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Abstract

This paper reports the discovery of a giant HI hole of radius ~ 3 kpc in the Galactic halo around
the Galactic Centre. The tangential edge of the hole is located at | ~ £20° (R = 2.9 kpc in
radius), where an HI wall vertically emanates from the 3-kpc expanding ring (at R = 2.7 kpc).
The wall extends up to height of ~ 1.3 kpc from the galactic plane, and positionally coincides
with the radio continuum North Polar Spur. The HI hole is explained as due to sweeping of
the halo gas by a shock-wave from the Galactic Centre. The vertical density distribution of the
unperturbed HI halo outside the ring is represented by a sech?Z/¢ density profile with scale
height ¢ ~ 500 pc.
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1 Introduction GC such as the bipolar hypershells (BHS) in radio and X-rays

. . .. _including the North Polar Spur (Sofue 2016; and the literature
Among the number of expanding features in the Galactic disc 9 pur (

. . . . . i he F i B les 1 I. 2010). 1

the most massive object is known as the 3-kpc ring recognlze(qqerem) and the Fermi ,Ubb s mra){s (Su etal. 2010) . t
. . . . . . should be stressed that, if the Galaxy is barred, the explosive ac-

as an inclined ellipse in the HI- and CO-line longitude-velocity

(LV) diagrams (Cohen and Davies 1976: Bania 1977: Oort 1977tivity in the GC is the inevitable consequence of the bar-shocked

for review; Dame and Thaddeus 2008; Garcia et al. 2014). Thé?® accretion (Sofue 2017).

near-side arm of the 3-kpc ring is approaching, and therefore, In th'_s Paper, W? examine _the relatlc_)nghlp between the 3-
expanding at velocity 0. ~ 53 km s~ (Cohen and Davies kpc HI ring and radio spurs using the existing survey data. We

1976; Oort 1977), and the far-side is recedingat. ~ 56 km model the origin of the rmg by the propagtion (_)f a BHS shogk
s~!(Dame and Thaddeus 2008). wave through the galactic halo. In the analysis, the solar dis-

. . _tance from the Galactic Centre (GC) is assumed tdbe= 8
From the expanding nature, the structure has been inter- _ . 1
pc and the rotation velocitys = 238 km s~ (Honma et al.

preted as an expanding ring driven by a central explosive ac-

tivity (Sanders and Prendergast 1974; Oort 1977; Sofue 19762,015)'

1977; 1984; 1994; 2000; 2017; Sofue et al. 2016). On the

other hand, as the Galaxy is evidenced to be barred, the no® Radio and HI Maps

circular motion has been believed to be due to an oval flow in

the bar potential (Mulder and Liem 1986; Binney et al. 1991;2'1 Radio continuum spurs

Englmaier and Gerhard 1999; Fux 1999; Rodriguez-Fernandegigure 1 shows backgound filtered (BGF/unsharp-masked)

and Combes 2008; Baba et al. 2010). maps of the 408, 1420 and 2300 MHz continuum emission
The explosion hypothesis has recently been revisited accordaround the GC produced from the all-sky radio continuum sur-

ing to accumulating evidence for energetic phenomena in theeys by Haslam et al. (1982), Reich et al. (2001a, b) and Jonas

© 2014. Astronomical Society of Japan.
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Fig. 1. Intensity excess maps at 408, 1420 and 2300 MHz continuum maps

as produced from the all-sky radio surveys by Haslam et al. (1982), Reich et Fig. 2. HI channel maps as produced from the Parkes HI survey GASS
al. (2001a, b), and Jonas et al. (1998), respectively. Dashed lines indicate (McClure-Griffiths et al. 2009; Kalberla et al. 2010)

radio spurs.

V| gr=+130 km s™! -130 km s
et al. (1998), respectively. The BGF intensity excess is here 20 : g
defined as &)
. s

AT =Tg/Ts — 1, 1) 80

. . _ 10
whereTsy is the brightness temperature afglis the smoothed
intensity in an aredl x 6b = 5° x 1° around each data point.
Marked by the dashed lines are the radio spurs NPS, NPS-E, 2050 25 0 25 -50

G. Long. (deg)
South Polar Spur (SPS), and SPS-W (Sofue 2000).

Fig. 3. HI channel map at Vi, = £130 km s~!. Note the absense of the
HI halo inside || <~ 20°. Radio continuum spurs are indicated by dashed
2.2 Hi map lines, and an HI spur emerging from the dense HI disc coincides with the
NPS (thick dashed line).
Figure 2 shows channel maps of HI brightnes temperattire

the central-50° x +20° region atVis, = +120, +140, 160 and
180 km s'! as produced by using the Parkes HI survey GASSVisr = 130 km s™', where is overlaid the BGF 1420 MHz radio
(McClure-Griffiths et al. 2009; Kalberla et al. 2010). continuum map taken from Sofue and Reich (1979). Both the
The major HI disc is recognized as the dense and tight ridgéigures demonstrate the spatial coincidence of the NPS ridge
with full width ~ 1° at velocities fromVi., ~ 200 to +160 km with the 3-kpc HI ring and its vertical flare. Also shown in the
s~!, and can be traced in the maps upte-100 km s™'at peak figure is the X-ray ridge in R7 (1.4 kev) band as obtained from
brightness” ~ 50 — 100 K. a ROSAT image (Snowden et al. 1997), almost coincident but
At Vier ~ £130 km s~'corresponding to the tangent longi- Slightly inside the radio NPS.
tude ofl ~ 20°, a remarkable change of distribution occurs so
that a vertically extended component suddenly appears as an l}l
flare (wall) toward high latitudes. The brightness of the flare is™
T ~1—2K, less bright than the main disc, and the latitudinal Figure 5 shows verticab{directional) cross sections the HI-line
extension is as large &-10°, or it reaches altitutde8 ~ +1.3 brightnessr” at different radial velocities. The profiles show
kpc. two components with narrow and wide scale heights. We fit the
In figure 3 we enlarge the channel maps-aB0o kms™*,and  distribution by two layers in gravitational equilibrium in ti#
overlay the radio continuum spurs. Figure 4 shows the same atirection expressed as

3 Vertical scale heights and extents
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Fig. 4. Overlay of the 1.4 GHz continuum spur (Sofue and Reich 1979) on G. Lat. (deg)
the HI channel map at Vis, = +130 km s~ L. The dashed line shows the
X-ray R7 (1.4 keV) band ridge after correction for the extinction (Sofue 2015) Fig. 5. Latitudinal Hl intensity (Tis) profile at terminal velocities Vierm = 150
made from the ROSAT image (Snowden et al. 1997). and 130 km s~ . The vertically extended feature is absentat < 130 kms ™!,
showing the HI hole inside I ~ 20°.
2
p = po sech®(In(1++/2) Z/h) 2)

extending to height of ~ +1.3 kpc
where h is the hydrostatic scale height of the layer (Spitzer

1942). Hereafter, we adogt= h/In(1 + v/2) as the scale
height parameter, or simply the scale height, of the galacti
layer. Accordingly, the brightness temperature of the HI emis-The column density of HI and Hgases can be related to the
sion at a givervi,, is expressed by brightness temperatuté by

T =50 T, sech®(Z/C.), @ N —x / Tudv, (@)

whereT; and¢; are the temperature at the midplane and theand to the local volume density; by

scale height of the-th components, respectively. Hefiex 1

and 2 represent the disc and halo components, respectively. n; = XiTi%’ (5)
By the x*> method we deconvolved thedistribution of T . . )

into two components, and determinédand(;. The inner dis- Wh_ereXi 1S the_conversmn factor for HE(= 1) and C_O (=2).

tribution atVis, > 150 km s*, theb profiles are fitted by one- Using the rela‘tlorr = Ro cosl, R=rtan = Ro sinl, and

disc with small scale height. On the other hand at lower veloci-dl/dr = 1/ Rosin L at the tangent points, we obtain

ties, theb profiles are fitted by two components with narrow and ,,. — x,7; <& _ ﬂ) cot L. (6)

wide scale heights. The midplane temperature and scale heights Ro dR

corresponding to the tangential direction of the 3-kpc ring ardf the rotation curve is flat, it leads to a very simple equation

determined to b& =22 Kand¢; = 0°.56 (74 pc) for the disc,

and7> = 5.4 Kand{z = 3°.2 (450 pc) for the halo component.

The halo component in the figures are well fitted by the 3ech  ReadingT; on the LV diagram along the terminal velocity

function, indicating that the gas is in gravitational equilibrium. ridge, we can determine the radial density profile converting
The disc component, having ~ 74 pc, represents the main to R by R = Ry sin [. Adopting the usual conversion factors

HI disc in the current galactic studies (e.g. Nakanishi and Sofuend the observed Galactic rotation curve, we thus calculated the

2003, 2005, 2015), which has a velocity dispersioaof 5 — HI and molecular gas densities using the LV diagrams from the

10 km s~1. The halo component, showing large~ 450, hasan  survey data.

order magnitude less intensity compared to the disc. In order for Figure 6 shows the results along the galactic plane and along

the halo component to be vertically extended to this height, thaltitude at+3°. In the figure are also shown the radio continuum

velocity dispersion in the HI gas must be as largeas 12— 25 excess at 408 and 1420 MHziat 5°, whereR was calculated

km s™!. The HI halo can be traced up tot 10° above the as above assuming the same distance. We stress that the radio

detection limit of 7" ~ 0.01 K, indicating that the outskirt is NPS exactly coincides with the edge of the HI hole.

C2.4 Radial density profiles by tangent method

n; >~ XZTZ RK(;COt l. (7)
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corresponding ak ~ 2.6 kpc to the 3-kpc ring with a peak den-
sity of ni, ~ 13H cm ™2, Note that the molecular density scale
is multiplied by 1/10 in figure 6. It is interesting to point out
that the molecular fraction (molecular density/total density) is
fmo1 =~ 0.82, significantly lower than that at the 4-kpc molecu-
lar ring of fi,01 ~ 0.90.

The parameters as determined above are summarized in table
1. Using these parameters we calculated the total mass of the
T B S ring structures, assuming a perfect ring around the GC with the
€) R (kpc) constant peak densities. We also calculate the kinetic energy,
. assuming that the expansion velocities arelall,. = 50 km
s~ 1. The derived quantities are listed in table 1.

n (H/cc)

0.1 —

A Y 7 3 Origin of HI Hole

A ] We now examine if the HI halo hole can be explained by sweep-

: ing of the disc and halo gas by an explosive event in the Galactic
IniE i b ) ) Center based on the bipolar-hyper-shell (BHS) model of the

4 7 NPS (Sofue 2000; Sofue et al. 2016). The propagation of a
(b) shock wave from the Centre is calculated using the Sakashita’s
(1971) method to trace radial ray paths of an adiabatic shock
wave.

The unperturbed gas disc and halo are assumed to be com-
posed of a stratified layers with density distributions represented
by the hydrostatic equilibrium in th& direction (Spitzer 1942).

It is assumed that the discs are further embedded in an inter-
galactic gas with uniform, low-density gas. We express the den-
sity distribution as

o
T

Radio excess

o

(c) p=Yp; sech®(Z/¢). (8)

Fig. 6. (a) Volume density n of H atoms plotted against R at b= 0° : Full=HI . .
in Q1: dash=Q4: red dash=0.1x Molecules (CO) in Q1. (b) ibid at b = +3°: Here,i = 1, 2, and 3 represent the disc, HI halo, and a constant

Full=HI in Q1; dash=Q4. (c) Radio continuum excess atb = +5°: Blue=408  background. We here take =1, p, = 0.1, andps = 107> H
MHz in Q1; dash=Q4; Magenda=1420 MHz in Q1; dash=Q4. Cm73’ andCl =50, (2 =500 pc, anng = 0.
Figure 7 shows the calculated result for an initial injection

The HI hole is now evident in the halo at= 3° (~ 400 energyFE, = 1.8 x 10°° erg. The shock front is drawn in the
pc) as the almost empty region inside= 2.8 kpc. The HI (R, Z) plane at everyl0® y. The shock wave front expands
density inside the hole is as low ag; <~ 5x 1073 H cm 3. almost spherically in the initial moment. As it expands, the
Beyond this radius, the intensity suddenly increases to a sharfpont shape becomes elongated in the vertical direction due to
peak atk = 2.9 kpc. The density in this HI wall igu; ~ 0.08. the steep decrease of the density toward the halo. As the shock
The full radial width at half-density of the wall is measured to wave is blown off into the halo, the front shape gets dumb-
be AR ~ 0.15 kpc in the first quadrant (Q1 @ <[ < 90°). ell shaped, making a BHS. The dumbell's equator is sharply
About the same structure is observed in the 4th quadrant (Q4pinched by the dense disc at the galactic plane. At elapsed time
270° <1<360°) of t ~ 107 y, the BHS front approximately mimics the NPS,

In the galactic planeb(= 0°), the HI profile is similar, but ~ SPS, NPS-W and SPS-W.
milder. The intensity peak corresponding to the wall appears at The observed density profile near the galactic plane in fig-
R = 2.7 kpc, corresponding to the originally recognized 3-kpc ure 6 indicates that the density jump from inside to the 3-kpc
expanding HI ring. The peak density of the HI gasis ~ ring is 3 K/ 0.7 K~ 4, conincident with the density jump in
2.5 Hcm ™3, and the full radial width of the ring i&AR ~ 0.3 the adiabatic shock wave as modeled here. On the other hand,
kpc. the density jump is much higher in the off-plane walbat 3°,

The molecular disc in the galactic plane is more clumpy thanexceeding~ 10 times, much larger than that for the adiabatic
HI, but shows a globally flat distribution an has a small peakshock. This may be due to the high density in the shock front
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Table 1. Parameters of the 3-kpc Ring

Disc COring Disc Hliring HaloHlwall HIhalohole Total

Radius,R (kpc) 2.7 2.7 2.9 2.7 —

Scale heighth (kpc) 0.07 0.07 0.4 >1 —

Width, AR (kpc) 0.15 0.3 0.15 — —
Density,n (H cm™?) 13 25 0.1 <5x107% —
Mass,M (Mg) 1.1 x 108 4.3 %107 0.6 x 107 — 1.6 x 108
Expa. velo!, Voypa (kms™) 53 53 53 — —

Kin. Energy,Exin (erg) 3.1x10% 1.3 x 10%4 1.5 x 103 — 4.7 x 10%*

T Cohen and Davies (1976).

NPS / BHS
Radio

Low-velo HI

777777777 HI halo
[HI hole [ » i
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where the gas is totally ionized to X-ray temperature, leaving NGxig. 8. schematic relation among the NPS (BHS), 2.7-kpc expanding ring,
Hl inside the front. However, detailed spatial correlation analy-2.9-kpc Hi hole, HI halo, and the HI+H, disc. Some related objects such as
sis is not easy because of the tangential lines of sights throug‘ﬁe X-ray NPS, Fermi Bubbles are also drawn concentric. The bottom panel
. L enlarges the 3-kpc ring region contacting the shock front as predicted by the
the curved shock front, along which emissions from the near- 9 pering reg 9 P Y

i ) shock propagation solution from the Galactic Centre.
and far side structures are contaminated.

Fig. 7. Propagation of the shock front in the disc and halo. The fronts are
drawn every 106 y.

The expanding velocity of the front at intermediate latitudes
0 ~ 10 — 20° corresponding to the main NPS ridgeliscpa ~
300 km s~'. This velocity is coincident with the required veloc- 4.1 Summary
ity to heat the shocked gas to a temperatut®’ K responsible

4 Discussion

to the observed X-ray emission in the NPS (Snowden et at alAnalyzing the HI and radio continuum data, we showed that the
1997; Sofue et al. 2016). Note, however, the shock-heated andPS and its counter spurs are positionally coincident with the
compressed gas inside the shock front is no more neutral (HIXangential directions of the 3-kpc expanding HI ring. The HlI
but is ionized to X-ray temperatures, and is, therefore, not obhalo inside this radius is almost empty, making a giant HI halo
served in the HI line emission. The HI wall outside the shockhole. Outsider ~ 3 kpc, where the disc and halo is not dis-
frontis in a pre-shock compression stage, and is observed as therbed by the shock wave from the centre, the HI gas exhibits

expanding ring, which is still slow, as observed to be expandsech density profile in theZ direction with the scale height

iNg atVexpa ~ 50 km s™1, and approximately obeys the normal h2 ~ 0.5 kpc. Figure 8 summarizes the variuos features ob-

galactic rotation. served in HI, molecular lines, radio, X-ray, andays.
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4.2 Some difficulties in the models References

The hydorodynamical BHS model (Sofue et al. 2016) well ex-Baba J., Saitoh T. R., Wada K., 2010, PASJ, 62, 1413

plains the NPS and its X-ray geometry and spectra, hence th%f"‘”ia T.M., 1977, ApJ, 216, 381 _

shocked gas temperatures. However, the galactic plane Wfénn&L;‘Agzg;rilz' E. Stark A. A, Bally J., Uchida K. ., 1991,
shown to exhibit a bow-shock front around the dense and cooJ:Ohen R. J.,’Davi’es R.D.. 1976, MNRAS, 175, 1

disc, and the front position appeared at about a half radius of thg, , .er R. M., Bicknell G. V., Taylor A. M., Carretti E., 2015, ApJ, 808,
shells. This situation is also found in the present simple calcula-  1g7

tion in figure 7. Sanders and Prendergast (1974) had to assunmame, T. M., Hartman, D., Thaddeus, P. 2001, ApJ 547, 792.

an energy as large as 3 x 10°® erg in order to accelerate the Dame T. M., Thaddeus P., 2008, ApJ, 683, L143

3-kpc ring, and also showed that the shock wave destroys thengimaier P., Gerhard O., 1999, MNRAS, 304, 512

disc, leaving the ring as a small portion of a compressed dis&UX R~ 1999, A&A, 345, 787

gas left after a spill over of the global flow. Such a problem Garda P, Bronfman L., Nyman L.
A.,Dame T. M., Luna A., 2014, ApJS, 212, 2

could be solved by considering refraction and focusing of theHaslam C.G.T. Salter, C. J., Stoffel. H.. & Wilson, W. E. 1982, AAS,
waves onto the ring (Sofue 1977, 1984). 47,1

If we assume that the unperturbed gas disc and halo beforaonma M., Nagayama T., Sakai N., 2015, PASJ, 67, 70
the GC explosion had already a much smaller density or a holdonas, J. L., Baart, E. E., & Nicolson, G. D. 1998, MNRAS, 297, 977
around the GC, this problem would be eased. Such a hollovifalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, AA, 440,
halo would be possible, if the GC explosions occurr intermit- s
tently, so that the gas around the GC is always blown off, or kep{<‘r’“berl"’1 P. M W., etal, 2010, AA, 521, AL7, 722, 367

: . McClure-Griffiths N. M., et al., 2009, ApJS, 181, 398

at high-temperature. The high temperature plasma observe,gOellenhoff C.. 1976, AA. 50, 105
around the GC (Snowden et al. 1997; Uchiyama et al. 2013y, ,4er w. A., Liem B. T., 1986, AGA, 157, 148
Su et al. 2010) could be evidence for such multiple events.  Nakanishi H., Sofue Y., 2016, PASJ, 68, 5

These problems are not encountered in the bar hypothesis, ibort J. H., 1977, ARAA, 15, 295
which no energetic explosion is required. On the other hand, th&eich P., Testori J. C., Reich W,, 20014, yCat, 337,
largely extended vertical structure of the HI wall and the almost?€ich P, Testori J. C., Reich W., 2001b, A&A, 376, 861

. . . kashita S., 1971, A 14,431
empty hole in the HI halo might not be easy to be explained bySa ashita S., 1971, ApSS, 14, 43
Sanders R. H., Prendergast K. H., 1974, ApJ, 188, 489
the bar models

Snowden S. L., etal., 1997, ApJ, 485, 125

Sofue Y., 1976, PASJ, 28, 19

Sofue, Y. 1977, AA 60, 327.

Sofue Y., 1984, PASJ, 36, 539

It has been suggested that low-velocity HI gaglat| <~ 50  Sofue, Y. 1994, ApJ.L., 431, L91

km s 'apparently surround outside the NPS, when the radig>0fué. Y- 2000, ApJ, 540, 224 -

continuum map (e.g. Halsam et al. 1982) and the all-sky pSofue, Y. 2017, MNRAS, submitted. . . .
. Sofue Y., Habe A., Kataoka J., Totani T., Inoue Y., Nakashima S., Matsui

map (e.0. _Kalberla et al 2005? are compared. It is not clear H.. Akita M., 2016, MNRAS, 459, 108

if they are indeed related physically to each other. In fact, thegq e Y., Nakanishi H., 2016, PASJ, 68, 63

local-velocity HI map is full of bright, often much brighter, l0-  sofye, v. and Reich, W. 1979 AAS 38, 251

cal Hl shells and filaments, so that it is difficult to confirm that Spitzer L., Jr., 1942, ApJ, 95, 329

the apparent HI shell surrounding NPS is indeed physically reSu, M., Slatyer, T. R., and Finkbeiner, D. P. 2010, ApJ, 724, 1044

lated to the radio continuum structure. Uchiyama H., Nobukawa M., Tsuru T. G., Koyama K., 2013, PASJ, 65,

19

4.3 Low-velocity HI shell

If we assume that the HI outer shell is associated with the
NPS, the following scenario would be possible: The swept-up
gas by the BHS is compressed to form high-temperature X-ray
gas, while the densest front may have cooled down to neutral
gas. The accumulated gas in the BHS in the polar cap region has
not enough angular momentum to maintain the original galactic
rotation. The lifted gas to the top of NPS falls toward the disc,
causing negative radial velocities, canceling the galactic rota-
tion. Since we do not have yet a model to discuss the cooling of
the compressed gas to the HI temperature in the NPS, the above
speculative scenario remains as a subject to be considered in the
future.



