that the plasmain the Local
The pressure in the blob, when it is generated, is suBubble isin pressure equilibrium with the Local Cloud and does
ject to a gradient, which will level off after it has de-therefore not put any restrictions on the cloud survival. During
tached within a few sound crossing times, ~ 7 x the travel of the cloud from its site of formation to the solar
103 Ngg B2 ¢ cos® o/ (n}i (T /1000 K])° %) ~ 1.4 x 10°yrs, System it may be subject to processes like ablation, irradiation
typically less than the growth time of the instability; in the foland heat conduction (although reduced by the magnetic field),
lowing subscript " denotes blob quantities. The pressure hich may modify the values derived above. To include these
shared between the thermal, magnetic and the turbulent pgnplications is beyond the scope of the present paper.
sure (resulting from the instability). The magnitude of the latter
is given bys P ~ £ p(du)?, where the fluctuation amplitude: 3 4 peceleration of the wall
is of the order of the Alfén speed of the perturbed field, which
is of the order of the background field or even larger in the nohhe data analysis of the Leiden-Dwingeloo Survey shows that
linear regime. The temperature is therefore approximately givéél¢ Wall itself appears to move towards the Sun with a velocity
by T}, ~ 4380/n10 — 57.6 B2 /110 K. of about 5kms! (Freyberg et al., 2000). This is by a factor of
After detachment from the wall the blob expands until ﬁve lower than the Velocity of the local clouds. The discrepancy
is in pressure equilibrium with the surrounding Local Bul=an be explained in the following way. Initially, when the two
ble medium. Assuming conservation of mag¥, = const, bubbles came into contact first, the magnetic field lines were
and pV = const, for isothermal expansion, we can estilocally straight lines (see Fiil 2). As the field was subsequently
mate the density of the cloud,;, from n/ny = (PLg/P). bulging_into the Local Bubble due_to the ov:_ar_pressmB,
Here P, ~ P.p + JAP is the average pressure of the blopagnetic tension forces began to arise. Combining Els. (3) and
ranging from (5.26-6.81) x 10~!2dynecm~2, for the val- (8) we obtain for the modified Euler equation
ues derived in Sect.3.1P 5 = (1.55-1.9) x 10~'2 and
Py = (7.4-9.8) x 107'2 in their respective units. As we du VP4 1
shall see, the size of the blobs is probably less than the thitkds 4
ness of the wall and therefore the average pressure of the v ( B?

blob may vary betweem/n, = (1+ (AP/P.g))”"" and P+ 87r> + - (BV)B. (65)

= 3nvaw COS Q. (64)

(VxB)xB
1
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Table 2. The model parameters are given for a Local Bubble modeurvature of the lines of force becomes smaller, the magnetic
assuming collisional ionization equilibrium (CIE) and for a nontension decelerates the wall.

equilibrium model taken from Breitschwerdt & Schmutzler (1994; Once the blobs have detached from the wall ater= N7,

B&S), respectively (for details see Breitschwerdt 1996). A value ghey will therefore travel ahead. Whether the wall will eventu-
N2o = 0.75 was adopted for the column density of the wall throughyjy stall, depends on the interplay between pressure and ten-

out. sion forces. However, on general grounds it is unlikely that an

Comparison between LIC and modd equilik_nrium configuration of such a kind does exist in three di-

mensions.
LICt (CIE) (B&S)
B_6n?07’:a03 00 B_6n?06’:a05 %" 35, Can the clouds be accelerated

nu [em™3] 0.05-0.32° 0.26-0.68 0.07-0.15 by outflowing gas of Loop I?
Ta [K] 7800-97003 4910-21500 5770-16800 We may also speculate, whether the clouds might be accelerated
Ma [Me]  0.07-0.9 0.4-1.0 0.4-0.8 due to the blow-out of gas from Loop | through the holes, which
R [pc] 22-27 1.7-3.2 2.84.4 are caused by the detachment of the blobs. There is no guarantee
VLSR 25.7 25.7 25.7 that such a mechanism might work here, and we merely mention
[kms™!] n=18 n=18 it as an interesting possibility.
! data taken from Linsky & Redfield (1999) Suppose _that the ho_Ies in the wall form an idealized
2 data taken from Frisch et al. (1999) convergent-divergent device, known as a de Laval nozzle. In
3 data taken from Dring et al. (1997) Loop |, the gas flows subsonically towards the holes, becomes

sonic at the throat and supersonic when it enters the Local Bub-
ble. At the blob surface there will exist a stagnation point, and
tﬁ bow shock will decelerate the supersonically impinging gas
Gw, thus converting part of the kinetic into thermal energy. In
he following estimates we will neglect these details, because
e overall effect on the blob will be acceleration, although the
B st-shock gas will be deflected sideways and only part of the

Whereas the magnetic pressure foRR%/8 adds to the accel-
eration of the wall, this effect is more than compensated by
magnetic tension forces.

For illustration, let us consider a simple case of Eql (6":1
We assume axisymmetry, and for simplicity a purely azimuth
field, B = (0, By(r,2),0). A,t t=0 (Wher,] the twq bUb_bleS incoming kinetic energy can be transferred to the cloud.
came into contact), we require that the radial velogjtywhich The force per unit area acting on the cloud due to the jet

is the deviation from the mean bubble expansion, is zero. In tlalfsplasma channelled through a hole is the difference between

initial ph_ase, the nonlinear ternta'V)u, which are of second its ram pressure and the thermal pressure in the Local Bubble;
order, will be small compared @u/0t. We then have

hence
au,« 8 B2 B2 d'Ub T
= —— _— ) - = _ M2
e ot or (P 87r> 4rr (66) mbﬁ = Zdb (QJUj PLB) €z, (71)
gauz _ 0 (P+ Bz) ) (67) wherewv;, o; are the velocity and density of the jet, respectively.
ot 0z 87 Essentially, thermal pressure in Loop | at the base of the jet is

converted into kinetic energy. The maximum effect is reached if

Inthisidealized setup, the longitudinal flow velocityis small. - , 4 . ;
I&tfz efficiency is 100%. In this case we obtain from Bernoulli's

We are primarily interested in the time dependence of the radh

flow. Therefore integration of EJ_{67) yields equation
P ‘L 2y, Pu 2
+ B re, 68) v; ~ g LI _ cL 72
oy (r) (68) v; \/Wg—lgm ve—1 LI (72)

whereF (r) is an arbitrary function of; the “—" sign accounts wherecy; is the speed of sound in Loop I. Thus, assuming
for the fact that the negative gradient of the left-hand side gives a 5/3, and usingPL ~ 1/5 AP for the values aiscussed
positive acceleration. The acceleration of the radial compon%ﬁ ;Cm we obtair?B -

then becomes
APAt

2 ~
Qaaz;r B (rt). (69) A =90 (73)

4dmr
and upon integration with respect to time gives

where for simplicityd, ~ 6 Ry, has been assumed. This accel-
. eration could be quite substantial if compared to Ed. (63); the
wn(r,t) = F'(r)t — 1 B2(r, )t (70) questl_on is: what ig\¢ in here? A steady jet will expand freely
4rr Jo for atime

which satisfies the boundary condition. Egl(70) shows, that as /L dz
0

the field lines bulge into the Local Bubble, and the radius 6f — (74)

_)
Vj
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where L is the distance irx-direction from the hole. There- It has been implicitly assumed that the half opening afigle
fore\/(vy —1)/2L;/cr1 < texp < Lj/cL1, with L; being the willremain constant, i.ean 6§ = R;/L;, whereR; isthe radius
maximum distance of free expansion. We don’t know how welff the jet cross section at distanEe. This is true, because the
collimated the jet will be; it is supposed to have a half openinet is still expanding freely until it hits the cloud, and the so-
angled with respect to the-axis, withtan § = dr/dz, where called working surface has not yet fully developed. It is known
r is the radial coordinate. Its Mach number increases along that in the case the ambient medium is constant (like here), the
z-axis, and appreciable deceleration will occur at a distdnce jet will reconfine (e.g. Sanders 1983; Falle 1991), in order to
where it has roughly swept up its own mass: drive a bow shock into the ambient medium; however this is not
relevant in the initial stage of expansion under consideration.
Sincev; is the maximum velocityAt > teyp,, Which is
whereV/; is the volume of the conical jet ani is the mass flux _ d
through the hole. In order to evaluatewe use the equation of ¢, ~ = ~ 0.35 — (84)
continuity and Bernoulli's equation for a polytropic gas; since Yj cLy tan g
there is no significant exchange of heat between the jet and theadopting the values derived earlier f@_¢ = 5, d, =
surrounding medium we use the adiabatic law= C'¢s where 2.2 pe, Ti; = 2.5 x 105 K andr, = 4.9 x 10° yr, we can now

C'is a constant depending on the specific entropy of the gasgonclude that the effect of accelerating the clouds by the plasma,

mtexp ~ QLBV} ; (75)

owA = const (76) which is streaming out of the holes and pushing the clouds, is
1 5 ’ of the same order as the initial acceleration given in[Ed. (63), if
51,2 + ¢ 1= D, (77) the half opening angle satisfies
Vg —
d
with D being constant along a streamline. At the critical pointan§ ~ 2.3 b (85)
of the flow Eq.[[Z¥) becomes (Courant & Friedrichs 1948) TgCLI
) =0 ~ 3.1°,
Yg — 1 2c
7: n v+ Yl o (78) andL; ~ 11d, ~ 24.2pc.

. N o It is unlikely that such a well collimated jet exists in the

With increasing distance from the jet the speed of sound drqggsma streaming out of the holes is probably rather small.
and the fluid velocity increases, so that we obtain from[Eq. (78)

approximatel
PP Y 4. Comparison with observations

+1 2c?
v? Jg T2 2 - Ll (79) 4.1. ROSAT PSPC X-ray data
Yg— 1 Y9+ 1
Using the adiabatic law and EG{78), the mass flux into the lgbgpce blobs have fqrmed and detached fr'om the Loca.l Bubble
is given by oundary, the remaining holes (or depressions, depending on the

ratio of blob to wall extension) in the hydrogen distribution can

m = o.c.As cause corresponding changes in the absorption of soft X-rays
9 % from distant emission regions. This should be accompanied by
= oricLiAx < > ‘ (80) spectral changes as softer X-rays are more heavily attenuated
729 +1 than harder X-rays.
~ O-GWQLICLI% , 81) The ideal data base for such an analysis of absorption and
4 emission variation of soft X-rays is the ROSAT XRT/PSPC All-

where the diameter of the surface aréaat the throat of the Sky Survey: sky maps of intensities and their uncertainties of
nozzle has been equated to the diameter of the clouds. Fdh&soft X-ray background (SXRB,1-2.0 keV) have been pro-

proper jet we expeat,/2L; < 1, and therefore duced in 7 energy bands witl2’ spatial resolution (see Snow-
den et al. 1995, 1997, and references therein). These maps have
V ~ le? <L]- tan? 0 + §db tan 9) ) (82) been carefully cleaned from non-cosmic contaminations (e.g.,
2 particle events, scattered solar X-rays) and point sources have
Using the minimum expansion time., = L;/v; = t_>een masked. Also t_elescope vignetting and deadtime correc-
ij/CLL Eq. [75) yields tions have been applied. '
The ROSAT survey maps of the Loop | region at low
3dy 4 ou dy energies, primarily the R1 band (PSPC channels 8-19,
Li = Toma [V aos 1 = 06— (83) 0.1-0.2keV) indicate the presence of a coherent neutral gas
sheet filling the interaction ring as found by EA95. Judging

here we have used the positive root for a physically meaningftdm the known optical depth in the R1 band the mean column
result and the numerical values for the respective densities givemsity of this gas sheetds 102° cm~2, because it is blocking
in Sect[31L. most of the R1 band radiation coming from behind.
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Fig.5. ROSAT PSPC maps of the Loop | region in the R1 (left) and R2 (right) band centered on the centre of the radio continuum (RC)
Loop I, (I,b,7) = (330°,+417.5°,58°). Dashed white lines mark the contours of theridg formed by the interaction of Loop | with the LB
as described in Egger & Aschenbach (1995). For details see text.

This can be seen in Figl. 5 which shows ROSAT survey mapsr right and the lower box (drawn in the ROSAT images in
of the Loop | region in the ROSAT R1 (left; 0.08-0.28 keV) Figl[5, respectively. The three regions have been chosen such
and R2 energy bands (right, 0.15-0.28 keV). The green line that the spectra of the background sources are roughly equal:
is ar = 58 small circle fit to the radio continuum (RC)TNorthPolarSpur = TeentralLoop 1 = 3 X 109 K. This precon-
Loop | (Berkhuijsen 1972). The maps are centered on the celition, however, is not very critical as will be shown below.
tre of RC Loop I(I = 330°,b = 17.5°), galactic north is Assuming now that the LB foreground emissib; is constant
up. The dashed white lines mark the contours of theifly we obtain the following equations:
formed by the interaction of Loop | with the LB as describe . .
in Egger & Aschenbach (1995). The intensities of both im- (4) = Rlp+ Rls(A) =518
ages are scaled in a way that the regions outside (north)%]f(B) = Rl + Rlg(B) =
the interaction zone appear to be equally bright. Hence, tRé(C) = Rl + R15(C) =
intensity ranges ar@-820 x 10~°countss'arcmim? and R2(4) = R2, + R2g(A) = 868
0-1300 x 10~% countss' arcmirm? for R1 and R2, respec- 2(B) = R2; + R25(B) =

= L S
tively. One can see that the interaction ring is casting equa
deep shadows onto Loop | on both of the low energy images dﬁy (C) = R21+ R25(C) =246,
to its high absorbing column density ©f7 x 102 cm~2 which  whereR1(A), R1(B), R1(C), R2(A), R2(B), andR2(C) are
corresponds ta- > 4 for both bands. Also the view throughthe total median intensities within the three regions in the two en-
the ring into the interior of the Loop | superbubble is inhibitedrgy bands in units af0—¢ counts st arcmirr2. R1; andR2;,
by intervening neutral gas. However, the absorption is strongerthe LB foreground emission?1s(A), Rls(B), R1s(C),
in R1 than in R2, which roughly corresponds to optical depth2g(A), R2s(B), and R25(C) are the absorbed background
unity in R1 as will be shown below. This is clear evidence fantensities for bands R1 and R2, respectively. In order to cancel
the existence of a coherent neutral gas sheet or “wall” separating foreground we subtract:
the LB from Loop I.

Quantification of the absorbing column density using the 1(4) - R1(C) = Rls(4) - RlS(C)
R2/R1 band ratio is not trivial since we also have to take inl(B) — R1(C) = Rls(B) — R1s(C)
account a certain amount of foreground emission in both bang3( A ) R2(C) = R2g5(A) — R25(C)
coming from the LB. To make a rough estimate we compare t@& — R2(C) = R2s(B) — R25(C) .
mean intensities of three separate regions, each aiouts°
in size, one of them inside and two outside the interaction zoté€nce, we obtain the hardness ratf§§) =72} = 1.89 and

We will use the labels A, B and C for the upper left, the up% = 1.81. Fig. 10a in Snowden et al. (1997) shows
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Fig. 6. ROSAT PSPC survey X-ray intensity maps of the central part of the Loop | region in the R1 (left, PSPC cRanirigls 0.08-0.28 keV,
dynamic rangé—450 x 10~% counts s arcmin 2) and R2 (right, channel®0—41, ~ 0.15-0.28 keV, 0-650 x 10~° counts s arcmin2)

band in galactic coordinates in Aitoff-Hammer projection. The pixel size is 40 arcmin. Coordinate lines are in $t&pstafting a = 345°

(left) andb = 0° (bottom), the two regions witly?-contour grid analysis (Figl7) are indicated by circles (A1 right, A2 left). Errors in the band
rates (R1, R2) in the selected regions (A1, A2) are less than 4% astlewel while the difference between Al (bright) and A2 (dark) exceeds
34%.

that for a R2/R1 ratio of.8-1.9 we get an absorbing column o.12
density of Nz wan = 0.7-0.8 x 10%° cm=2 assuming a thermal
background emission dbg T' ~ 6.5. This result is almost o1
insensitive to variations in background temperature betwe
log T = 6.2-6.8. Njjwan ~ 0.75 x 10%°cm=2 is therefore z
a conservative value. If we assume that the line of sight throug
the LB is somewhat larger at higher galactic latitudes (fields .06
and B) thaniitis in the galactic plane (field C), asis indicated |
some current models, then the R2/R1 contrastis even higher o4 e
the absorbed background sources. Another way to get a rol 01 02 03 04 05 06
estimate for the wall column density is to use the model Ny (1081 em~?]
Snowden etal. (1993) for the LB quantities ﬂmL_ + Rz and Fig.7. x? contour plots (o, 20, and3o) of the spectral fits foFs My;
R2.,/R1y. For position C we would then obtaill, = 156  and )y, for the two selected regions A1 (dashed) and A2 (solid contour
and R2y, = 194. With R1(C) = 189 and R2(C) = 246 the |ines). For details see text.
hardness ratio i% ~ 1.6. Using Fig. 10a of Snow-
den et al. (1997) this correspondsig; ~ 0.4 x 1020 cm~2.
These numbers are obtained by hardness ratio analysis onlythe.second approach errors are difficult to obtain from Snowden
by analysis of only two bands, but are nevertheless sufficieital. (1998) as this study aimed at a large-scale description of
to show X-ray evidence for the existence of a coherent (largbe local and distant 1/4 keV X-ray sky by smoothing filters and
scale) neutral gas sheet between the Local Bubble and Loop ld&res not provide uncertainties for individual sky regions.
the next section we will show a more detailed spectral analysis. On smaller scales, however, there are several directions
We want to note that in the first estimate statistical errors amvere the H wall appears to be disrupted, which is indicated
negligible (~ 1%) but systematic errors may be stronger dugy X-ray enhancements and spectral variations in the R1 and
to the separation of regions A and B from C and the assum@@d bands: The R1 band count rate is only slightly increased, the
spectral constancy of the local and distant emission regionsR& band rate (channels 20—41), however, shows significantly
higher values (see Fig. 6) as compared to surrounding regions.

istant
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This can be interpreted in terms of still considerable absorptiohabsorption and spectral variation. The size of each region is
for the soft R1 band X-rays, and beginning transparency farx 3 pixel of 40/, i.e.~ 4 square degrees. This corresponds to
R2 band emission. In this region of enhanced X-ray intensi@dydiameter of the blobs ef 1.6 & 1 pc for a distance estimate
also a local minimum of the galactic neutral hydrogen columaf the wall of40 + 25 pc, which is in good agreement with the
density is found. This supports the idea of blobs that have destimated sizes derived earlier.

tached from the boundary and have left a remaining boundary The enhanced region A1 shows a deficiency of hydrogen

with decreased density. by 1.410%° cm=2 (Nu (A1) = 1.270210%° cm=2, Ng(A2) =
2.670¢ 1020 cm~2) compared to the neighbouring region with-
4.2. Spectral fits out enhancement (A2). For both areas we derived a distant tem-

perature ofcTt; = 0.20keV. In Fig[4 we illustrate the signif-
Now we want to quantitatively examine the spectral variatigdance of our results by contour plots for both regions (Al
visible in the R1 and R2 band. Since the ROSAT PSPC (aashed, A2 solid) for parameteié; (z-axis) andE My (y-
any proportional counter) has only a moderate energy resadixis). Contour levels arkr, 20, and3o (from inside to outside).
tion, the number of free spectral model parameters is limitedTpere are no significant changes in the properties of the distant
a maximum of 5. Our input model consists of three emissi@Rermal emission component (temperature, emission measure).
components (similar to Egger 1995). One is the extragalactic The column density contrast is of the order of the column
background, which we assume to follow a power-law spectrugi@nsity of the H shell around Loop 14 10%° cm~2, see e.g.
with full galactic absorption derived from 21 cm maps. All paggger 1995) which is consistent with the view that most of the
rameters for this component are kept fixed during the fits bsiell in the direction to the enhancement has been disrupted
have been determined separately at high galactic latitudes. i\ blobs. Such blobs are not a rare event as will be shown in
have also included a local unabsorbed thermal component rggeparate paper (Freyberg et al. 2000), in which we report on
resenting the Local (Hot) Bubble as Raymond-Smith plasma fife search for H blobs in the data of the Leiden/Dwingeloo
collisional ionization equilibrium), where the temperatlligs 21 cm survey. This suggests that a hydromagnetic instability is
was fixed to the canonical value b1 = 0.10 keV in agree- working on a larger scale.
ment with other authors (e.g., Snowden et al. 1990, 1998; Egger
1995). The emission measuk&\/1  is a free parameter since
we allow for local intensity variations. The third component i
due to distant thermal emission from the Loop | superbubbifée existence of a wall is not only supported by X-ray spectral
with free temperaturéy;, emission measurE My, and fore- analysis, but also by independent interstellar absorption line
ground absorptiotVy (which has an upper limit of less than 1.5measurements. EA95 and Egger (1998) have shown that there
times the galactic value to account for uncertainties in the detgra distinct rise in the K column densities of stars in the di-
mination of the galactievy). The values for the galactic neutrakection towards the ring between the Local Bubble and Loop .
hydrogen column densities have been obtained by scaling At distance of about 70 p&y jumps from< 1 x 1020 cm=2
IRAS 100 zm map to data by Dickey & Lockman (1990), sinceéo > 7 x 102° cm~2. We have reanalyzed the absorption data
the latter have only a spatial resolution25f There is no gain compiled by Fruscione et al. (1994) by using recent HIPPAR-
in using a more complicated model because having 4 free @BS distances. The result is shown in Eig. 8, corresponding to
rameters and 7 data points is close to the feasible limit of the Fig. 3 of Egger (1998). The left panel summarizes for which
fit procedure. sample stars HIPPARCOS data are available (filled symbols),
The fits were performed for two regions inside the inand whether these are “close” (triangles) or “distant” (squares)
teraction ring (as defined by EA95), a bright area (Al) &fith respect to a distance of 80 pc. The right panel still shows
(I,b) = (311.1°,+27.7°) and a darker one (A2) d1,b) = adistinctrise inVy, at a somewhat larger distance as some stars
(337.9°,+28.9°) (see FiglB). These regions were chosen to lige now slightly further away. However, the main conclusion,
away from sky map portions with excessive background conamely the existence of an interaction ring, is still clearly visi-
tamination to avoid effects of over- or undercorrections of thepge.
components (e.g., long-term X-ray enhancements) by the back-n principle all the stars withVg > 102° cm~2 could be
ground cleaning processes. Cross-checking with the ROSIEated at large distances even far behind the Loop I. However,
Bright Source Cataldb(Voges et al. 1999) we convinced ourwe have checked that more than half of the 40 stars in the direc-
selves that the contribution by point sources was negligiblgan of the ring are located within 140 pc from the Sun. There
Moreover, we tried to avoid a bias due to the galactic bulgge 6 stars between 89 and 140 pc wiitR°5 < Ny < 10211°
emission. Finally, the regions should not be separated too mygh-2, and one star at 130 pc wiffiy = 10'7-® cm~2 (however,
to minimize variations of the distant emission component. OtHis star is located in the direction of therldnhancements of
selected areas Al and A2 are otherwise typical regions and thering). We further emphasize that all starg at 140 pc have
restrictions have only beenimposed in order to isolate the effegtg < 102123 cm=2, i.e. at the same level as before. Therefore
we conclude that the Henhancement cannot be due to neu-
4 Electronically available at tral hydrogen beyond Loop | and the jump My should be
http://www.rosat.mpe-garching.mpg.de/survey/rass-bsc/ interpreted as a dense absorbing ring. As Loop | is a superbub-

é.S. Interstellar absorption lines
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Fig.8. Left: Positions of stars projected onto the annular X-ray shadow cast by the interaction ring. Filled symbols (triarglég;pc,

squaresd > 80 pc) denote stars with HIPPARCOS distances while open symbols represent stars without these new distances. The galactic
plane b = 0°) as well as the centet & 0°) are indicated with tics at ead®®. Right: H1 column densities towards stars projected onto the
interaction ring, again filled symbols stand for stars with HIPPARCOS distances and empty symbols for stars without.\Gled@shs to

~ 7 x 10%° cm™2 at around 100 pc. Absorption data taken from Fruscione et al. (1994).
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Fig.9. H1column densities of stars in the direction of the rangltowards the wall wittb > 5° as a function of HIPPARCOS distancéeft:
Ny derived from Na absorption measuremeniight: Ny derived from all other methods (e.g., by Mg I1, EUV). The rise in column density
to Ng ~ 10%° cm™2 occurs at a distance @ 60 pc, thus indicating the existence of a wallr Eblumn densities derived from Nappear to
be lower, the sampling in distance is not as complete as in the right panel. Absorption data taken from Fruscione et al. (1994).

ble with ongoing star formation in which gas is continuouslyhe Nar absorption column densities tend to be systematically
heated it is a valid assumption that the pressure is higher thmatow the ones obtained by other methods. This may be possibly
in the adjacent Local Bubble where no evidence for an actidee to ionization and/or abundances effects which influence the
stellar cluster is found. Therefore the interaction shell (wall) monversion factor of Nato H1. The conversion factor by itself
pushed towards the Local Bubble with respect to the ring. Thissa source of error in contrast to methods evaluating hydrogen
the distance of- 80—100 pc to the ring may serve as an uppedirectly (e.g., Ly«), and the correlation betweé¥i,; and Ny
limit for the distance to the wall, while parts near the centighows considerable scatter (one order of magnitude) (cf. Ferlet
direction of Loop | may be closer. et al. 1985). Diamond et al. (1995) have used ldhsorption

The compilation by Fruscione et al. (1994) contains coluniime studies to map the distribution of interstellar matter. Only
densities derived by various methods. We have analyzed a sam stars of their sample are in our field of interest (humbers
sample of stars with directions towards the ring and toward§ and 47 of their Table 3) and both are not in conflict with our
the wall inside the ring withh > 5° (our X-ray analysis was model of a wall inside an interaction ring.
restricted to this range as well). In the left panel of Elg. 9 we In the recent literature the Namethod is extensively de-
have shown the absorption-distance-relation derived from Nscribed e.g. by Welsh et al. (1998). Unfortunately in the wall
measurements, whereas in the right panel this relation derivedion, for a distance less or equal 100 pc, there are not many
from all other methods (like Ly, Mg11, EUV,...) is displayed. background stars with measured Neolumn densities avail-



318 D. Breitschwerdt et al.: Origin of Hclouds in the Local Bubble. |

able. Therefore Welsh et al. conclude that it is difficult to degeneration, the clouds are magnetized, with the magnetic field
rive the detailed morphology of the LISM using Nabsorption being mostlikely parallel to the surface. There is no hint that this
measurements. field is strongly turbulent on scales much smaller than the cloud
size, and hence heat conduction may be efficiently suppressed.
When the blobs travel through the Local Bubble from their
place of birth to the solar neighbourhood, they might be subject
The mechanism of producingiitlouds by a hydromagneticto ablation. However, the low density in the Local Bubble en-
Rayleigh-Taylor instability is operating under quite general cogures that the column of mass that is encountered is roughly two
ditions, provided there exists a pressure imbalance betweenarders of magnitude smaller than that of the cloud, and therefore
two interacting bubbles. Therefore the assumption of collisioralation is negligible.
ionization equilibrium (CIE) is not critical. It has been shown Soft X-rays (below).4 keV) are quite sensitive to absorption
that non-equilibrium ionization models of the Local Bubble cavariations due to the strong energy dependence of the photoelec-
explain a number of features that are problematic in standdii¢ absorption cross sections. Therefore searching for variations
CIE models (Breitschwerdt & Schmutzler 1994; Breitschwerdh band ratio maps is a powerful tool to look for candidates for
1996). The pressure in the Local Bubble is typically a factor &fayleigh-Taylor instability “holes” (drastically locally reduced
4-5 lower in these models. It is therefore in equilibrium witthickness of the wall). These spectral variations may, however,
the local clouds, and thus guarantees their existence in the latgp be caused by intrinsic emission variations such as different
run. temperatures. Therefore special care has been taken to elimi-
There are a number of competing instabilities that could irate as many effects as possible that might bias the analysis.
principle occur. Kelvin-Helmholtz instabilities depend on th€oint sources have been subtracted. The sky maps have been
systematic velocity difference in adjacent regions. Consideralbit@roughly cleaned from non-cosmic background components.
deviations from spherical symmetry would be necessary in ordgalactic bulge intensity variations were reduced by selection on
to produce a significant difference between the velocity in tig@lactic latitude. There is no substantial temperature gradient to
shell and the hot bubbles, respectively. Moreover it has bdemexpected in the diffusely emitting plasma of the Loop | super-
shown by Kahn (1980) in the case of a stellar wind, that secobdbble on scales @)° (~ 20 pc) since it would be wiped out by
order effects limit the growth rate substantially. pressure waves within the order of a féa* years. Hence the
Thin shells, held under pressure by shocks like in accraethod is excellent for probing absorbers and holes in the in-
tion flows are susceptible to “thin shell” or “bending modeteraction zone. Spectral fits using 7 energy bands with a simple
instabilities (e.g. Vishniac 1993). This effect is mainly due tbut realistic model have indeed shown that the emission param-
a separation of net momentum of the incoming flow from bogters do not change, but only the absorption between the Local
sides, depositing, say positive momentum in the upward aBdbble and the more distant thermal component.
negative momentum in the downward flow, thereby increasing In conclusion we have presented evidence that the scenario
any existing “ripples”. While these calculations do not considef small compact cloudlets expelled from the bubble interaction
any magnetic field, which would inhibit instability by tensiorzone by Rayleigh-Taylor instabilities is a convincing explana-
forces, it can be estimated that the typical inverse growth time fign for the presence of partially neutral clouds in a fully ionized
the unmagnetized case is of the Ol‘dgll ~ csnk/2m/0Rsn, LISM. Also the general flow of the clouds (direction) and the
wherec, is the speed of sound in the shdllthe wavenum- magnitude of the velocity, in particular the LIC, towards the
ber andz,, the mean (density weighted) position, defined bgnticenter direction is naturally explained.
Zm = ;12 zodz/ fzzf odz. In our case this amounts to about Finally one could ask how rare an event like the interaction
the sound crossing time for unstable wavelengths of the or@ébubbles would be, in order to infer the relevance of the pro-
SRy in the shell;r, ~ §Rq,/can = 4 x 103 5. Introducing a posed mechanism in interstellar space in general. From radio
magnetic field would certainly make it larger than the value v@bservations (Quigley & Haslam 1965) it is known that there
derived for the hydromagnetic Rayleigh-Taylor instability. ~ are four almost circular rings projected onto the sky and appro-
In a subsequent paper (Freyberg et al., 2000) we will shgwiately termed Radio Loops I to IV, which are probably old
that our proposed mechanism can indeed be responsible f§tigerbubbles or supernova remnants. Their apparent sizes sug-
swarm of neutral clouds, drifting from Loop | towards the antigest that they are very close by, and interaction at some stage
center direction, which we have found in the Leiden-Dwingeld@Jring their evolution is not unlikely. Moreover, there are a
21 cm Survey by a newly developed cloud detection algorithfumber of well-known examples of nearby bubbles: Eridanus
If the Local Bubble has a temperature as high-as0° K, (distanceD ~ 100-150 pc), Gum Nebula D ~ 200-250 pc),
there exists a temperature gradient of 2 orders of magnitudé4ton (D ~ 450 pc) and Monogem Ringp ~ 100-1300 pc).
the interface between a cloud and the bubble plasma. Dueltt tendency of bubbles to cluster is straightforward to under-
their high mobility, thermal electrons will deposit energy in thetand, if we take into account that star forming regions are not
warm cloud and thus cause the gas to evaporate. The timesbg@ogeneously spread over the galactic disk, but concentrate
is estimated to be abo@t3 x 10* R, yr (Egger et al. 1996), in spiral arms. Images of extragalacticilfegions demonstrate
which is short compared to the travel time of the blobs in ttigis behaviour quite convincingly. We therefore expect that the
hot medium. However, we have shown that, as a result of thifiteraction of bubbles does occur in several places in the Galaxy,

5. Discussion and conclusions
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