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Abstract. The large scale distributions of gas, magnetic field 2 10~% M. A significant fraction of the galactic dark matter

and cosmic rays in the galactic halo are investigated. Our modwy be in this form.

is based on the analysis of all-sky surveys of Has (Lei-

den/Dwingeloo survey), soft X-ray radiatioRQSATall-sky Key words: Galaxy: halo — Galaxy: kinematics and dynamics —

survey), high energy-ray emissionEGRET> 100 MeV), and ISM: clouds — cosmic rays — ISM: magnetic fields — dark matter

radio-continuum emission (408 MHz survey).
We found a stable hydrostatic equilibrium configuration of

the Galaxy which, on large scales, is consistent with the obser- .
: . . Introduction

vations. Instabilities due to local pressure or temperature fluctu-

ations can evolve only beyond a scale height of 4 kpc. We haigempts to describe the gaseous galactic halo date 40 years

to distinguish 3 domains, with different physical properties anghck. At the IAU Symposium No. 8, Pikelner & Shklovsky

scale heights: (1958) presented the first model of a galactic halo composed
1) The gaseous halo has an exponential scale heightgas, magnetic fields and cosmic rays. The assumption of

h, ~4.4Kkpc. Its radial distribution is characterised by a galapressure equilibrium between these three components yielded a

tocentric scale lengt; ~ 15 kpc. On large scales all compo-model of an almost spherical neutral but highly turbulent halo.

nents of the halo — gas, magnetic fields and cosmic rays — @teey proposed that this halo would be detectable in?H-cm

in pressure equilibrium. The global magnetic field is regularhadiation with a line velocity dispersion af 70kms~! . At

ordered and oriented parallel to the galactic plane. that time however, such emission lines could not be observed
2) The disk has a vertical scale height of about 0.4 kpc. Chéecause of technical constraints.

acteristic for this region is the high gas pressure. The associatedSpitzer (1956) pointed out, that energy dissipation by shocks

magnetic field is irregularly ordered and its equivalent pressuraist cause a rarefied h@ (~ 10° K) halo. Assuming that this

is only~ 1/3 of the gas pressure. The cosmic rays are decoupleddo plasma is in hydrostatic equilibrium with the gravitational

from gas and magnetic fields. potential of the galactic disk, Spitzer estimated a plasma scale
3) The diffuse ionised gas layer with a vertical scale heigheight of~8 kpc and a midplane density 5f10~* cm~3.

of about 0.95 kpc and a radial scale lengthaf~ 15 kpc acts Parker (1966) focused his analysis on stability considera-

as a disk-halo interface. The magnetic field in this region htisns between gas, magnetic fields and cosmic rays in an equi-

properties similar to that in the disk. However, here the cosnlibrium configuration. He found that it is difficult to maintain a

rays are coupled to the magnetic fields in contrast to the situatigiable configuration due to hydromagnetic self-attraction. From

within the galactic disk. The gas pressure in this transition regithis kind of stability considerations it became apparent that they

is essential for the stability of the galactic halo system. are of major concern for the understanding of equilibrium con-
Applying the model we can derive some major propertightions in the galactic halo.
of the Milky Way: Lachieze-Rey et al. (1980) included turbulent motions into

Assuming that the distribution of the gas in the halo tracégeir stability considerations. This turbulent pressure compo-
the dark matter, we derive for a flat rotation curve a total massitgnt mitigated the influence of the “Parker-instabilities” on the
M = 2.8 10'* M. The mass of the galactic haloig;,;, ~ hydrostatic equilibrium models and enabled new attempts to
2.1 10 M. find conditions under which a stable equilibrium configuration

We find that turbulent motions in the gaseous halo can be @the Galaxy could exist.
scribed by the Kolmogoroff relation. The smallest clouds, which With respect to the considerations of Laehe-Rey et al.
are compatible with such a turbulent flow, are at temperatud980), Bloemen (1987) proposed an extended hightemperature

close to 3 K. They have linear sizes©f20 au and masses ofhalo. At a vertical distance df < [z| < 3kpc the halo gas
temperature should BE ~ (2 — 3) 10° K while within the
Send offprint requests 1®. Kalberla, (pkalberla@astro.uni-bonn.de)disk and abovez| > 3kpc the temperature should e ~
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108 K. This halo plasma should emit significant amounts of LDS survey. They proposed that such lines originate from
X-ray photons within the 1/4keV and 3/4 keV energy bands. a layer of Hi gas, co-rotating with the disk, with a scale
At this time it was assumed that most of the soft X-ray radiation height ofh, = 4.4 kpc.

originates from the local cavity (Snowden et al. 1990). 2. At optical wavelengths Minch & Zirin (1960) first found

To reduce the necessity of a halo plasma, Boulares & Cox absorption lines indicating the existence of neutral gas
(1990, hereafter B&C) introduced magnetic-tension forces in above|z| > 500pc (for a review see Danly, 1990). In
their considerations of a galactic hydrostatic equilibrium. B&C the mean time absorption line measurements established
pointed out, that a hydrostatic equilibrium necessarily needs the existence of highly ionised gas within the galactic halo.
high |z| extensions for all components: gas, magnetic fields In a recent paper, Savage et al. (1997) derived exponen-
and cosmic rays. In particular, they deduced that the veloc- tial scale heights for different species of ionised atoms:
ity dispersion of the gaseous component has to increase up toh.(Sitv) = 5.1(£0.7) kpc, k. (C1v) = 4.4(+0.6) kpc and
60kms~! for a stable hydrostatic equilibrium configuration.  h.(NVv) = 3.9(%+1.4) kpc. In a second approach, they fo-

Bloemen (1987) and B&C came to different conclusions cused their attention to the kinematical properties of the
concerning the existence of a hot galactic halo plasma. However, 9as. A turbulent velocity ob ~60kms~! was derived
there was a general agreement between these papers that it ifom Civ lines. The data are consistent with the model
essential to stabilise the hydrostatic equilibrium configuration thatthe highly ionised gas co-rotates with the galactic disk.
by the pressure of the gaseous component. The gaseous hal&or theCiv absorption profiles they derived a dynamical
component - regardless of its physical state - must necessarilyscale height of.,(Crv) = 4.5(%1.6) kpc. The gas pres-
be supported by the galactic disk and reachdistances of ~ sure derived from this velocity dispersion is not sufficient
~5kpc. to stabilise the gas at scale heightshgf = 4.4kpc. Ac-

In the mean time, the observational database increased sig-cordingly, Savage et al. (1997) concluded that additional
nificantly with respect to the gaseous component. The diffuse Pressure sources are needed, most probably from magnetic
ionised hydrogen layer is now an established component of fields and cosmic rays.
the Galaxy (Reynolds 1997). THROSAT mission established 3- ROSATobservations of the Draco cloud suggested that dif-
the existence of an X-ray emitting plasma within the galac- fuse soft X-ray emission originates from outside of the lo-
tic halo (Pietz et al. 1998a,1998b, Wang 1998). The new Lei- cal X-ray plasma (Snowden et al. 1991). Up to now it is
den/Dwingeloo H 21-cm drop survey revealed the existence @ Matter of debate whether the galactic X-ray halo has a
of an Hr high-dispersion-velocity component (Westphalen et Patchy or smooth intensity distribution. In general, we know
al. 1997, Kalberla et al. 1997a, 1998). The Goddard-High- that the observed diffuse soft X-ray emission is a super-
Resolution-Spectrograph on board of H&T improved our position of the X-ray radiation of the “local hot bubble”
knowledge about the distribution of highly ionised gas above (Snowden etal. 1990, 1998), the galactic X-ray halo (Pietz
the galactic disk (Savage et al. 1997). Thus, it is of considerable et al. 1998a, Wang 1998) and the extragalactic background
interest to re-investigate the hydrostatic equilibrium considera- radiation (Hasinger et al. 1998). In a recent paper Pietz et

tions including these new data sets. al. (1998a) demonstrated that the galactic X-ray halo radi-
Of special interest concerning the gaseous components are&tion can b.e modelled very well by a vertical distribution
the following discoveries: of a pervasive gas component with~ 1.5 106K and an

exponential scale height &f, = 4.4 kpc.
1. H1 gas with a velocity dispersion of up to 3ms~! has

been found towards the galactic poles by Kulkarni & Fich These results, which were derived by different authors from
(1985). Lockman & Gehman (1991) pointed out, that thdifferent databases, indicate that there is convincing evidence
turbulent energy of this H component can support layerdor a gaseous galactic halo with a vertical scale height of
up to distances ofz| >1kpc. Westphalen et al. (1997)%, = 4.4 kpc. To obtain a comprehensive view of the large scale
and Kalberla et al. (1998) analysed the Leiden/Dwingelatructure of our Galaxy we performed a new analysis following
survey (Hartmann, 1994 and Hartmann & Burton, 199Parker (1966). We investigated quantitatively the distribution of
henceforward LDS) and detected igas with a velocity dis- the gas, the magnetic fields and cosmic rays by studying state-
persion ofc ~60kms~!. Kalberla et al. (1997b) investi- of-the-art data sets. We intend to present our entire model and
gated quantitatively the disagreement between the LDS aaitof its variables right from the beginning. This gives us the
the Bell Laboratories H survey (BLS, Stark et al. 1992). possibility to describe the model in the necessary detail. Most of
They came to the conclusion that the velocity dispersion tife model parameters cannot be determined independently from
35kms~! derived from the BLS is biased by insufficienone individual database. In practice, one has to recalculate all
corrections of the instrumental baselines. Because of gh@ameter values if only one is changing, this however cannot
higher velocity resolution and the larger velocity coveradee described in a concise way. The following sections describe
of —450 km s~ to +400 km s~ !, the instrumental baselinethe procedures which were used to evaluate the parameter val-
uncertainties of the LDS are significantly less than those oés. In Sect. 2 we describe the basic assumptions concerning our
the BLS. Kalberla et al. (1998) constrained the ¥locity hydrostatic model; in Sect. 3 we present the analysed data and
dispersion tar = (60 + 3) kms~'by a reanalysis of the the derived parameters. In Sect. 4 we describe the large-scale
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galactic distribution of gas. In Sect.5 we verify the model in Eq. (2) gives the: dependence of the gas densityonly
comparison with the observed galactic synchrotron gy as a function of:. As discussed by de Boer (1990), the grav-
emission. In Sect. 6 we discuss the stability of the galactic hatational potential depends strongly on the galactocentric dis-
and discuss limits for the galactic origin of high-velocity cloud&nceR. Rather than modifying the potenti®|( R, z) itself as
(HVCs). In Sect. 7 we estimate the dark matter content of thenction of both,R and z, we use the separation approach of
galactic halo. In Sect. 8 we discuss turbulent processes in ffaglor & Cordes (1993, see their discussion in Sect. 3.1) based
halo. In Sect. 9 we summarise and discuss our results. on squared hyperbolic secants which were first introduced by

Spitzer (1942). This modifies Eq. (2) to:
2. Equilibrium conditions

—d(2)

The “classical” publication of Parker (1966) raised the questic?r(R’ 2) = g1(R) no eXp[m] (3)
whether or not the galactic disk and halo may be in a hydrostatic !
equilibrium state. In particular the most recent publications Whereng = n(Rw,0) is the mid-plane density at the radial
this field by Bloemen (1987) and B&C discuss stability corPosition of the Sun. The radial term is
siderations in great detail. In addition, it is important to realize _
that Lockman & Gehman (1991) generalised the concept of 4 R) =sechi([t/A1)/sect (o /A1), “)
isothermal equilibrium concept of our Galaxy. The consideradth R, = 8.5 kpc.
tions of these papers mark our starting point in investigating the
physical conditions within the galactic disk and halo. 3. Data

3.1. The composition of the galactic gas phase

2.1. Basics A common result of the investigation of Bloemen (1987) as well

. . I - as of B&C is, that a high gas pressure is needed to stabilise the
According to Parker (1966) a hydrostatic equilibrium of an in alactic halo. To provide this pressure, Bloemen (1987) pre-

terstellar gas phase against the gravitational acceleration iﬁ. o o .
gas p 9 g icted a hot X-ray emitting plasma within the galactic halo.

direction is described by In contrast to this approach B&C suggested that the necessary

high gas pressure can be provided without such a plasma, but
a(l + a + B) p(z) = —n(z) d®(z)/dz. @) by increasing the velocity dispersion of the cooler gas up to
= 60kms~! at high|z|-distances. The datasets now avail-

(o2
— 2 . v
Wherep(z) = n(z) < v > denotes the gas pressure withiye can set tight constraints to both proposed gas components.

— Je 2 ity di . . PIopous ) \
oy = V<w? > as the total rms random gas velocity dispefrpjs focuses our view onto the gas distribution and its physical

sion in thez direction, pmag(2) = B*/(87) = ap(z) the  ;ongition, as the most important constituent of our considera-
magnetic field pressure apg.(z) = 3p(z) the pressure of the ;.

cosmic ray component. The total gas density(is) and ®(z) We intend to describe only the large scale structure of the
the galactic grawtatlonal potgntlal at a distanqeerpendicular Galaxy. Accordingly, we exclude the molecular clouds as well
to the galactic plane. Eq. (1) is solved by: as the influence of the galactic spiral structure. This approach
—®(2) is not an oversimplification, _because to extract significant in-
(<o®> (lt+at ﬁ))}' (2) formation from the observational data one has to average the
data across tens of degrees. Accordingly, the area filling factor
ng denotes here the mid-plane density. It is assumedithat of the molecular species, especially towards high galactic lati-
and g are independent of, consistent with an isothermal gadudes (Hartmann et al. 1998) is negligibly small, and so is the
approach. influence of the spiral structure, except very close to the galactic
The parameters andg are of utmost importance here. Theplane.
total pressure i§l + « + 3) p(z). Thus the magnetic fieldsand ~ Within the galactic disk the optical depth of the Ileaches
cosmic rays are sources of pressure within the galactic interstelity. Because of the strong photoelectric absorption of the
lar medium. galactic ISM within the plane th®@OSATX-ray data reveal
only information about the local environment. Accordingly, we
anticipate the largest uncertainties close to the galactic plane
(b < 10°), while towards high latitudes we have the opportu-
We use the gravitational potential as derived by Kuijken Rity to make a quantitative analysis of the new observational
Gilmore (1989). This potential satisfies, for larggistances, the data of the gaseous phases.
asymptotic condition for a flat rotation curve derived by B&C
(their Eq. 1). The Kuijken & Gilmore potential does not requir8.2. The galactic halo
significant amounts of hidden disk-mass in the solar neighbour: .
hood. Moreover, Gz (1991) demonstrated that the Kuijken &5'2'1' Neutral gas in the halo
Gilmore potential is in good agreement with the Biegsghal. Kalberla et al. (1998) detected a high-velocity-dispersion com-
(1987) potential which was used by B&C. ponent witho, = (60 + 3)kms~!. Several critical inves-

n(z) = ng exp|

2.2. Gravity
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tigations were performed to exclude any instrumental arte-
fact which may mimic such an Hline profile. This high-
velocity-dispersion component has a column dendity =
0.14 10?°cm~2 towards the galactic poles. Henceforward,
this component will be abbreviated as Neutral Halo Medium
(NHM). 200

3.2.2. X-ray gas in the halo

Pietz et al. (1998a) cross-correlated R@SATall-sky survey
(Snowden et al., 1995) and the LDS and evaluated the X-ray ;59|
radiation transport. For the X-ray plasma Pietz et al. (1998a) d&-
rived atemperature df = 1.5 10° K, and an emission measure G
EM = [n.(z)%dz = 4.0 10~3pccm ™S towards the galactic S5
poles. To model the detected galactic centre/anti-centre X-ra%
intensity asymmetry, the radial distribution functign(Eq. 4) 2
according to Taylor & Cordes (1993) was fitted to the data. Pietz
et al. (1998a) derived a radial scale lengthigf ~ 15 kpc and

a vertical scale height ofx_,., ~ 4.4Kkpc. This X-ray halo

plasma will be abbreviated as Hot Halo Medium (HHM).

. . . 50
3.2.3. Highly ionised gas in the halo
Collisionally ionised gas at temperaturEs~ 10° K is present
within the galactic halo. In a recent paper Savage et al. (1997)
determined the scale height for several species and derived on
averageh, ~ 4.4kpc. Because of the existence of the galactic g

halo plasma we do not consider this ionised gas phase as an 0 60 -4 -0 0 20 40 60 80
S . . latitude (degrees)

individual component, but as an intermediate state between the

neutral and X-ray gas phase of the galactic halo. Fig. 1. The averaged I column density distribution as a function of

the galactic latitude for the galactic quadrants 1 to 4 (bottom to top).
The observational data are indicated by the connected dots while the
modelled Ht column density distributions are marked by the solid lines.

Towards the galactic plane, the Galaxy hosts the diffuse ionist¥ Medelled distribution account for the CNM, WNM and the NHM.
The model fits the observational data well. However, a deficiency of

%Z}S/elg’l’jlv(\?i)ll. b-(rahilrslcgl?pn(;l[’):tzzqf’; ;Trqnﬂigi)ll \(/:\2! Ii‘ie Eiycgllgsﬁeutral atomic gas in the northern galactic hemisphere is visible. Here

. . . %/\S/'e seetheinfluence of the local void of neutral matter on thedélumn
given by Reynolds (1997), with a column density B, = density distribution. Also within the galactic plafig < 10° some

0.65 10°° cm~* and a scale height of 0.95 kpc. This scale heighyiations are present. The parameters of the modelleddiumn
is an intermediate one between those of the galactic disk apgsity distribution were used for further calculations.

the halo.The question arises whether this layer may have the
properties of the disk or the halo. In all calculations we tried to
differentiate between these two alternatives.

3.3. The disk-halo interface

fitting the overall observed Hcolumn density extracted from
3.4. The galactic disk the LDS as a function of galactic latitude. The southern gap
. _ o . of the LDS data was filled by the Dickey & Lockman (1990)
The interstellar matter in the galactic disk is a superpositigpy, - FigCl gives a quantitative comparison between the LDS

of various different gas phases with different scale heights. Wﬁta (connected dots) and modelled gas parameters for the
found that the gas parameters used by Bloemen (1987), B%RIM, WNM and NHM (solid line). Our best fit gas parame-
and bé’ ILockmanI &H(g.ehr.rl;an' (1991) do l?o_lt_hr'ep(;('esent the rs are given in Table 1. In comparison with Bloemen (1987) or
ts)erve arﬁe scade” d'sm du“t?n ver:; WE; ) :js Is_credpan_cyB&C we restricted our representation to those gas phases which
etween the modelled and observed ¢blumn density distri- were found to be indispensable. The molecular gas within the

bution is most probaply caused by the presence ofthe local v Qactic plane was included initially in our analysis but omitted
of neutral matter, which may have affected previously the det lfter we found that our conclusions were unaffected by this gas
mination of gas parameters. Accordingly, the position ofthe S Rase

within the Galaxy is not representative for the general interstel-
lar medium. In our approach we optimised the gas parameters by
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Table 1. The table compiles the best fit parameters of the hydrostatite Galaxy can be subdivided into three major regions: the galac-
equilibrium model of our Galaxy:o denotes the volume density of thetic disk, the disk-halo interface and the galactic halo. The gas
gaseous phasesthe velocity dispersion for some gas phases derivgthase within each individual region has on average no influence
from observationsN is the derived column density of the gas phasgn the neighbouring regions. This separation is introduced by
towards the galactic poles (half the column density across the 18}, annroach of an isothermal hydrostatic equilibrium state of
disk). h. is the vertical scale height of each gas componeukenotes the entire Galaxy on large angular scales. Thus the equilibrium

the ratio of magnetic field to gas pressure, wiilés the ratio of the . . . . i
cosmic ray to gas pressure. Both ratios are determined for the disk,?ﬁgd'tlons described by the parameteends; are defined inde

disk-halo interface and the galactic halo individually, but not for ea&gnden_tly for eaF:h gas phase in each |r.1d|V|dua.I reQ'O”- Ouraim
gaseous component. Accordingly, the values for the CNM and WNWRS to find an unique set of parameters in quantitative agreement

in the disk as well as for the NHM and HHM in the halo are the sam&Vith all large scale survey data sets under consideration.
The basic parameters (in particular the gas, the magnetic

Component ng o N h: a 8 fields and the cosmic rays) of a hydrostatic equilibrium model
[em~3] [km s~'] [10%cm~?] [kpc] arenotmdependent of each other. Accordingly, a variation of'a
single model parameter needs to be followed by a re-calculation

— Disk: of all modelled distributions. To be concise, we give the param-
CNM 0.3 7.5 128 015 1/3 0 eters of the best fit model only, but discuss the parameters and
WNM 01 17 114 040 1/3 0 their limitations by comparing the observational data with the
— Disk-halo interface: del in the text bel

DIG 024 - 0.65 095 1/3 1/3 model in the text below.

— Halo:

NHM 0012 60 015 440 1 1 4.1. Radial distribution

HHM .0013 - 014 440 1 1

The radial gas density distribution was derived according to
Eq. (4) from the LDS (Kalberla et al. 1998) amDSATdata

o i (Pietz et al. 1998a). Pietz et al. (1998a) derived a best fit value
3.5. Magnetic field and cosmic rays Ay = 15(139) kpc for the HHM from an analysis of the soft

Observationally the determination of the total magnetic fieléray background data in thiROSATL/4 keV and 3/4 keV en-
strength and orientation is affected by considerable uncertz@dy band. The same value was found to fit the NHM distribution
ties. The common way for the determination of these quantiti@gst (Kalberla et al. 1998). Taylor & Cordes (1993) estimated
is to study the galactic synchrotron emission. As discussed ®yadial scale lengthd; ~ 20kpc for the DIG by analysing
Ginzburg & Syrovatskii (1964), the synchrotron emission is Rilsar data. Lazio & Cordes (1998) determingdto be 17 kpc
tracer for the interaction between the galactic electron compt?m a VLBA survey of extragalactic sources towards the galac-
nent of the cosmic rays and the magnetic fields. tic anti-centre. Here we usé; = 15 kpc which was found to

We analysed the 408 MHz survey of galactic radidgdive a satisfactory representationdtirof the gas components
continuum emission (Haslam et al., 1982). The major outline & Table 1, even for CNM and WNM as shown Fig. 1.
our investigations is based on previous publications by Phillipps According to Dickey & Lockman (1990) there is a defi-
etal. (1981a,b) and Beuermann etal. (1985). These latter auttfd@§icy of Hi gas at galactocentric radit <4kpc. The LDS
found that the observed galactic synchrotron radiation is a supéata confirmed this deficiency. We modelled the radial density
position of emission originating from a “galactic thin disk” andlecrease in the inner Galaxy by applying a linear scaling func-
a “thick disk”. According to Beuermann et al. (1985), the abséon proportional ta? multiplied with g, (). This linear inten-
lute majority of the detected synchrotron emission (90%) origfity decrease was appliedg¢o( 2) within the radial boundary of
nates from the thick disk, up todistances of several kpc abovel kpc > R > 0kpc resulting in a 40% drop-off at = 0 kpc.
the galactic plane. In Sect. 5.1 we re-analysed the 408 MHz sylilis normalised radial density distribution is shown in Elg. 2.
chrotron intensity distribution to investigate the quantitative cor-
relation between our model and the observational data. 4.2. Vertical distribution

The cosmic ray particles interact with gas and photons. As
aresult;y-ray emission is produced (for a review see Bloemefccording to Eq. (2), the vertical density distribution of the gas
1989). In combination with the 408 MHz survey data we use tiase is derived in a first step from the Hind X-ray data (Ta-
high energyy-ray emission observed witBGRETat energies ble 1). In Fig[3 we show the( z)-distribution of the galactic disk
> 100 MeV (Fichtel et al., 1994) to compare our model with theomponents (CNM and WNM), the disk-halo interface (DIG)
observational data, discussed in Sect. 5.2. and the halo gas phases (NHM and HHM). Eig. 3 represents the
vertical density distribution at the galactocentric radius of the
Sun Re = 8.5kpc).

It is well known that the scale height of therHin the disk
We studied the galactic hydrostatic equilibrium by calculatingcreases significantly toward larger galactocentric radii (e.g.
disk-halo models according to Eq. (3) and compared them wBlurton, 1988). Such an effect, called galactic flaring, is expected
the data sets mentioned before. Our calculations showed, #ilab for the gas in the halo (Ferre 1998). However, flaring

4. The model
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Fig. 2. This diagram shows the modelled radial distribution of the pa- 00005 |-
rameterg: (r) of Eq.(3).g1 = 1.0 at the position of the Sun. The Y S o Y H U T S
radial scale length igl; = 15kpc. This function is derived from the z(I?pc) ° ® ! 8

intensity distribution of the HHM (Pietz et al. 1998a) and is consis-

tent with the scale length of the DIG derived from pulsar dispersidfig. 3. Vertical density distribution for the gaseous components at the

measurements by Taylor & Cordes 1993. radial distance of the Sun. The dashed line marks the disk gas, the
disk-halo interface is indicated by the dot-dashed line, while the dotted

line represents the halo gas. The sum of all three volume densities is

does not appear within our model calculations. In an analysisBf"ked by the solid line.
the LDS data (Westphalen 1997), no indication was found for

a significant variation of the linewidth of the high-dispersionme halo would be in rest at 3.6 to:6scale heights, depending
velocity component as a function of the galactocentric radiyss g, Testing this hypothesis in fitting theiHistribution, we
Thisresultsuggests for our analysis that, within the uncertaintiggind that such a moderate deceleration cannot be distinguished
of the analysed LDS data, the NHM can be well described f§m the situation of co-rotation. Any significantly stronger de-
an isothermal gas with a constant vertical scale height. celeration however causes problems in fitting the data.

Pietz et al. (1998a) found that the galactic X-ray halo emis- Qur finding of a co-rotating or nearly co-rotating galactic
sion across the entire galactic sky can be fitted well with a singiglo is also supported by the kinematical analysis of Savage et
plasma temperature Gf = (1.56 + 0.06) 10°K (see Fig. 10 a. (1997). They found evidence that the highly ionised disk and

of Pietz et al. 1998a). This implies that the HHM can be cofralo gas are dynamically coupled up to distances|of 5 kpc.
sidered to be isothermal on large scales. The ionised species

(Sect. 3.2.3) and the NHM show the same velocity dispersion, = |
indicating that these components must be closely related to edciYerification of the model

other. _ o . We distinguish three major regions, the galactic disk, the disk-
The maximum velocity dispersion of 8ns~!, as pro- halo interface and the galactic halo. These regions are different
posed by B&C, is in remarkably good agreement with the obséfi-their physical properties.
vational results of Kalberla etal. (1998). B&C, however, derived Based on the modelled distribution of the galactic gas
a velocity dispersion which varies witl|. Such a variation components we now investigate the distribution of the mag-
seems to question an isothermal description of an equilibriuvatic fields and of the cosmic rays. To find a model which
state. We therefore tested the applicability of their approach flgsimultaneouslshe gas, magnetic field and cosmic ray obser-
modelling the H distribution according to B&C we got how- vations, we varied & a < 1 as well as & 3 < 1 individually.
ever unacceptable results at all latitudes. We conclude that thefortunately, the radio-continuum data do not allow an unam-
data can be modelled best by assuming an isothermal state. Higieous separation of the magnetic fieteterm) and cosmic
we have to point out that “isothermal” denotes a constant enefgly (5-term) pressure. To disentangle, at least partlypttaad
density within the galactic halo. We found that each individua@-term we studied in addition tHEGRE Tdata, which allow to
gaseous component can be considered as isothermal by ay@iistrain the3-term without any information about theterm
aging across large parts of the galactic sky, as presented in g¥suming that the electrons behave in the same way as the pro-

5 10

paper. tons. TheEGRETdata contain information about the disk and
disk-halo-interface, but not about the halo. This is because of
4.3. Galactic rotation the low density of the halo matter and the small cross section of

the cosmic rays with the matter.
To model the galactic Hdistribution, it is necessary to account
for the differential galactic rotation. We used the rotation cur -
of Fich et al. (1990). Our modelling suggests that the obser\\g-l' Synchrotron radiation
tional data are consistent with a co-rotation of the NHM antb derive the distribution of the magnetic fields, we analysed
HHM with the galactic disk. Bregman (1980) predicted that thbe 408 MHz radio continuum survey of Haslam et al. (1982).
galactic rotation slows down with increasifig. Accordingly, Beuermann et al. (1985) found evidence that 40% of the de-
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tected 408 MHz emission of the disk is of thermal origin. Thus,
we have to take a considerable contamination of the synchrotron,, |
emission in the disk into account. This emission limits the de-
termination ofa in the disk region.

In modelling the synchrotron emission at 408 MHz we fol-
lowed Phillipps et al. (1981a, Sect. 3). We generalised their ap- 600
proach, by including the distribution of cosmic raysg (R, z)
and magnetic fieldB explicitely. The synchrotron emission
€(l,b) is calculated by integrating along the line of sighfor
regular B, (R, z) or irregular magnetic field$;,. (R, z) re- -
spectively«) denotes the projection angle between line of sighf
and magnetic field vectors. We distinguish nonthermal spectrﬂ

indicesa,. ande; for regular and irregular fields respecively. 5400

500

elb) = / nen(R, 2)[0.166B ) (R, ) + (5)
0

w
[}
=}

emission at 40

0.242B{L (R, z) sin* ) | | ds
Itisimportantto take into accountthat the synchrotron emis-

sion from regular and irregular magnetic field components are

different. Due to the sin**+)|¢)| term, the synchrotron emis-

sion from regions with a regular magnetic field can be distin-

guished from one with an irregular magnetic field structure. Us- 100

ing our modelled gas distribution, and a set of Parker-parameters

a andg, we searched for the best fif-arrangement of regular

and irregular magnetic fields. puate
It is not common to differentiate the spectral indicesand 0

) on’ ; X 80 -60 -40 -20 0O 20 40 60 8 |
«, associated with irregular and regular fields. In practice a latitude (degrees)

single value ofx, = a; ~ 0.8 is used. However, itis along _ . o
standing discussion, whether or not the spectral index in tﬁlg.4. The radio-synchrotron emission extracted from the 408 MHz

survey of Haslam et al. (1982). Each row represents a slice in galactic

galactic_: plane differs from that O.f the high galactic Iatit_udt_as SkI%ititude. The data are marked by the connected dots, while the model
According to our model we assign different spectral indices E)represented by the solid line. The rows stat at 0° (bottom) and

the irregular and regular magnetic field configuration. We Ugq; — 330° (top) in steps ofAl = 30°. The individual scans are

a; = 1.0 andw,. = 0.5 as characteristic values for disk and hal@sfset by 50 K. Neither background sources nor thermal emission or
Here we were guided by Reich & Reich (1988) who foungmission from radio loops was eliminated from the data. Please note
similar numbers for low and high latitudes from their analysi#at only cuts in the range80° < I < 240° are unaffected by radio

of synchrotron radiation at different wavelengths. A single ndaops. The model represents therefore a lower envelope to the data.
thermal spectral index,. = «; = 0.8 does not fit the emission

close to the galactic plane as well.

Parker (1966 and 1969) discussed the coupling of magnetighin the galactic halo. This implies a pressure equilibrium
fields and cosmic rays (see also Bertsch et al. 1993). In the caeBveen gas, magnetic fields and cosmic rays in the halo. The
ofanirregular magnetic field, one expects a rapid diffusion of tfieagnetic field is found to be regular and oriented parallel to
cosmic rays into the galactic halo (Jokipii & Parker, 1969a,bfhe galactic plane. We adopted a pitch anglé25fdetermined

According to Eq. (5) the synchrotron radiation depends dxieviously by Phillipps et al. (1981a,b) and Beuermann et al.
both, cosmic raysicr and magnetic field3. To disclose the (1985).
physical relation between these constituents we need supple-
mentary dgta. We useFi the diﬁuway emission obsgrved with 5.1.2. The disk-halo interface
EGRETwhich will be discussed in Sect. 5.2. An additional help-
ful constraint was given by Parker (1969). In an equilibrium staker the transition zone between galactic disk and halo we de-
a < laswellagd < 1is to be expected. termineda = § = 1/3 associated with a turbulent field. The
scale height is found to be about 1 kpc. This may indicate that
the DIG (Reynolds 1997) plays an important role for the disk-
halo interface region with respect to the hydrostatic equilib-
Simultaneous fits to thEGRETy-ray data which yieldhcg  rium considerations. These numbers indicate that the cosmic
(Sect. 5.2) and the 408 MHz survey data give= 1 and3=1 rays in the disk-halo interface are coupled to the magnetic field

200

5.1.1. The galactic halo
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Fig. 5. Vertical distribution of the magnetic field strength in the solaF19- 6- Mean Alfvén velocityv, as function of: distance to the galactic
vicinity. The solid line represents the magnetic field of the galacti@ne derived from our model.
halo which is orientated parallel to the galactic plane. The dashed line

marks the magnetic field of the galactic disk, which reveals a turbulent
field structure. cooling timescale, estimated from Bregman (1980, Eg. 4.8), is

comparable to this value, as is the free fall time. These numbers
indicate, that on large angular scales, the galactic halo may be
(o« = B = 1/3). They are not directly coupled to the gasconsidered as a hydrostatic system.
otherwise we would expegt = 1.

5.2.~y-rays

5.1.3. The galactic disk . o .
Diffuse ~v-ray emission is caused predominantly due to the

The synchrotron radiation close to the galactic disk was founddaclear interaction#°-decay) between cosmic rays and mat-
be fitted best assuming that the disk components are associgéede.g. Bloemen, 1989) and inverse Compton scattering on
with completely irregular magnetic fields. Here we determingshotons. To check our results on the cosmic ray distribu-
a = 1/3 which is expected for turbulent magnetic fields imion, which were constrained by the synchrotron radiation at
pressure equilibrium with gas (Leahy, 1991). 408 MHz, we modelled the observeedray intensities. We con-

In the disk there is no correlation between gas and cosmsiderEGRETobservations at energies above 100 MeV (Fichtel
rays (3 =0). This is in marked contrast to the disk-halo interfacet al., 1994). We followed Bertsch et al. (1993) in calculating the
as discussed in Sect. 5.1.2. expected count rates from nuclear and electron bremsstrahlung

Our findings are consistent with Hunter et al. (1997) whinteractions with matter. The inverse Compton scattering data
analysed the diffuse-ray emission from the galactic plane anavere kindly provided by A. Strong from the public “galprop”
derived a coupling scale of 1.76 kpc (HWHM). This value idatabase (Strong & Moskalenko 1997). A. Strong’s Compton
consistent with our best fit one, assuming that the coupling pssattering data are calculated for a scale height of 3kpc. Ac-
cess is isotropic. Our model gives a coupling scale of 2.07 kperdingly, these data are an approximation to our model, which
(HWHM) in z-direction for the total cosmic ray distribution de-has a scale height of 4.4 kpc, but the introduced uncertainty is
rived from an equilibrium with DIG, NHM and HHM (Table 1). negligible because it amounts 05 %.

We tend to explain the different coupling of the cosmic rays to The cosmic ray radial distribution predicted by our model
the disk and halo gas components by the different nature of tegiven in FiglY and agrees well with the distribution derived
magnetic field in these regimes. by Webber et al. (1992, Fig. 2). TIg&OS-B~-ray emissivities

Fig.[4 displays the synchrotron emission observed at 4(8trong et al. 1988) as a function of galactocentric radius are
MHz by Haslam et al. (1982) for longitudes (bottom) to superimposed onto both functional dependencies.
330°(top), as a function of galactic latitude. Individual sources Fig[8 shows th&€GRETintensities (connected dots, Fichtel
(e.g. Fornax A atl,b) = 240°,—58°, e.g. Loop l af = 30°) etal.,1994)and our model (solid line) for longitudégbottom)
and diffuse thermal emission have not been subtracted. Thaoe330° (top) in steps o80°. To improve the signal-to-noise
fore, our model forms a lower envelope to the observed intenatio of theEGRETdata we have averaged areasrdofx 7°.
sities. Fig[4 should be compared with Phillipps et al. (1981DBgviations between-ray observations and our model are found
Figs. 3to5) and Beuermann et al. (1985, Figs. 3 and 4). at low latitudes because the molecular gas phase is not included

The vertical distribution of the reguldB,., (R, z) and ir- in our analyses (see Hunter et al. 1997 for further analysis of
regular magnetic field componeri#s., (R, z) predicted by our the molecular gas contribution). Figl 8 demonstrates that the
model are shown in Figl 5. The magnetic field in the galactic hatiffusey-ray emission at intermediate and high latitudes is well
determines the Alfén velocity of 18&km s~ 'for |z| > 4kpc represented by our model.

(Fig.[6), indicating that the dynamical state of the galactic halois Individual sources are not subtracted from B@RE Tdata.
dominated by the magnetic fields. The sound crossing timescdle derive a count rate ab—°s~'cm~2sr~! for the extragalac-
for the halo can be estimated to he~ 3 108 yr in radial di- tic background. Excessg-ray emission is found closely corre-
rection (assuming a diameter of 60 kpc for the Galaxy). Thated in position to Loopl at = 30° and0° < b < 30°
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as well as in the same angular range in synchrotron emissiog
displayed in Figi#. Of obvious interest is also the latitude rang@ %0004
—40° < b < 0°atl = 180° (Orion). Here the enhanced gas
column densitiesVy,, which are not included in our model,
may correlate with the observedray emission.

While the synchrotron emission in the galactic halo is
doubtlessly present, no significaprtay emission from the halo
is detectable. The contribution of the galactic halo to the ob-
servedy-ray intensities are two orders of magnitude below the 0.0 =

0.0002

IeliSie - ! —80‘—6()‘—40‘—2_0‘0‘20‘40‘60‘80‘
EGRETdetection limit. This is due to the small cross section latitude (degrees)
combined with the low gas density in the galactic halo. On the

other h.a nd, such a weak |nteract|0r1 b(_atween cosmic rgys connected dots) startinglat= 0° (bottom)tol = 330° (top) in steps
matter in the halo suggests a long life time for the cosmic r BAl — 30°. The data have been averaged over areas of 7°.
in the halo (Parker, 1969). The disk-halo interface however, Fsq individual scans are offset ty—*s~'cm~2sr". The solid line
veals diffusey-ray emission in intermediate latitudes which i$epresents the model calculations.

clearly visible in Fig[8.

i 8. The EGRETdiffuse v-ray emission at energies 100 MeV
a

estimate turbulent magnetic diffusion. Wolfire et al. (1995) pro-
posed a two-phase neutral hydrogen medium in pressure equi-
Throughout this paper we term scale height,. (or accord- librium with a hot galactic corona of a similar scale height.
ingly scale length) always in the sense of an exponential scale From observations, scale heights for the gaseous compo-
height defined at 1/e of the maximum. In the literature oftarent between 1 kpc and 5 kpc have been derived by Lockman &
“half power thickness’Hgw IS used wherddpwiy = 1.6 Gehman (1991), Danly (1990), Savage et al. (1997) and many
H, .. Scales from leaky box models are usudllygn = 0.8 others. Evidence for a galactic halo extending up to a few kpc
H, /. and termed “half-heights”. was recently reported by Dixon et al. (1998) basedyeray

In addition we need to distinguish between scale heighibservations.
of physical parameters in comparison with scale heights mea- Based on the 408 MHz survey (Haslam et al., 1982) Beuer-
sured from observed maps. The scale heights of our equilibritmann et al. (1985) found indirection a scale height of 1.5 kpc
model are defined by the gas volume densitieSynchrotron for the synchrotron emission in the solar vicinity. Our model
radiation,~-ray emission,H, and diffuse X-ray radiation of predicts a scale height of 2.2 kpc. In case of a scale height of
the halo are proportional to?. Except for the scale height ofthe cosmic ray distribution, of 4.4 kpc in accordance with our
H1 and highly ionised atoms, all others which are derived dinodel, Webber atal. (1992) find an upper limit of 4.8 kpc for low
rectly from observational quantities correspond to only half tlesmic ray convection velocities in the galactic halo. More re-
relevant physical scale height. cently Strong & Moskalenko (1997) derived a halo scale height

After these remarks we compare our results with alread§3 kpc.
published scales. Bloemen (1987) postulated a hot gaseous hald’he galactocentric scale length of the gas derived by us
with a z scale height of> 5kpc, Ferrére (1995,1996) used aA; = 15 kpc, yields fora. = 3 = 1 a scale length of the syn-
scale height of 4.3 kpc to derive hot gas filling factors and tdrotron radiation of 7.5 kpc, whereas Beuermann et al. (1985)

5.3. Scaling relations
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5.0

found 5.7 kpc. However, our model predicts an identical distri-
bution for the DIG (within the errors) as determined by Taylor & 4° ]
Cordes (1993) or Lazio & Cordes (1998). Our predicted radigh 4.0 |- :
distribution of the cosmic rays (Figl 7) is in excellent agreemen§ ;5[ \ i
with the one published by Webber et al. (1992, their Fig. 2) for“c;\30 i \\ 1
galactocentric distances up i= 20 kpc. ot 1
Such common radial and vertical scales suggest similar eTcg 251 N |
ergy sources and probably also similar diffusion processes fa 20 * AN 1
gas and cosmic rays. From stability considerations (Sect. 6) wg 15 . ~ :
find that the gaseous halo has to be supported by the turbg-,,[>. - ‘ ]
lent pressure of the disk gas. It appears reasonable to assume
that super-bubbles and supernovae account for the turbulent gaso'5 L
pressure in the disk (Norman & Ferrara, 1996). This class of 0y 3 4
sources appears to be the origin for the galactic cosmic rays as z (kpc)
well (Ginzburg & Syrovatskii, 1964).

=
1

Fig. 9. Vertical pressure distribution in the solar vicinity: gas (dotted
line), magnetic field (dashed line) and cosmic rays (long dashed line)
sums to the total pressure (dash-dot line). The solid line represents the
minimum gas pressure required for stable hydrostatic equilibrium of
Since Parkers (1966) classical publication all halo models wéfé galactic halo. The modelled galactic halois stable on average. Local
faced with the major problem to fit the observational datastabilities may occur only beyond a vertical distance limit of 4 kpc.
andsimultaneouslyto be consistent with a stable hydrostatic
equilibrium configuration. In this section we study the stability
of our disk-halo model. We follow the stability analysis of Bloe-

men (1987) and BEC. As discussed by these authors in dmﬁcbmponent disk-halo composition is required, according to

the generalised stability criteria of Laeizie-Rey et al. (1980) Avillez (1997) built up by a galactic fountain flow. In case of

may be applied to a hydrostatic model, which demands thal asingle gaseous component no stable solution can be found
vertical flux tube has to be stable. According to Bloemen (198?2) . . ) . '
consistent with Parker’s (1966) analysis.

stability is described by ) . . :
The DIG is of most importance here. It is the disk-halo
n%(z) 0 /0z interface which accounts dominantly for the stability of the halo.
W~ (6) Though, the scale height of the DIG is 0.95 kpc only, its high
pressure stabilises the matter within the galactic halo up to
wherep(z) is the total gas pressure amdhe polytrophic index distances of 4 kpc. This is because of its high mid plane density,
of the gas. The polytrophic indexes for gas, magnetic fieldghich is an order of magnitude larger than that of the halo gas
and cosmic rays are uncertain. Concerning the gas, whici#iM & NHM). The DIG has to be distinguished from the
most important in this context, Parker (1966) arguedyfer 1, disk for an additional reason: The DIG is located intermediate
equivalent to the isothermal case. For the NHM, as analysedhgtween the disk and halo, accordingly it couples the cosmic
Kalberla et al. (1998), there is evidence that the detected lif®&y's to the magnetic field in between. Here it appears worth to
widths are caused by Kolmogoroff type turbulence, supportiﬂiglve alook at Fid.l6: while the Alen velocity is constant above
the assumption of an incompressible gas. In Sect. 8 this topit < 4 kpc, a continuous velocity decrease is predicted by our
will be discussed in more detail. Since observations of the NHModel with decreasing vertical distance from the galactic plane.
and HHM in general fit best to an isothermal gas (as discus$@lviously the DIG is interfacing disk and halo.
in Sect. 4.1.2), we sef = 1 for the gas, as Parker (1966) One has to be careful, however, because Eq. (6) is necessary
did. In Fig.[9 the minimum gas pressure required for stabilifpr stability, but may not be sufficient. (See Laghé-Rey et
Pynin(2) (solid line) is always less than the total gas pressua (1980), Bloemen (1989) and B&C for detailed discussion).
p(z) (dotted line). Apparently the stability criterion given in EqFig.[d gives thaveragepressures only. Local fluctuations of the
(6) is satisfied for all z-distances. pressure or temperature variation may cause local “Parker in-
The result of our stability analysis may be compared witbtabilities”. Being conservative, we take for sure only that the
Bloemen (1987) or with B&C, who attempted to derive a staralactic halo is stable up te distances of- 4 kpc. Regions
ble halo from the parameters of the gaseous components kn@bove this limit may be affected by instabilities. Our simula-
at that time. From their investigations it became obvious th#ns indicate, that instabilities will occur if the gas pressure of
the conventional layers associated with the galactic disk (CNie HHM increases significantly. The scaleheight of the HHM
and WNM) fail to maintain a stable halo. To gain a deeper imray not exceed 6 kpc. Instabilities will occur also if either the
sight, under which circumstances the halo may be protectedhperature of the HHM drops beldiv ~ 106 K or if the av-
from “Parker instabilities”, we varied the gas parameters froerage density of the NHM component exceeds that of the HHM
those compiled in Table 1. The resultis, that a stable halo nesamificantly.

6. Stability considerations

ressure support from the galactic plane. A hierarchical mul-

v p(2) > Pgmin(z) = -
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300

HVCs may have their origin dt| = 4kpc, a hypothesis
which is frequently suggested in galactic fountain models (e.g.
Bregman 1980). This is also consistent with our model, because
at suche distances thermal instabilities can probably trigger the
cloud condensation. Our distance estimateg:pk 4kpc are .~
in good agreement with recently determined distance limits OE
some HVC complexes (Wakker & van Woerden 1997). Van<
Woerden et al. (1998) present evidence that complex A ha3 100 L
a distance of 3kpe |z| <7 kpc from the galactic plane.
Assuming that the condensations observed in complex A are
in equilibrium with the total pressure represented in Eig. 9 we
estimate a distance~ 3.6 kpc for these HVC clumps.

If HVCs originate from instabilities, as suggested above,
one should find a correlation between HVC complexes and pa-
rameters of the gaseous halo. Indeed, a general correlatiofrigf 10. The galactic rotation curve, assuming that the gaseous halo
HVC complexes C, A and GCN with enhanced diffuse X-raghase traces the dark matter content, is represented by the solid line.
radiation at 1/4 keV was claimed by Kerp et al. (1996, 1ggg_'jwe contribution of the gas including the massive halo (short dashed

and Pietz et al. (1998a,b). Such an excess X-ray emission r‘Hﬁ?) the stellar disk and bulge (dotted lines) according to the model

be interpreted as an indication of enhanced cooling in the vici€ plotted. For comparison, the linear approximation of the galactic

ity of the HVC complexes. From our model we can estima 8tation curve according to Fich el al. (1990) is gi\_/en (long das_hed
. . . ne). ForR < 12 kpc the stellar component determines the rotation,

an upper limit forz distances. Galactic HVCs can be forme t larger radii the gas.

if they condensate out of halo matter in a global hydrostatic

equilibrium. Above|z| ~10kpc less than 1% of the gaseous

halo mass is available. Thus a significant amount of HVCs can Fig.[I0 shows the corresponding rotation curve. In com-

originate from such regions only if the gas was ejected to sugairison with the rotation curve from Fich el al. (1990) we

heights in a non-equilibrium event, such as a galactic fountafind acceptable agreement within galactocentric radit R

So far we discussed the stability perpendicular to the galactic25 kpc. The total mass of the Galaxy derived this way is
disk. Radial stability demands for a flat rotation curve a velociy = 2.8(*¢'3) 10" Mg, in agreement with/ = 2.4 10'* Mg,
dispersion of the gas of > 220/1/8 ~ 78 kms~! (Pfenniger derived by Little & Tremaine (1987) and also, within the un-
et al. 1994). The observed dispersion in direction to the nogRrtainties, consistent with the results of Kochanek (1996) of
galactic pole isy = 60 + 3 kms~! . From the Kolmogoroff M = 4.9 10'"M,. The halo mass i8/5a;, ~ 2.1 10" M.
relation we derive a dispersionef= 76 +4 kms~! across the The equivalent midplane density of the dark matter in the solar
total disk. The observed turbulent motions are isotropic, we coficinity derived from such an assumption amountsiign, ~
clude therefore that the halo gas can stabilize the galactic dk2 ¢ ?, about 300 times the density of the gaseous halo
in radial direction, provided however that this gas is associaté@nstituents we have used in our model (NHM & HHM).
with a massive component.

200 f1

50

8. Turbulence

7. The gaseous hal - a tracer of dark matter? von Weizsicker (1951) first pointed out that turbulence in the
interstellar medium can be studied by comparing the observed
For a galaxy in hydrostatic equilibrium, the 3-D distributioninewidthso (denoted here as the velocity dispersions) with the
of gas pressure, density and gravitational potential are idenitrear sizes of the emitting regions. According to Fleck (1983)
calin shape. Buote & Canizares (1996) suggest that shapesw@ndulent motions can be described by a power d¥) ~ (V.
sizes of elliptical galaxy halos can be derived from X-ray obrhe well known Kolmogoroff relation wittr = 1/3 is valid for
servations. We applied this theorem to the Milky Way using thg incompressible medium only.
distribution of the HHM according to Pietz et al. (1998a). The boundary conditions for= 1/3 are rather stringent: the
We assume a mass model for the Galaxy based on three darbulent energy of the overall flow must be transmitted without
stituents: a galactic bulge, a stellar disk with a radial scale lengtissipation from the largest to the smallest eddies. Viscous dissi-
of ~ 4.5 kpc and gas with a scale length=f15 kpc. Assum- pation is permitted only on the small scale end of this cascade.
ing that the gaseous halo traces the dark matter distribution A% pointed out by Fleck (1983), a significant fraction of the
simply need to scale the density of the observed gaseous tgdseous disk is in supersonic motion. Shocks and cloud-cloud
until the rotation curve for the model distribution is in agreezollisions must occur, causing energy dissipation on intermedi-
ment with the observed rotation velocities. As best fit values vage scales. For a compressible medium 1/3 is expected.
derive in the solar vicinity a surface densityef37 M., pc—?2 Our model is based on the assumption that the gaseous halo
for the stellar disk and and a total surface densitydf41 M, is isothermal. In Sect. 6 we assumed that a polytrophic index
pc? for the gas including the halo. ~ = 1, belonging to an incompressible medium, can be assigned
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to the gaseous halo. Then the turbulent flow in the galactic halmsmic rays form a system in dynamical equilibrium with the
can be described by the Kolmogoroff relation with: 1/3. gravitational potential. According to Parker's considerations,
Kalberla et al. (1998, see their Fig. 3) found that on averatfee gas must be fully interwoven with the magnetic field. The
the NHM line widths increase with path lengths according @gas density cannot be too low, otherwise magnetic field and
the Kolmogoroff relation. This result applies to scale lengtleosmic rays would expand outward from the disk and be lost.
between 4.4 kpc and 10 kpc. Since the early fifties it is known from optical polarisation
Here we try to determine the smallest scale at which tlséudies that the Galaxy must have an interstellar magnetic field
turbulent flow has to terminate. We assume that any turbulevith a field strength of a few.G, which is, on the average,
energy transfer becomes irrelevant when the energy densityodénted parallel to the galactic disk. Moreover, there is clear
the turbulent flow is comparable to the energy density of tleidence for radio synchrotron emission originating at distances
cosmic microwave background. At a temperatufe8 K the of a few kpc above the galactic plane. Thus, magnetic fields and
turbulent line width of H gas isc = 0.15 kms~! and from cosmic rays are constituents of the galactic halo. Until now there
the Kolmogoroff relation we obtain the minimum turbulent scalvas no unique evidence for an associated gas phase.
length ofl,,.;, ~ 20 au. This is a lower limit since dissipative  Since 1966, a number of attempts have been made to ex-
processes must increase the indefleck, 1983). plain the nature of the galactic halo, none of them is entirely
“Tiny-scale atomic structure” (see Heiles 1997) was olgonvincing. Either the models were found inconsistent with the
served at scales of several tens of au, dows &b au. Walker observational data, or they predicted an unstable galactic halo.
& Wardle (1998) suggested that gaseous clumps with radii of Recent investigations of tiROSAToft X-ray background
< 20 au may be responsible for extreme scattering events. Tlggye evidence for the existence of a plasma with temperatures
propose that a large fraction of the dark matter may be in thisT ~ 1.5 10° K. The galactic halo plasma has a vertical scale
form. Pfenniger & Combes (1994) argue that cold gas clouHsight of about 4.4 kpc (Pietz et al. (1998a). At such heights also
with radii of & 30 au must exist in the outer disk. Assumingighly ionised atoms have been observed (Savage et al. 1997).
that the total halo mass is associated with fractal structure, we | ast but not least, sensitiveiHiata gave evidence that neu-
estimate from Eq. (5) of Pfenniger & Combes (1994), that thga| atomic hydrogen is present at suctiistances too, with tur-
mass of such a 20 au cloud Mcjump < 2 107% M. Such  pulent velocities well comparable to those of the highly ionised
clumps (and similar massive objects) contribute to the gravilgases¢ ~ 60kms~! , Kalberla etal. (1998) and Savage et al.
tional potential but not to the gas pressure according to Eq. (1)997)). There is evidence that the highly ionised gas as well as
We demonstrated in Sect. 7 that the gaseous halo compongiésH: gas at high: distances co-rotate with the galactic disk.
(NHM and HHM) can be interpreted as tracers of dark matter || these findings suggest first, the existence of an ubig-
in the halo. Considering the turbulent properties of the halo ggigous gas phase within the galactic halo and second, that the
(NHM and highly ionised atoms), we infer that the observablgy|o plasma, the highly ionised gas, and the halagds are all
H1 lines may be regarded as tips of cold and massive “iceberggistributed in a similar way. The comparison of the observation-
The conclusions drawn in this section depend strongly @iy derived scale height of 4.4 kpc with the observed turbulent
the assumption, that the gaseous halo can be treated as agdfycities of~ 60km s~*(NHM and absorption line measure-
compressible gas. To study the question whether it is possifients of Savage et al. 1997) indicates, that the turbulent gas
to have a turbulent flow without diSSipative events, we first eSBTessure is not h|gh enough to Support the gas at this lﬁrge
mate the filling factor for the NHM. This Hgas is interspersed distance above the galactic plane. The gas pressure has to be
in a plasma. Assuming that the NHM is locally in pressure equjcreased by a factor of 3. This factor of 3 was already intro-
librium with the HHM we derive a volume fllllng factor of 0.12 duced by Parker’s “classical” halo modeL if gas, magnetic fields
for the NHM, consistent with Fetre (1995). This implies that and cosmic rays are in pressure equilibrium. The fact, that the
the distance between iHeddies is twice as large as their dipbserved scale height of the galactic synchrotron emission is
ameter. Next we consider the motion of such anédidy with close to that expected for a gaseous phase in pressure equilib-
respect to the surrounding plasma. Comparing the observed ifm with magnetic fields and cosmic rays provides a further
bulent speed of 6Bm s~ in the halo with the Alf\en speed or indication in favour of such a quasi equilibrium state. In this
isothermal sound speed for the HHM, we find that the motigfhper we studied this situation in detail.
of the Hr eddies within the plasmasatsonic on all scales. We  \we found a self-consistent model with three distinctly dif-
conclude that within multiphasemedium, as presented hereserent regimes:
dissipative events due to shocks or cloud-cloud collisions are of
little relevance. 1. The galactic disk with scale heights ©f0.4 kpc is domi-
nated by its high gas pressure. The associated magnetic field
is turbulent, its pressure ondy = 1/3 of that of the gas pres-
sure. There is apparently no cosmic ray component coupled
We use a hydrostatic halo model, as proposed by Parker (1966),to the gaseous disk(= 0). Most probably the turbulent
to analyse the large scale distribution of gas, magnetic fields magnetic field in the disk leads to a rapid diffusion of the
and cosmic rays in the Galaxy. Parker's approach was basedcosmic rays into the halo (Jokipii & Parker 1969a,b). The de-
on the assumption that the interstellar magnetic field, gas andrived parametesr = 1/3 for the disk was determined from

9. Summary and discussion



P.M.W. Kalberla & J. Kerp: Hydrostatic equilibrium conditions in the galactic halo 757

the observed synchrotron radiation close to the disk. The Buote & Canizares (1996) have shown that shapes and sizes
data can be fitted only, in agreement with Parker’s model, @fi galactic halos can be derived from the shapes of their X-ray
case of assuming that a turbulent magnetic field is assdeidos. Assuming that the observed gaseous halo components
ated with the gaseous components. For a turbulent magnétéce the dark matter distribution accordingly leads to a flat
field « = 1/3 is expected (Leahy 1991). By fitting simul-rotation curve and a total mass bf = 2.8(’:(1)'_2) 101 M, for
taneously the synchrotron emission and-4hrmay emission, the Milky Way.
we conclude thatt = 0. This is in good agreement with ~ Turbulence in the galactic halo probably follows the Kol-
a coupling scale of 1.7 kpc (HWHM) between the distribumogoroff relation. The smallest clouds which are consistent
tions of gas and cosmic rays derived by Hunter at al. (199%jth a dissipationless turbulent flow in the halo can have linear
which excludes a direct coupling between cosmic rays asites of~ 20 au and masses §f 2 10~3 M,. As proposed by
gas on small scales in the disk. Pfenniger & Combes (1994) a significant fraction of the halo
2. Inthe galactic halo the magnetic field is ordered in a regulasatter may be in this form. The observed Hines with veloc-
way and oriented parallel to the galactic plane. Gas, maty dispersions ofr ~ 60 km s~ must then be regarded as tips
netic fields and cosmic rays are in pressure equilibrium, asmassive “icebergs”.
suggested by Parker (1966),= 6 = 1. Thegaseoushalo In his review on theories of the hot interstellar gas Spitzer
is composed of different phases, ranging from neutral gél990) criticised halo models with the words: “With so many un-
(H1 ) to plasmal’ ~ 1.5 10°K. The plasma componentcertainties involved, a hydrostatic equilibrium model can read-
as well as the H gas in the halo appear to be isothermaily be made consistent with the data.” Our approach was based
On large scales we found no indication for a varying plasnoa recenbtbservationakevidence for a gaseous halo, most im-
temperature or velocity dispersion with varying galactic pgortant the halo plasma phase, but also theafd the highly
sition. The scale heights are identical for the NHM anidnised gases which allowed to define a common scale height
HHM. Thus, neutral gas and halo plasma seem to be s well as a common dynamical state. Important, with respect
termixed on linear scales of a few kpc. to Spitzer’s remark, is also the observational determination of
The turbulent velocity dispersions for neutral and highlthe coupling between cosmic rays and gas. From a large num-
ionised gas are within the uncertainties identical, suggestibgr of model calculations, we found a self-consistent solution,
that the highly ionised gases share the turbulent state of thikeich turned out to be stable at the same time. We cannot give
NHM (Kalberla et al. 1998 and Savage et al. 1997). One maygeneral proof that our model is unambiguous; however, given
conclude from such a close relation that the highly ioniselle internal consistency of the recent analyses of the gaseous
species are located in transition layers between neutral phlaak components, we are confident that our approach can stand
and hot plasma in the halo. Spitzer’'s premonitions.

3. The disk-halo interface has physical properties which were
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