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KUHEMATUKA OBJIACTE! 3BE3/IOOBPA30BAHU ST

IIpoBeneHo cratmcImyeckoe mccnenopanme 218 obnacreit 3Be3mooOpazoBanws B OKpecTHOCTH 10 Kmc OoT

ConHna B Ky6u4yeckOM NpPUOIDKCHAM ABYMEPHOTO TOJIS CKOPOCTei. OTKIIOHEHHS OT KPYrOBOI'O JBHIKCHHSA

B lNaslakTHKe B OCHOBHOM CBs3aHBI C CYMECTBOBAaHAEM KOMIUIEKCOB 00JI1acTel 3Be31000pa30BaHHs Pa3MEPOM

1—2 xmc. B xomiutekce 3tA 00JacTH paszensior obdmee npmkeEHMe. CaMu KOMIUIEKCH HHTCPIPETAPYIOTCH

KaK pe3ysibTaT KOHIEHTPHEPOBAHHOTO 3Be371000pa30BaHMs M IOCIEIYIOMETO PAaCIIMPEHHS, OOYCIOBICHHOTO

MHOXECTBCHHBIMA OCTaTKAMH CBEPXHOBEIX. OTpHIATENbHBIE OCTATOYHBIE CKOPOCTH KOMIUIekcoB Py —P,,
BO3MOJXKHO, 00yCITOBJIEHB! BIMSHAEM CIIAPAIEHOrO pykaBa B Ilepcee.

The radial velocities of 218 star forming regions up to 10 kpc from the Sun are investigated statistically

using the cubic approximation of a general two-dimensional velocity field. The departures from the circular

flow in the Galaxy are mainly connected with complexes of star forming regions 1—2 kpc in size. Star

forming regions from a complex share a common motion. Complexes are interpreted as a consequence

of clumped star formation and subsequent expansion of multi-supernova remnants. The negative velocity

departure of complexes P;—P, from circular motion may be due to the influence of the Perseus spiral
arm.

Key words: Interstellar medium: H II regions: general — radial velocities — interstellar medium: kinematics

and dynamics — supernova remnants: general

1. Introduction

The distribution of molecular gas, star forming
regions, OB associations and young stellar clusters
in the plane of the Galaxy is non-uniform. The
young objects concentrate in specific areas, which are
usually connected into spiral arms (Becker 1963,
Georgelin and Georgelin 1976, Blaauw 1985): the
Sagittarius- Carina arm in the direction of the
galactic centre and the Perseus arm in the opposite
direction (see Fig. 1 of Blaauw 1985). The Sagitta-
rius-Carina and Perseus arms are probably parts
of the grand design spiral structure of our Galaxy,
as it is observed in neutral hydrogen.

The local young objects around the Sun are separat-
ed from these two spiral arms and form the
“local spiral arm”. This local area of concentration
of young objects is separated from the Sagittarius-
Carina and Perseus arms by large voids. The relation
of the local spiral arm to the global spiral structure
is unclear and we assume that the local arm is an
interarm branch superimposed on the primary grand
design spirals.

Bull. Astron. Inst. Czechosl. 40 (1989), 42— 52.

Whether the large-scale spiral arms are of transient
nature (Sellwood and Carlsberg 1984) or whether
they represent the quasi-stationary, low-order modes
(Bertin and Lin 1987) is being discussed. Pure kine-
matical investigation is unable to distinguish between
these two models. Even if the grand design spirals
are long-lived, the local spiral arm, which may be
interpreted as a higher-order mode, should be more
transient than the low-order modes. In our opinion,
the longevity of the local spiral arm is rather limited.

In this paper we argue that the local spiral arm
may have been formed as a consequence of a burst
of star formation in a small region and built during
the subsequent shock-wave propagation into the
surrounding interstellar medium. We investigate the
radial velocities of star forming regions in the galactic
disk and discuss their deviations from the circular
streaming around the galactic centre. This deviation
may be explained as a consequence of the kinematical
evolution in a large-scale multi-supernova remnant.
In this scenario the local spiral arm is a transient
feature about 60 Myr old.

We also discuss the motion within the Sagittarius-
Carina and Perseus spiral arms. We have found
complexes of star forming regions of about 1—2 kpc
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Table 1 Table 1 (cont.)
218 star forming regions

II°1 bI°1 rlkpel drlkpc] 7, [km/s] Name

i1 b1 rlkpcl drlkpe]l ¥, [km/s] Name

10676 + 530 080 010 — 7-2 S 140

011 — 056 170 040 181 S 19 107-14 — 096 320 070 —41 S 142
0-53 — 071 170 040 +145  RCW 142 10729 — 143 370 080 —48 S 143
059 — 086 170 040 +150  S21 10767 + 0-82 083 011 — 17  S144
429 + 0-55 157 020 + 75 S22 10792 + 578 086 011 — 88  S145
609 — 129 170 040 +11:0  S25 10827 — 107 410 070 —57 S 147
7.00 — 2-16 142 020 +11-:0 S29 10835 — 105 410 0-80 —52 S 148/149
7.04 — 026 195 030 +19 S 30 10877 — 095 310 0-80 —50 S 152
721 — 218 1:00 030 + 87  S31 108:30 — 1-:02 350 0-50 —50 S 153
7-40 — 2:03 122 050 + 89 S$32 108-86 + 615 077 015 — 88 S 150
1094 — 1-64 121 028 -+10 S 35 108.97 + 160 140 030 —11-5  S154
1163 — 178 165 015 +12 S 37 109-44 — 0-51 320 074 —47 BFS 14
12°71 + 035 320 0-50 +30 S 40 110-11 + 006 320 0-50 —52 S 156
1272 — 069 170 030 +168  S41 11017 + 262 080 020 —12 S 155
1411 — 011 2:05 040 -+193  S44 11128 — 065 340 060 —46 S 157
1509 — 074 2:00 020 +20 S 45 111.55 4. 0-82 360 0-50 —57 S 158
1518 -+ 331 2:0 020 +18 S 46 111.64 + 037 360 050 —56 S 159
16:80 -+ 0-75 195 030 -+24 S 49, NGC 6611 11222 4+ 023 340 100 —45 S 162
1868 + 197 2:00 025 +27 S 54 113.54 — 0-65 340 100 —44 S 163
2028 — 1-14 420 0-50 50 S 55 113.91 — 162 3:53 080 —44 S 164
22-89 + 067 160 030 -+24 S 57 11579 — 159 3:00 050 —40 S 168
2896 -+ 354 042 010 + 70 S64 117.63 + 226 230 0-50 —44 S 170
30-48 4 041 330 070 +46:8  S66 118-40 + 470 076 0-11 —13 S 171
3069 + 623 0-50 010 + 75  S68 120.63 — 009 220 0-50 —34 S 177
4945 — 040 720 1-50 58 W 51 12270 4 234 260 070 —366 S 181
53-54 4+ 0-01 150 0-50 24 S 82 13370 + 120 220 0-30 —40 IC 1795
5939 — 0-15 220 011 268  S86 134.80 + 0-94 2:16 030 —46 S 190
60-92 — 0-13 180 050 24 S 87 136-08 + 2:11 220 030 —46 S 192/4
61-49 + 032 1-80 050 +22 S 88 137-38 4 020 270 050 —33 S 198
6318 + 0-46 450 150 +22 S90 13757 4+ 109 2-10 0-30 —41 S 199
64-08 4 165 470 100 +29 S92 140-59 + 1-92 1-00 0-15 —11'5 S 202
66:97 — 1-32 2:60 070 +12 IC 4594/95 141-73 + 276 090 020 —10-2  BFS28
71-58 + 2-84 2:40 030 +13-7 S 101 142-18 + 2:06 090 020 —109 BFS 29
7476 + 062 350 0-50 -+ 15 S 104 148-54 — 024 1:06 0-10 —25 S 205
7581 + 0-38 095 015 + 1 ON-2 150-58 — 094 290 060 —33-0 S 206
7640 — 0-61 060 010 — 1.2  S106 15160 — 0-25 10-00 2-00 —52-2 S 209
78-18 + 1-81 160 020 — 1 S 108 154-65 + 2-46 7-10 1-00 —37-6 S 211
7836 4+ 2:45 1-10 040 — 23 DWB 68 15535 + 260 650 1-00 —35-3 S 212
78-86 + 360 2:10 050 — 2 DWB 78 159-15 + 3-32 420 2:00 —20 S 217
7888 + 139 115 025 + 1:6 DWB70 159:36 + 260 3-80 060 —24 S 219
82:28 + 2:42 2:00 045 — 24  DWBI155 165-35 — 902 080 020 — 20  S222
8260 + 040 100 030 — 78 16870 + 100 3-80 0-90 —23 S 227
8378 1 328 180 020 — 4 S112 169-21 — 090 380 070 — 87  S228
84-84 -+ 391 250 050 — 65  S115 17196 — 2-17 046 012 + 67  S229
8549 — 099 100 020 + 2 S 117 17296 — 131 132 030 -+ 45  S230
87-60 — 384 093 020 -+ 35 S119 173-36 + 2-55 2:00 040 —18 S 231
90-23 + 172 630 1-00 —609  S121 173-36 + 2-44 2:00 040 —18 S 233
94-48 — 154 360 050 —44 S 124 17336 — 0-18 2:04 013 —13-5 S234
9620 + 2:60 870 1-50 —947  S127 17345 + 323 190 0-40 —23 S 232
97-50 + 3-16 830 100 —72-5 S 128 17360 — 174 3:34 046 — 7 S 236
98-50 4 7-97 090 020 —14 S 129 17361 + 281 165 020 —16 S 235
99-29 - 373 083 017 — 8 S 131 173-89 + 026 380 050 — 43  S237
102479 — 065 3-50 040 —485  S132 180-89 + 414 3-80 080 — 65  S241
103-82 + 261 080 020 —160  S134 18236 + 019 220 020 + 1 S 242
104-57 + 134 120 015 —17-0  S135 18893 + 079 2060 020 + 3 S 247
10563 + 7-85 070 030 —10 S 137 190-03 + 0-49 2:15 040 -+ 8 S 252
105-80 + 009 320 0-75 —46 S 139 19223 + 359 410 0-40 +14-4  S253
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Table 1 (cont.) Table 1 (cont.)

II°1  bI[°1  rilkpc]l drlkpc] ¥, [km/s] Name 1] b[1 rlkpc] drikpc] V,[km/s] Name
192:49 — 0-14 230 040 -+ 66 S 254/258 289:76 — 1-30 6:00- 2:80 -+21-9 G35
192-93 — 0-58 830 0-30 +422-8 S 259 290-58 — 0-38 340 070 —22-4 A5
194-65 —1562 045 020 + 03 S 263 290-59 + 0-31 320 0-50 —28 G 37
19506 —11-97 0-53 0-:20 +12-0 S 264 29124 — 061 2:80 0-50 —22 G 38A
19645 — 169 3-80 1-:00 + 1.7 S 269 291-58 — 048 7-70 2-00 +13-0 G38B,NGC3603
19777 — 2-31 4-60 1-:00 +420-5 S 271/272 29293 4+ 4:48 3-00 0-50 —21-6 RCW 59
202:90 + 2-17 1-04 050 + 75 S 273 293-64 — 141 2:50 060 —24 RCW 60
205-11 —14-11 0-50 015 4+ 9 NGC 2071 294:14 — 229 290 050 —26 RCW 61
20629 — 2-12 1-50 0-20 413 S 275 29469 — 1-50 2-10 0-30 —22 RCW 62
206:91 —16:83 0-50 0-15 4 90 S 277 300-70 + 009 2:40 050 —17 GE 130
208-46 —19-10 0-40 0-15 + 8 S 279 30093 4+ 162 2:00 040 —21 GE 131
208-71 — 2-64 1-50 0-40 -+11-0 S 280 301-61 + 097 2:20 0-30 —24 RCW 68
209:04 —19-50 0-50 0-10 - 80 S 281 303-11 — 040 1-50 030 —23 GE 132
21005 — 2:30 1-50 0-30 +423-3 S 282 30516 — 0-03 3-90 050 —42'6 RCW 74
210-81 — 2-56 5-00 3-:00 1494 S 283 30620 4+ 018 2:10 060 —29 RCW 75
211-19 — 1-32 5-20 1-50 +37(+45) S 284 306:60 — 1-30 2-20 0-60 —23 GE 136
213-81 + 061 640 1-50 30 S 285 307-85 + 021 420 070 —363 RCW 78
21813 — 0-39 3-30 0-80 +27-2 S 287 308:64 -+ 0-58 400 070 —46 RCW 79
21872 4+ 1-83 680 1-50 +57-0 S 288 309-27 — 0-46 3-80 0-70 —46 RCW 80
218-85 — 455 5-60 160 1-47-0 S 289 311-40 — 040 160 040 —19-1 GE 140
221-01 — 2-51 1-50 0-50 13-4 BFS 63 311-84 — 0-54 160 030 —21-2 RCW 83
22370 — 1-89 1-15 020 +18 S 292 31341 — 035 150 050 —17-6 RCW 85
224-17 — 2-87 0-75 0:20 4146 S 293 320-17 + 049 1-80 0.30 —18 RCW 88
22419 + 122 4-30 1-:00 +32-5 S 294 320-84 — 1-06 1-00 020 — 68

22441 — 274 070 020 413-8 S 295 32616 + 0-89 320 040 —40-0 RCW 94
224-54 — 195 1-15 020 4150 S 296 32661 4+ 0-82 3-20 0:40 —43-6 RCW 95
21547 — 2-58 1-15 0-20 4117 S 297 . 327-04 — 0-54 320 040 —487 RCW 97
22775 — 0-15 5-30 1-:20 455 S 298 327-53 — 0-81 320 040 —47-8 RCW 98
23097 + 149 510 1-20 467 S 299 32860 — 0-51 350 050 —44-3 RCW 99
231-12 4+ 1-51 5-10 1-20 -+52-8 S 300 331-84 — 1-03 3-80 050 —46'7 RCW 102
231445 — 441 5-10 1-20 4530 S 301 332:20 4 0-80 210 0-30 —30-0 BBW 30000
232-57 + 0-89 230 050 4166 S 302 332-81 — 142 365 060 —49-6 RCW 104
23375 — 0-18 4-20 1-00 -+43 S 305 332-86 + 1-85 1-80 0-10 —21 RCW 105
234:32 — 0-36 540 040 45 S 306 332-87 — 064 365 020 —49'5 RCW 106
23477 — 0-20 4-20 1-20 -+43-0 S 309 33643 — 126 1-30 030 —23 RCW 108
237-26 — 652 170 0-30 +13-8 S 310 340-88 — 0-80 2-30 0-30 —28 RCW 110
25375 — 0-50 3-10 0:30 4382 RCW 19 342-59 4+ 1-83 190 030 —24 RCW 113
25446 + 0-00 330 0-80 305 RCW 20 344-22 + 170 190 025 —13-0 RCW 116
260-05 + 0-54 0-75 0-10 -+ 1-8 RCW 27 347-67 4+ 192 1-70 0-30 — 88 RCW 119
261-56 + 0-93 105 015 4+ 63 RCW 32 34826 + 047 140 050 — 80 RCW 120
262-91 + 1-39 1.07 0-23 + 67 RCW 33 34878 — 1-11 2:00 040 —13 RCW 122
26448 + 0-13 1-80 045 + 79 RCW 35 349-47 — 079 2:00 020 —12-3 RCW 123
267-57 — 1-63 1-80 020 4 20 G21 35130 + 070 1-74 030 — 50 RCW 127
267-92 — 1-01 1-70 040 + 50 RCW 38 353-12 + 071 1-74 030 — 4 RCW 131
269-19 — 1-36 1-80 0-10 + 60 RCW 40 35537 + 0-22 1-40 030 + 7 RCW 132
269-34 — 1-27 2-00 0-50 -+10-1 G 12A 355-82 + 1-53 120 020 + 86 RCW 133
270-26 -+ 0-80 2-20 0-50 -+ 3-7 RCW 41

282-13 — 0-11 2-50 0-80 —10 RCW 45

28221 — 2:00 3-50 050 —14
282:32 — 133 190 020 — 46 RCW 46

28289 — 270 320 050 —116 RCW 47 in size moving with a common average velocity

28310 — 061 240 030 —152 H2 differing from one complex to another. These are
283-40 — 1-01 3-50 080 — 4 RCW 48 similar to complexes composed of star-forming
283-90 — 060 3-50 030 — 87 regions and young open star clusters discovered by
284:10 — 190 390 080 — 43  GES5 Avedisova (1987b) and Lynga (1987). The complexes
;ggiz _ g:i’g igg g::g ::g léC;;V 4 are the main source of velocity-field deformations.
287-28 — 0-88 2:80 0-40 —25 RCW 53 The grand design spirals are much harder to detect

in this kinematical investigation.
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2. 218 Star Forming Regions
Our sample consists of 218 star-forming regions

(SFRs) also known as diffuse nebulae. Their names
originate in most of cases from Sharpless’ and RCW’

catalogues. The list of these SFRs with galactic co- X

ordinates, distances with average errors and radial
velocities is given in Tab. 1.

The distances have been determined in a homogene-
ous photometric system using known spectral types
of exciting stars and their photometry in B and V.
All absolute magnitudes have been derived using
a common calibration curve (Avedisova, Kondratenko
1984).

The radial velocities have been taken from the
magnetic tape version of the catalogue of SFRs
compiled by Avedisova (1987a). They represent the
measurements of the shifts of optical and radio re-
combination lines of HII regions or of molecular
lines of associated clouds. It has been found (Avedi-
sova 1985) that there exists a systematic shift of about
3kms~! between the velocities of the ionized gas
in HII regions and the velocities of molecular gas
in genetically connected clouds. This difference is
the result of the outflow of the hot ionized gas from
the cold molecular cloud due to the high internal
pressure in the HII cavity.

This effect is valid only for SFRs observed as
optical nebulae. In these cases the velocity of outflow
aligns with the direction between the Sun and the
molecular cloud, i.e. the relative motion between the
HII region and molecular cloud is observed in the
radial velocity. If both velocities, derived from the
recombination lines and from the molecular lines,
exist, the latter was used. Only in cases, when the
molecular velocity was not found (these are the very
evolved HII regions) the velocity based on the Ha
recombination line was used.

3. Complexes of SFRs and Spiral Arms

The distribution of 218 SFRs in the galactic (X, Y)
plane is given in Fig. 1. They concentrate in the local,
Sagittarus-Carina and Perseus spiral arms. But their
distribution within these arms is far from homo-
geneous. We observe complexes of SFRs of 1—2 kpc
in size.

We rediscovered the three distinct complexes of
SFRs — A, B and P; —in our sample. They are

- specified in Tab. 2 and in Fig. 2. These complexes

have already been identified by Avedisova (1987b)
and Lyngd (1987) in an investigation of giant HII
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regions and young open star clusters. We propose
three other complexes — P,, P; and P, — within
the Perseus arm, but they are not as distinct as the
previous three.
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Fig. 1. The distribution of 218 SFRs (crosses) in the galactic
plane in the (X, Y) coordinates centered on the Sun. The X
axis points towards the galactic centre (/= 0°, b= 0°) and
Y axis in the direction of galactic rotation (= 90°, b = 0°).

+

-4 -2 (%] 2 Y <PC)

Fig. 2. The departures of the individual SFRs from circular

streaming in the (X, Y) plane. (4+) or (Q) represent the positive

or negative departure, the size of the symbol shows the value

of the departure. The dashed lines define the complexes of
SFRs.

SFRs in a complex share a common motion, which
may be the consequence of their common origin.
The radial velocities of the individual SFRs corrected
for the influence of galactic rotation are represented
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Table 2
Complexes of SFRs. The deviations of radial velocities from
circular rotation in the Galaxy

Designator N r[kpc] 1 V, [kms™!)]
A 25 2:8+07282 307 — 57447
B, 9 1-84+03340 353 — 85+ 36
B, 20 17404355 23 67+ 52
P, 17 35404103 117 —12-34 39
P, 8 22401121 137 —13-5+ 48
P, 7 21401173 193 — 72457
P, 8§ 50408218 235 — 81454

in Fig. 2. They are strongly clumped and correlated
within the individual complexes.

The average values of non-circular parts of the
radial velocities in a SFR complex are presented in
Tab. 2. A flat rotation curve with @, = 220km s™!
and with the distance between the Sun and the galactic
centre Ry = 8-5kpc has been used. The overall
deviations of the flow from circular shape will be
taken into account in the following parts of this
paper.

Due to a difference in the radial velocities, we
propose to divide complex B into parts B; moving
towards and B, moving away from the Sun.

The internal velocity dispersion within the comple-
xes is about 3—5kms~!. This is, as we shall see
later, somewhat smaller than the average velocity
dispersion of SFRs in the galactic disk, which is
about 6—7 kms~!. This difference is due to the
deviations of the individual complexes from the large
scale flow in the Galaxy.

We argue that the star formation in our Galaxy
occurs in regions 1—2kpc in size. This situation is
similar to star formation in external galaxies, e.g.
NGC 101, where star-forming regions of similar size
are observed (Elmegreen 1987). This may be a con-
sequence of clumped star formation in giant molecular
clouds and subsequent evolution around OB associa-
tions. A model of this evolution has been proposed
by Tenorio-Tagle and Palous (1987).

Spiral arms are much harder to detect in our
kinematical sample. The perturbation of the flow due
to spirals is obscured by complexes. However, the
negative deviations of radial velocities from circular
streaming of a sequence of SFRs in complexes P, —P,
may be _due to the Perseus spiral arm. If complexes
P, —P, delineate the front of this spiral arm, its
inclination is about 14°. The amplitude of the com-
ponent of velocity perturbation, which is perpendicular
to the front, is detected in radial velocities between

Vol. 40 (1989), No. 1

complexes P, and P;, where the line of sight is per-
pendicular to the spiral arm. This is about
— 13kms™ 1.

4. The Condition Equation

In this paper we investigate the shape of the grand
design flow of SFRs in the Galaxy, and discuss the
question if it deviates from the circular streaming
around the galactic centre. We use the cubic approxi-
mation of a general two-dimensional velocity field
near the Sun. The condition equation reads

(1) Vi = rcos® b(K + Asin2l + Ccos2l) +
+ r?cos® b(ay sin I + a, cos I + aysin 31 +
+ ay cos 31) + r3 cos* b(b, + b, sin 2] + by cos 21 +
+ bysindl + bscos 4l) + V, 1.,

where r is the distance from the Sun in kpc, ¥V, 1 and
V, s are radial velocities in kms™! and (K, 4, C),
a; and b; are the amplitudes of the linear, quadratic
and cubic terms in kms !kpc™!, kms~!kpc 2
and kms™! kpc™? respectively. V; . is the residual
corresponding to the errors in radial velocity me-
asurements and to the intrinsic velocity dispersion
of objects under consideration.

The exact derivation of this equation .is described
in the Appendix. It is an extension of the linear
analysis of the general velocity field by Milne (1935),
which was extended to quadratic terms by Edmondson
(1937).

We would like to point out that the assumption
of circular motion has not been used in the deriva-
tion of this equation. This makes equation (1) con-
venient for investigating large scale departures from
circular motion, which are expected in gas and young
objects confined to spiral arms.

Using formulas (A8) derived in the Appendix
we can express the expected values of the amplitudes
of all terms in Eq. (1) in the case of exactly circular
streaming. Using the flat rotation curve @(R) =
= 220kms~! and R, = 85 kpc we arrive at

A = 129kms ' kpc™?
a; = —0-37kms~ ! kpc™2
a; = 1-14kms™ ! kpc™?
(2)\ -1 -3
b, = 004kms™* kpc
by= 007kms *kpc3

C=K=a2=a4=b1=b3=b5=0.
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What ist he minimum number of terms to beincluded
in the expansion of the velocity field? This depends
on the distance of objects under investigation. In
Tab. 3 we expressed the maximum contribution to the
radial velocity from non-zero terms in equation (1)
in the case of the circular velocity field characterized
by coefficients (2). The minimum number of terms to be
included in the condition equation depends on the
accuracy of the radial velocity measurements and on
the intrinsic velocity dispersion of objects under
investigation.

Table 3
The maximum contribution (in km s~ ) to the radial velocity
from the linear, quadratic and cubic terms as a function of
the distance from the Sun in the case of pure circular streaming

r A al a3 b2 b4
1 12-9 0-4 11 0-0 0-1
2 25-8 1-5 46 03 06
3 387 33 10-3 111 1-9
4 51-6 59 18-2 2:6 45
5 645 93 285 50 88
10 129 37 114 40 70

We may conclude from Tab. 3 that for a cloud-to-
cloud velocity dispersion of about 6 km s™! the linear
approximation is valid up to about 2kpc and the
quadratic up to 4 kpc. The motion of objects which
are more distant than 4 kpc can be assessed only
if the cubic terms are also included.

5. The Results

It has been pointed out by Milne (1935) that for
establishing solar motion and the local standard
of rest, such a distance limit should be used, so
that the quadratic terms may be disregarded. Other-
wise the first harmonics due to the solar motion
combine with the first harmonics from the galactic
velocity field, which are included in the quadratic
terms, and these two different effects cannot be
separated.

The quadratic terms may be disregarded, according
to Tab. 3, only for SFRs within about 2 kpc of the
Sun. To avoid this problem for more distant objects,
in the condition equation we used the radial velocity
relative to the local standard of rest, V, ;.

A similar effect occurs for the second harmonics
in the linear and cubic terms. That is why we corrected
V, Lsr for the linear component of circular rotation,
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Arcos® bsin 21, and only used the quadratic and
cubic terms in some solutions. This was attempted
in some solutions in which objects with r > 4 kpc
were included.

8
++
i

VRLSR/R COS2(B) (KM/S/KPC)
: .
S s

(4] 86 278 L OEG)

Fig. 3. V, 1/7 cos? b versus the galactic longitude for SFRs
within 2 kpc from the Sun. The statistical fit with the linear
part of Eq. (1) yields the solid line.
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N
S S
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Fig. 4. V, ysr/7 cos® b versus the galactic longitude for SFRs
within 4 kpc from the Sun. The statistical fit with the linear

part of Eq. (1) yields the solid line, with the linear and quadra-
tic parts of Eq. (1) the dashed line.

The solutions of Eq. {1) for SFRs within 2, 4 and
10 kpc of the Sun are given in Tab. 4 and Figs 3, 4
and 5. The inclusion of quadratic terms for the sample
with r < 4kpc yields a similar residual velocity
dispersion, o,., to that for r < 2 kpc. The same is
true within 10 kpc and for the solution with cubic
terms. Thus, if the quadratic and cubic terms are
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included for larger areas, the residual velocity dis-
persion does not depend on the distance limit; the
intrinsic velocity dispersion of SFRs is, according
to Tab. 4, about 6 kms™*.

The velocity fields of SFRs is non-circular. This can
be seen from a comparison between Tab. 4 and values
(2), and will be discussed in the following parts of
this paper.

In another solution, Tab. 5, we corrected the
V, sz for the linear effects of circular rotation with
A = 14-4km s~ ! kpc™! (Kerr and Lynden-Bell 1986).
The results are not significantly different from those
of Tab. 4, however.

6. The Local Spiral Arm

The velocity field within 2 kpc, where the linear
terms are sufficient to describe the motion around
the Sun, seems to be close to circular (Tab. 4). How-
ever, in the sample with r < 2 kpc the members of
Sagittarius-Carina and Perseus spiral arms are inter-
mixed with SFRs from the local spiral arm. Conse-
quently, the departure from circularity connected
with the local spiral arm remains undetected.

In order to see the motion of the local spiral arm,
a sample of 60 SFRs residing within this part of
the galactic plane has been investigated (Palous
1987). The solution yields

K= —16 +08kms *kpc!
(3) C= 148 + 1-0kms™*kpc™!
C= 29+09kms 'kpc!.

Vol. 40 (1989). No. 1

VRLSR/R COS2®) (KM/S/KPC)

o =l ' 270 L (OEB)

Fig. 5. V, psr/7 cos? b versus the galactic longitude for the

complete sample of 218 SFRs. The statistical fit with the

linear part of Eq. (1) yields the solid line, with the linear and

quadratic parts of Eq (1) the dashed line and with the complete
Eq. (1), including the cubic terms, the dotted line.

What is the origin of this non-circular velocity
field? It has been compared with predictions from
various kinematical models by Palous (1987). However,
both the influence of the linear spiral density wave
and the collisionless expansion from a small region
within the galactic plane yield deviations different
from what is observed.

A model for the evolution of a large-scale multi-
supernova remnant expanding into the surrounding
ISM has been proposed by Tenorio-Tagle and Palous
(1987). The molecular clouds may form due to the

o Table 4
Solutions of Eq. (1) for three limiting distances from the Sun with linear, quadratic and cubic terms included

Tlim 2 4 10
N 94 181 218
K 00+ 05 —06+03 —05 £02 —13+03 —07 £02 —10 02
A 143 + 08 14:5 4 05 143 +£03 994+ 04 118 £+ 03 137 404
(o] -1+ 06 09+ 04 09 +03 1-8 4+ 0-5 04 £+ 03 15 +03
a; —0-46 £ 0-11 —046 + 0-08  0-52 4 0-05
a, 0-55+ 0-11 0074006  0-29 4 0-08
a; 1-05 + 0-10 0:69 4 0-05  0-76 = 0-06
ay 0-00 £ 0-11 —0-254+ 006 0-05+ 0-07
by 0-03 + 0-01
by —0-07 & 001
by 0-00 -+ 0-01
by 0-04 + 0-01
bs 0:02 4 001
Ores 90 55 14-8 82 63
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Table 5

Solution of Eq. (1) with ¥, ;gg corrected for Ar cos® b sin 21, o

A= 144kms 1 kpc!

lim 10

N 218

ay —0-48 4 0-06
a, 0-31 £+ 0-09
a, 0-75 + 0-07
a, 0-02 4 0-:07
by 0-01 + 0-01
b, —0-08 4 0-01
by 0-04 + 0-01
b, 0-04 4= 0-01
bs 0-02 4 0-01
Ores 6-9

compression of ISM in the shock wave and create
SFRs. If the local SFRs are formed due to this
mechanism, it is quite natural that they have similar
velocities as the large scale multi-supernova remnant
from which they may have been created.

This model has also been discussed by Palous
(1987) and it was found that for an expansion time
of about 60 Myr the velocity field is similar to that
observed in the local arm. We conclude that the local
SFRs could have been formed as a consequence of
clumped star formation and subsequent multi-super-
nova explosion and expansion of the remnant into the
surrounding ISM. In our concept this arm is a transient
feature about 60 Myr old.

An independent argument in favour of the limited
age of the local spiral arm resulted from a discussion
of birthplaces of open clusters by Palous et al. (1977)
and by Olano and Péppel (1987). An upper age limit
of 60 Myr for clusters with birthplaces in the local
spiral arm has been found. Therefore, the local arm
probably did not exist 60 Myr ago.

7. The Grand Design Flow

Our kinematical analysis of radial velocities of
SFRs yields solutions given in Tab. 3. In order
to see the shape of the flow we present the last solution
from Tab. 4 in Fig. 6. The circular streaming is the
dominant part of this velocity field, precluding the
resolution of departures from it.

The departures from the circular flow are shown
in Fig. 7. Here the effect of the circular rotation has
been subtracted from the flow. However, these
departures do not show any systematic humps con-
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-4 -2 ) 2 Y (KPC)
Fig. 6. The velocity field around the Sun according to the
last solution given in Tab. 4. The iso-radial velocity lines
are separated by 5km s~ 1. Solid lines represent thejpositive
radial velocity, the dashed lines the negative radial velocity.
The crosses show the positions of the individual SFRs.
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Fig. 7. The departures of the fit represented in Fig. 6 from

circular streaming in the Galaxy. The iso-radial velocity lines

are separated by 2 km s~ 1. Solid lines represent positive and

dashed lines negative departures. The crosses show the positions
of the individual SFRs.

fined to spiral arms. They are clearly connected with
the complexes of SFRs. The complexes, defined in
Tab. 2, act as “attractors” causing deviations from
circularity of the average velocity field.

Figure 7 may be compared with Fig. 8 showing
the deviations of the individual SFRs from the
average grand design flow. Within the Sagittarius-
Carina spiral arm the average flow shows a negative
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departure from circular streaming of about —8 km s~!
for complex A and a positive departure of about +2
kms~! for complex B. But as pointed out above,
complex B may be divided into B; with a negative
radial velocity residue of about —4kms™! and B,
with a positive radial velocity residue of about +6
km s,

Complex P; near the Cep OB 1 association in the
Perseus spiral arm deforms the velocity field in the
second quadrant of the galactic plane producing
a negative average velocity of about —10kms™!
around P,. The velocity residue of P, is also negative,

it is about —3kms™!.

The residual velocity dispersion within these
complexes is about 3—5 km s~!. This combines with
the average values of velocity residues for each
complex, which is less than 5kms™!, and yields an

overall velocity dispersion of SFRs of about 6 km s~ 1.

8. Conclusions

The motion of 218 star-forming regions has been
discussed using a cubic approximation of a general,
two dimensional velocity field around the Sun.

We argue that the quadratic (cubic) terms in the
approximation of the velocity field are unavoidable,
if SFRs more distant than 2 kpc (4 kpc) are included.
The residual velocity dispersion, which is about
6kms™!, does not then depend on the distance
limit of the sample.

The motion of the local spiral arm deviates from
circular motion. It may be interpreted as a con-
sequence of a local burst of star formation and a sub-
sequent multi-supernova explosion. Molecular clouds
from the local arm may have been formed due to
compression of the ISM during the expansion of the
multi-supernova remnant, and it is quite natural that
they display an average velocity field similar to this
remnant. If so, the local spiral arm is about 60 Myr old.

The complexes of SFRs 1—2 kpc in size dominate
the non-circular motions. The internal velocity dis-
persion in the complexes is about 3—5km s~ and
we expect that their motion may be interpreted to be
a consequence of clumped star formation similar
to the motion in the local spiral arm.

Humps of spiral shape have not been observed
in the grand design flow. The spiral component is
masked by complexes. However, the negative devia-
tions of complexes P, —P, from circular streaming
may be due to the influence of the Perseus spiral
arm.

KPC)
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O

-4 -2 0 2 Y (KPC)
Fig. 8. The departures of the individual SFRs from the
statistical fit represented in Fig. 6. (4) or (O) show the positive
or negative departure, the size of the symbol indicates its value.

Appendix

The Expansion of a General Two-dimensional
Velocity Field Projected into Radial Velocities:
Extension to Cubic Terms

We use three coordinate systems (see Fig. 9):

a) (r, 1, b) — r — the distance from the Sun;
I, b — galactic coordinates;
V, = dr[dt — the radial velocity relative to the Sun
V, — the tangential velocity

b) (X, Y, Z) — the rectangular system centered on
the Sun;
the X axis points towards the galactic centre;
the Y axis in the direction of galactic rotation;
the Z axis towards the galactic north pole;

SUN Y Vi
_: |"|
x [ rCOs :
______________________ V
Vi
Ro R 0
U
3
GC

Fig. 9. The three coordinate systems in the galactic plane.
(X, Y)and (r, ]) are centered on the Sun and (R, 9) is galacto-
centric. (U, V),(¥,, V,) and (I1, ©) are the velocity components.
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(U, V, W) — velocity components oriented along
the (X, Y, Z) axes;

¢) (R, 9, Z) — the galactocentric system of cylindrical
coordinates;
(I, ©, W) — the linear velocity components in the
directions of increasing (R, 9, Z).

Units are kpc for distances and km s~ for velocities.
The transformation formulae are:

(A1) X =rcoslcosb =R, — Rcos 3
Y =rsinlcosb = Rsin
Z =rsinb
V, = UX[r + VY[r + WZ|r
U =0sind — ITcos§

V =60cosd + Osind — O,

where R, is the galactocentric distance of the Sun and
©®, is the circular velocity of the Local Standard
of Rest (LSR) around the galactic centre.

V, may be expressed relative to the LSR using the
formula

(A2) V, g = V; + Uycoslcos b + Vysinlcos b +
+ Wysinbd,

where U,, V,, W, are the components of solar motion.
The subscript o in this paper indicates the position
of the Sun.

The V, 1z is composed of a part due to the dif-
ference between the average velocity at the position
of a star and the LSR and of the individual stellar
peculiar velocity V, ... We assume, as is usual in statis-
tical analysis, that V, .. is a random quantity.

We disregard those components of the velocity
field which are perpendicular to the galactic plane.
This is equivalent to the assumption that no large-
scale motions perpendicular to the plane are present
in the sample.

The radial velocity may be expressed as

(A3) V1w = AUX[r + AVY[r + V, 1q

where AU, AV are the components of the difference
between the average velocity at the position of a star
and the LSR. Let us expand AU and AV as functions
of X and Y. After some algebra we arrive at

(A4) V, 1z = rcos® B[K + Asin2l + A cos 2]]
+ r?cos® b[a, sin I + a, cos I + ajsin 31 +
+ ay cos 31} + r* cos *b[b; + b, sin 2] +
+ by cos2l + bysin4l + bscos4l] + V, .,
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where
(A5) 4 = {{oU]oY + ovjox],
A = 3[ouox — av/[oY],
K = }oU[oX + oV/|oY],
ay = §[20%U/oX 8Y + 0*V/]oX* +
+ 30*V/[0Y*],
a, = $[30*U[oX* + 9*UfoY* +
+ 29*V[0X 8Y],
ay = }[20°U[0X 0Y + 0*V[oX* — 0*V[oY?],
a, = $[0*U[oX? — *U[0Y* — 20*V[0X 0Y ],
b, = £[0°Ujox? + 0°U/oX oY +
+ 0*V]oY? + 0%V/]oXx* oY],
b, = §[40°U[oY? + 0°U[oX? 0Y +
+ 3 0°V[oX? + 8’V[oX 0Y?],
by = 54[0°U/ox? — &V[oY?],
by = [ -1 0°U[oY? + 2°U[oX? 0Y +
+ 3 0°V[oX? — 0°V[oX oY?],
bs = <[4 °Uox® — 8°U[oX 0Y* +
+ 1 0%V[oY? — &3V/[oX? 0Y], .
In galactic studies it may be convenient to transform
formulas (A5) from the rectangular coordinates

centered on the Sun to galactocentric coordinates.
We may use the following transformation formulas:

(A6) o0UoX = oIT[oR

oU|dY = —oIlI[63 1|R + O|R

oV]/oX = —00[éR

oV[oY = 0039 1/R + IT|R

0*U[oX* = —9*II[oR?

0*U[0X 0Y = 0*II/oR 09 1|R — 81T/ 1/R?
— 00/oR 1/R + O/R?

0*U/oY? = —0II/09* 1/R* — OIT|6R 1/R +
+ 2060/03 1/R* + II|R?

0*V/[oX? = 8*6|0R?

0*V|[0X 8Y = —9?@[0R 09 1/R — OIT[0R 1/R +
+ 00/09 1/R? + IT/R*

0*V[oY? = 0°0[09* 1/R* + 20I1[09 1/R +

+ 00[0R 1|R — O|R?

0°UJoX® = 8°II[oR?
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03U/0X?* 0Y = —0°IT0R* 09 1/R +
+ 2 0*I/0R 89 1/R* — 201109 1|R® +
+ 0%0/0R* 1/R — 200/oR 1/R* + 2 O|R?
83U[oX 0Y? = 0°IT[R 0*9 1/R? —
— 20%I1/09* 1/R® + &*IT[0R* 1R —
— 20%0/6R 09 1/R* + 200/ 1/R® +
+ 2II/R?
o’UjoY? = —o°11[09% 1/R® —
— 3 0%II[0R 89 1/R* + 3 0%°0[09> 1|R® +
+ 300/dR 1/R* + 2 0IT1[09 1/R?
33v/)ox? = 9*°0/oR?
0°V[06X* 0Y = 0°O[0R* 09 1|R +
0%IT/0R* 1/R + 2 0*@[0R 09 1/R? +
+ 20[1/0R 1[R? + 20639 1|R® + 2[T|R®
0°V[oX 0Y? = —0°@[oR 09* —
— 8%0/0R?> 1/R + 8*©[09? 1|R® —
— 20%I10R 09 1|R* + 201109 1|R® +
+ 280/6R 1/R* — O|R?
0°*v[oY?® = 5°0[09° 1/R® +
+ 30%0/0R 09 1/R* + 3 9*I1[09* 1|R® —
— 5060/09 1/R® + 3 0IT|0R 1/R* — 3II/R®.
In the case of pure circular streaming
(A7) (R, ) = 0
O(R,9) = O(R),
where O(R) is the rotation curve of the Galaxy, (A5)
may be simplified using (A6) to
(A8) 4 = 3[R — dO[dR],
K=C=0
a, = $[d*0/dR?* + dO/dR 1/R — O[R?],
a, =0
a; = $[d*0/dR?> — 3 d6[dR 1/R + 30/R?],
a, =0

by=0
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b, = ${1d°6/dR® + dO[dR 1/R* + O[R?],

by =0

b, = 15[+ d*0/dR*® + 2d*0[dR* 1|R —
— 5d6/dR 1/R + 30[R*],

bs =0
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