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CHAPTER 1 INTRODUCTION 

This thesis is concerned with the large spiral galaxy NGC 4258. A number of 
observati.onal parameters are list"d in Table 1. The reason for undertaking thic; 
research was originally to be found in the very unusual radio-continuum and Ha 
structures found in the galaxy. l\adio-continuum and HI observations have been 
made in order to obtain better insight into the properties of the system. Contrary 
to the original expectations the neutral hydrogen data provid"d very little 
information that seems to be directly connect"d to the continuum structure, but 
on the other hand features were found in the HI that are very interesting in their 
own right. In the following paragraphs I shall give a review of the literature 
concerning NGC 4258. 

1. Discussion of the relevant literature 

1) NGC 4258 is also known as H 106, though it was not originally included in 
Hessier's catalogue; it is one of the galaxies that were later added by H§chain. 

Tab le 1 

Right ascension of nucleus 

Declination of nucleus 

Distance 

Holmberg dimensions 

Posi.ti.on angle 

[nclination 

Systemic v"locity 

Classification 

HI mass 

1412 11Hz continuum flux 

Total mass 

Blue luminosity 

12h16m29~42 

1+ 70 34' 53'.'2 

6.6 Hpc 

24'x 9!6 

-30 0 

72
0 

450 km s-1 

SAll(s )bc 

4.4 10 9 H 
(') 

0.82 :L 0.04 Jy 

2.0 cl: 0.2 1011 

3.0 10 10 L 
® 

( 1950) 

(1950) 

M 
(') 

Reference 

a 

a 

b 

c 

d 

d 

d 

e 

d 

d 

d 

f,d 

a Van der Kruit, Oort and Hathewson, 1972, quoting Scbo"nmaker 

b Eurbidge, Hurbidge and Prendergast (EEP), 1963, quoting Sandaze 

c lIolmberg, 1958 

d This thesis, chapter 3 

e D" Vaucoul"urs, De Vaucouleurs and Corwin (RCEG 11), 1976 

Capaccioli,1973 



Therefore the galaxy is not always included in republications of the Messier 
catalogue. It was, evidently, included in Dreyer's (1890) New General Catalogue. 
A photograph of the galaxy is shown in Fig.15 of chapter 3. Photographs can 
also be found in Burbidge et al. (1963, henceforth BBP), Chincarini and Walker 
(1967), Capaccioli (1973), Holmberg (1937), Sandage (1961), Hubble (1943), 
Lindblad and Brahde (1946), de Vaucouleurs (1958), Courtes and Cruvellier (1961), 
Deharveng and Pellet (1970) and Courtes et al. (1965). The last three are Ha 
photographs. 

2) Holmberg (1937) suggests in his catalogue of double and mUltiple galaxies 
that NGC 4258 and the much smaller edge-on spiral galaxy NGC 4248 form a double. 
This was later confirmed by the HI-radial velocity data on NGC 4248 of Van Albada 
(1977) . 

3) NGC 4258 is generally classified as a member of the UMa I cloud, which also 
contains NGC 4736, NGC 4295, NGC 4656, NGC 4449, NGC 4214 (Sersic, 1960; also 
refer to Humason et a1., 1956). 

4) In 1942 Danver published a catalogue giving a morphological description of 
a large number of galaxies including NGC 4258. The spiral structure is described 
as irregular and no attempt is made to fit the arms with a logarithmic spiral, as 
is done in most other cases. Projection parameters are given for NGC 4258 
(position angle = 157.50

, inclination = 64.4 0
) that differ considerably from 

later determinations using velocity data. 

5) NGC 4258 has played an important role in the attempts to determine whether 
spiral arms are generally leading or trailing. The following papers deal with this 
subject: 
- Hubble (1943), who concludes that spiral arms are trailing; 
- Lindblad and Brahde (1946) conclude that they are leading; 
- de Vaucouleurs (1958) again states that they are trailing. 
In all these papers the same sense of winding was assumed for the arms of 
NGC 4258 as seen projected on the sky; the discussion centered on which was the 
near side of the galaxy. Hubble's and de Vaucouleurs' view that this should be 
the Western side is nowadays generally accepted. The arms referred to in these 
three papers, however, may well be part of a nearly circular ring-like structure 
so that the sense of winding would be undefined. But they certainly are not 
leading if the Western side is the near side, as I will assume throughout this 
thesis. 

6) NGC 4258 is mentioned in a note in Seyfert's (1943) original paper on 
galaxies with a nucleus showing a U-V excess and hroad emission lines, hut no 
further references are given. NGC 4258 was not observed by Mayall (1939) as might 
be inferred from Seyfert's paper. Later authors rejected NCC 4258 from the list 
of true Seyfert galaxies on the basis of the rather too small width of the nuclear 
lines (350 km S-1 as compared to about 2000 km S-1 for true Seyferts; Burbidge 
and Burbidge, 1962) 

7) In his classical paper (1958) Holmberg published the resul ts of photographic 
photometry of a large numher of galaxies including NGC 4248 and NGC 4258. His most 
relevant results on NGC 4258 have been included in Table 1. 

8) The remarkable nature of NGC 4258 was discovered by Courtes and Cruvellier 
(1961). They discuss the use of a focal ratio reducer and interference filters in 
obtaining narrow band (60 R at Ha) photographs of a number of objects. NGC 4258 
exhibited a pair of unique gaseous filamentary arms. These arms contain no young 
blue stars; the excitation mechanism probably is shock excitation as in super
nova shells. These anomalous arms seem to begin very close to the nucleus near 
the direction of the major axis, go out radially, bend in a trailing sense and 
cut through the main spiral arms at the edge of the bright "lens". These observa
tions were confirmed by Courtes, Viton and Veron (1965) using a 6 )\ wide Ha 
filter. On this narrow band photograph only one of the arms was visible. This 
indicated that the anomalous arms show velocities comparable to the rotational 
velocities in the galaxy itself and have a small internal velocity dispersion. 



Deharveng and Pellet (1970) observed NGC 4258 using a two stage image 
intensifier and a 10 ~ Ha filter. From their data they were able to give a 
quantitative estimate of the Ha emission: 7.7 X 10- 8 W m- 2 sterad- I at 90" from 
the nucleus in the S-W anomalous arm. 

9) The true extent of the anomalous arms was only realized after the publica
tion by Van der Kruit, Oort and Mathewson (1972, henceforth to be referred to as 
KOM) in which 21 cm continuum observations with the Westerbork Synthesis Radio 
Telescope (WSRT) are described. They found that in the radio continuum the 
anomalous arms are the dominant feature in the galaxy. (For a picture of the 
radio continuum structure see Fig. I of chapter 2.) The anomalous arms extend all 
the way to the edge of the galaxy, cutting through all the normal spiral arms. As 
was already visible on the Ha photographs the anomalous arms are followed (in the 
sense of rotation of NGC 4258) by plateaux of enhanced emission. In front of the 
anomalous arms there seems to be a relative lack of emission, both in Ha and 
radio-continuum. The front edge of the anomalous arms is very steep; it is in fact 
unresolved in KO~I!s observations. The N-W anomalous arm is much brighter than the 
other. The S-W arm is the straighter of the two. The N-W arm splits at the edge 
of the lens. In Ha both arms can be seen to split, but here it is seen most 
clearly in the S-W arm. 

The spectral index map derived by De Bruyn (1976, 1977) indicates that the 
radio emission of the anomalous arms is caused by synchroton radiation, as had 
already been assumed implicitly by KOM. 

KOM concluded that the anomalous arms probably lie in the plane of NGC 4258 
from a number of facts: 
a. In Ha both arms are of comparable brightness, which leads to the conclusion 
that the extinction cannot be very different, as it would be if they lay on 
different sides of the plane. 
b. The arms extend exactly to the edge of the observable disk. 
c. From the data of Courtes et al. (1965) and from spectroscopic data obtained 
by Schmidt (also published by KOM) it was known that the anomalous arms partake in 
the rotation of the disk, though not necessarily with the same velocity. 
d) At the positions of the anomalous arms the features in the normal arms 
generally seem a bit weaker. 

KOM present two simple models based on the hypothesis that the anomalous 
arms are the result of the ejection of gas by the nucleus. It seems very well 
possible to explain the general shape of the anomalous arms in this manner. 
KOM suggest that we may be seeing the birth of a new set of spiral arms. 

10) Fricke (1975) and Fricke and Reinhardt (1975) speculate on the role of 
supermassive stars in active galaxies such as NGC 1,258. As we shall see in 
chapter 4 of this thesis it seems unlikely that such an object, which would be 
destroyed in its active phase, could have created the pattern of anomalous arms 
observed in NGC 4258. 

11) In the years following the discovery of the anomalous arms a number of 
authors published spectroscopic observations of NGC 4258. So far no very consis
tent picture has emerged, and better and more uniform observations are needed. 
The best, and certainly the most extensive observations to date are those by 
Van der Krui t (1974). A large number of spectra have been obtained by him wi th 
dispersions of 190 and 144 X mm-I. Velocities have been determined from the Ha 
and the [NIl) :\6583 lines. Van der Krui t subsequently determined a veloci ty field 
and a rotation curve from his measurements. 

The following typographical errors have been noted in his published data: 
Table I: 
i. oa is given in seconds, not in minutes. 
ii. The values for oa for the spectra Q4110 and Q4121 are -1.S

s
, +1.5

s
, 

respectively, instead of -0.5 s and +O.Ss. 
Table 2: 
lne sign of all offsets (d) for spectrum Q4132 must be changed; d then runs from 



-27'.'4 to +26'.'7. 

A number of other papers giving optical velocities are also available: 

BBP published measurements of veloci ties derived from Ha, [NIl] A6583 and 
~I~ AA6717, 6713 on a number of spectra through the nucleus with position angles 
between 126 0 and 169 0

• Their observations have a dispersion of 330 ~ n~-I. 
According to De Vaucouleurs et al. (1976, Second Reference Catalogue of Bright 
Galaxies ~ RCBG 11) their velocities are approximately 30 km S-1 too high, an 
estimate that agrees well with my own estimate of 35 km S-1 from comparison with 
other authors and the HI data. BBP also give a new distance of 6.6 Mpc for 
NGC 4258, determined by Sandage. This distance will be used in all distance 
dependent quantities throughout this thesis. 

Duflot (1965) has obtained one spectrum (position angle = 1600
, dispersion 

1 70 ~ mm-I) of NGC 4258. She gives velocities determined from Ha, [NIl] A6583 
emission lines and from the K (Call, A3933) absorption line. (These K-line 
measurements are the only velocity de terminations available for the stellar com
ponent to date.) All velocities are consistent, and agree well with the measure
ments of BBP. Though the RCBG 11 states that no correction needs to be applied 
to Duflot's velocities, I find a better consistency with the other measurements 
if they are lowered by 30 km s-l. 

-- Chincarini and Halker (1967) have obtained two sets of spectra in position 
angles 1480 and 580

• One set was made using direct photography and has a 
dispersion of 96 ~ mm-I; the other set was obtained with the Lallemand electronic 
camera and has a dispersion of 48 ~ mm-I. The authors measured theIOIDAA3726, 
3729 doublet. The two spectra in p. a. 1480 are not mutually consistent, but those 
in p.a. 580 are. The velocities of Chincarini and Halker do not seem to be in very 
good agreement with the velocities determined by other authors. This may be due 
to the fact that a doublet was measured. Chincarini and Halker also give Some 
photoelectric photometry through diaphragms 17" to 138" in diameter. 

De Vaucouleurs and De Vaucouleurs (1967) give the redshift for NGC 4258. 
They state that more extensive measurements of NGC 4258 were to be published. 
No such publication has been found. 

Courtes (1972) reports on a number of measurements of veloci ties from an 
Ha interferogram. His measurements undoubtedly are the most accurate optical 
velocity determinations to date. In this case the principal source of uncertainty 
seems to lie in the manner of publication. The positions where the velocities 
were measured are given with an accuracy of only 10" in right ascension. The 
measured velocities themselves are not given; only the velocities that were 
obtained after an unspecified transformation made in order to allow comparison 
in a graph with the data obtained in p.a. 1480 by Chincarini and Halker. Using 
the proj ection parameters of Danver I find that the specified sky coordinates of 
the measured points convert reasonably well to the distances from the nucleus 
used in the graph. Some significant differences remain, however. The conversion 
thus being unknown, the observed velocities cannot be reconstructed. 

As mentioned previously the paper by KOM contains some velocity data 
obtained by Schmidt. These data have been obtained in the same way as those of 
Van der Krui t. 

12) High resolution HI .observations were published by Van Albada and Shane 
(1975). Their publication is entirely superseded by this thesis. Evidence for 
large deviations from circular rotation was indeed found, as well as a lack of 
HI in the anomalous arms. 

13) Photometric observations of the nuclear region have been published by a 
number of authors. Photometry of the entire disk has been published only by 
Capaccioli (1973) and by Holmberg (1958). The latter author gives only integrated 
quantities. Capaccioli presents both a contour map of the blue magnitude and a 
graph of the blue magnitude versus equivalent radius. Capaccioli finds a break 

4 



in the variation of blue magnitude with equivalent radius that is unusual for 
an Sbc galaxy. This break is, however, often found in galaxies containing a bar
like structure. In such systems the brighter inner region, or "lens", has an 
oval form. If the position angle and inclination determined from the velocities 
in the HI for the outer parts of NGC 4258 (position angle = -30 0

, inclination = 
72 0

) also hold for the lens then it must be concluded that the lens indeed is 
an oval structure since Capaccioli finds p.a. = -240

, i = 65?2 from its outline, 
in good agreement with the value of Danver. (On photographs the lens is easily 
recognized: it is the bright inner region bounded by the bright "normal" spiral 
arms.) Inside the lens a narrower structure is visible, reminiscent of a true 
bar. NGC 4258 is indeed classified SAB(s)bc in RCBG 11 and Bosma (1978) states 
that, but for the anomalous arms, the velocity field of NGC 4258 would make it 
"the type example of an oval distortion in a spiral galaxy" (p. 127). 

Capaccioli's estimate of the nuclear luminosity is much too high when 
compared with the available photo-electric photometry. Such photometry has been 
published by the following authors: 

Chincarini and Walker (1967): V and B through 17", 25", 28", 59" and 138" 
diaphragms. 

McClure and Van den Bergh (1968): five colour intermediate band photometry 
of a large number of obj ects, including the nucleus of NGC 4258. 40" diaphragm. 

Wisniewsky and Kleinmann (1968): UBVRI photometry of a number of Seyfert 
galaxies and NGC 4258. 27'.'3 and 54:'2 diaphragms were used. Their observations 
confirm that NGC 4258 has a marked U-V excess. 

Stebbins and Whitford (1952): photometry of 176 galaxies in the "internatio
nal system". The data on NGC 4258 are incomplete. 

14) Rieke and Lebofsky (1978) report on 10y observations of a number of bright 
galaxies. They find 40% detections, including NGC 4258. A 10y flux of 
O. I ± 0.012 Jy was found, presumably coming from the nuclear region. Though 
many galaxies, such as H 31, have a much smaller 10y luminosity, NGC 4258 is not 
abnormally bright at 10y. The emission cannot be stellar in origin. With this 
10y flux NGC 4258 fits nicely into the relation between 10y and 1415 MHz power of 
the nucleus discussed by Van der Kruit (1973). 

15) Pronik (1970) has measured the ratio of Ha ~o[NIlJ in the nuclei of a number 
of galaxies. He finds IHa/I6584 = 0.3 for NGC 4258, the smallest value measured 

among the seven "normal" galaxies he observed. 

16) The optical emission by the nucleus of NGC 4258 is not polarized 
(Dombrovsky and Hagen-Thorn, 1968). 

17) Beside the 21 cm continuum observations of KOM and the HI observations of 
Van Albada and Shane radio observations have been published by a number of authors. 
These observations have generally been obtained with single dish instruments, or 
short base-line interferometers, so that NGC ,,258 is only seen as a point source. 
Most continuum observations near 1400 MHz must have been contaminated with HI 
emission (chapter 3, section I). Observations at other frequencies have been 
published by the following authors, among others: Braccesi et al. (1967: 408 MHz, 
1.3Jy) , De Bruyn (1976, 1977: 610 MHz, 1.4Jy and 5 GHz, no flux determined; 
measurements obtained with the WSRT), De Jong (1965: 750 MHz, I.IJy and 1410 HHz; 
1967: 2695 MHz, 0.42Jy), Heeschen and Wade (1964: 750 HHz, 1.0Jy; 1400 MHz), 
Kazes et al. (1970: 2695 MHz, :>0.46Jy), Sramek (1975: 5 GHz, 0.25Jy). At the 
higher frequencies resolution effects may have lead to a systematic underestima
tion of ,the flux. 

The total radio-continuum power is of the order of 4 10 30 W, which leads 
to an emitted energy totalling 5 10 45 J in 4 10 7 years. De Bruyn (1976, 1977) 
estimates that the total energy in the magnetic field and the relativistic 
particles at this moment is in the range of a few times 10 47 J. 

The radio-continuum power thus is very small when compared to that emitted 
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in the Ha line alone. This emission amounts to something of the order of 
1.5 10 33 W, or 2 10 48 J in 4 10 7 y, corresponding to 2 10 7 M at 300 km S-I. 

o 
HI observations with the 2 element Dwens Valley radio interferometer have 

been obtained by Rogstad et al. (1967). Their measurements for NGC 4258 are 
incomplete. 

2. The contents of this thesis 

Chapter 2 contains a description of the HI line and the 1412 MHz continuum 
observations that were obtained with the WSRT and the 100 m telescope of the 
Max Planck Institut fur Radioastronomie in Bonn. The reduction procedures followed 
are described and a collection of HI maps is presented. 

An analysis of the observations that are connected with aspects of NGC 4258 
as a fairly normal spiral galaxy can be found in chapter 3. It is demonstrated 
that both the HI distribution and velocity field are in agreement with the 
assumption that NGC 4258 is a barred spiral. 

In chapter 4 the observations of the anomalous arms are discussed. It is 
shown that the observational material nowhere contradicts the expulsion hypothesis, 
but that the isolation of effects that are attributable to the anomalous arms is 
made difficult by the incomplete understanding of the underlying galaxy. Certain 
parallels between NCC 4258 and some other types of active galaxies are drawn. 

Chapter 5 is a theoretical chapter concerned with the analysis of HI data 
of a spiral galaxy, and with the effects that the spiral structure will have on 
the observations. Much of the material in that chapter is not new, but included 
for the sake of completeness. 

In chapter 6 the stability aspects of a very simple model for a cloud 
moving at supersonic velocities through a dense medium are analyzed. The 
consequences of this analysis for models of active galaxies like NGC 4258 are 
discussed briefly. 

The conclusions of this thesi" are summarized in chapter 7 and some 
suggestions for further research are given. 
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CHAPTER 2 THE OBSERVATIONS * 

Swmnary 

In this the results of 21 cm line and continuum observations of NGe 4258 
obtained the Westerbork Synthesis Radio Te Zescope (WSRT) and the 100 m 
telescope of the Max Planck Institut fur Radioastronomie in Bonn (MPIfR) are 
presented. 'I'he reduction of the data is described. An analysis of the data 
presented here will be given in chapters 3 and 4. 

1. Introduction 

In their 1972 paper Van der Kruit et al. (henceforth KOM) described 21 cm continuum 
observations of NGC 4258 in which the most striking feature proved to be a pair of 
anomalous arms that cut nearly radially through the entire disk of the galaxy. 
Parts of the arms had previously been observed by Courtes et al. (1961) in Ha. 
Neutral hydrogen observations were described by Van Albada et al. (1975). The data 
in that article have been supplemented by new observations with lower noise. 
The result is presented in this chapter together with an entirely new set of 21 cm 
continuum observations. Observations have been obtained with the WSRT and with the 
100 m telescope of the MPIfR in Bonn. Those done with the latter instrument have 
been made by Dr. R.H. Harten, who has also been partly responsible for their 
reduction. 

In this chapter the data and their reduction will be described; an analysis 
of the HI and continuum data will be given in chapters 3 and 4. In the interest of 
clarity the reduction of each of the different sets of observations will be 
described separately, though the actual reduction procedure followed was slightly 
more complicated, as it proved necessary to apply some of the corrections after 
all data had been combined. 

2. The WSRT observations 

Two separate series of 21 cm line observations of NGC 4258 have been obtained with 
the WSRT. One set dates from 1972 and was described by Van Albada et al. (1975), 
the other dates from 1974. Although the continuum observations were made during 
two separate observing periods they may be regarded as one set having the same 
characteristics. Table 1 contains a catalogue of the WSRT observations. For a 
description of the WSRT system and the 80 channel line receiver the reader is 
referred to Baars et al. (1974) and Allen et al. (1974). The continuum receiver is 
described by Casse et al. (1974). However, the front-ends described in their paper 
have been replaced by front-ends with a lower system temperature. 

The phase drift effect in the line observations described by Van Someren
Greve has not been corrected for in any way as it does not significantly affect 
the observations. It is a velocity -dependent shift of all positions which in 
these observations never exceeds 0~2. 

2.1 The 1972 line observations 

These observations encompass 5 velocity combs, glvlng a velocity coverage from 
+40 km s-1 to +960 km s-1 with an increment of 20 km s-1 between +160 km s-1 and 

* This chapter has been submitted for publication in Astron. Astrophys. Suppl. 
as the first of a series of papers on NGC 4258. 
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+800 km s-1 and 40 km S--1 outside this range. (All velocities quoted in this paper 
are heliocentric). Due to receiver instabilities certain interferometers in some 
velocity channels had to be deleted. In the original reduction, in which the 
continuum measurements of KOM were used to subtract the continuum contribution, 
a matching continuum map was calculated for each of the velocity channels with an 
incomplete set of interferometers. In this way the continuum contribution was sub
tracted correctly, but the coverage of the U,V plane for the H I emission remained 
incomplete. Examination of the resultant maps and antenna patterns indicated that 
noise, and not dynamic range, was still the limiting factor in these maps so that 
no further corrections were applied. 

In the subsequent reduction the KOH continuum map was replaced by a better 
continuum map by subtracting an appropriate difference map (new continuum - KOM 
continuum) from the maps of the H I emission. Here no distinction was made between 
the maps with an incomplete U,V coverage and the other maps. The continuum map that 
was effectively subtracted from the maps published here consists of a weighted 
average of the 21 cm continuum as observed by KOH (~ 4%), my own 1976 continuum 
measurements (~ 87%) and the mean of the 14 line maps outside the range of 

Table la 

Obs. date 
(YYDDD) 

72089 
72091 
72093 
72095 
72097 

72115 
72117 
72119 
72121 
72123 

72135 
72137 
72139 
72141 
72143 

72146 
72148 
72150 
72152 
72154 

Remarks: 
I. 180 
2. 216 

3. 216 

4. 504 
5. 216 

576 

10 

The 1972 WSRT line observations. 
75 K front-ends in Tel A and B. 
260 K front-ends in the fixed telescopes. 

Velocities Spacings Remarks 
(km s-1) (m) 

40(40)320 36 (72) 684 
180 (If 0 ) 460 
360(40)640 
500(40)780 
680(40)960 

40(40)320 72 (72) 720 2 
180(1,0)460 3 
360(40)640 
500(40)780 4 
680(40)960 5 

40(40)320 792 (72) 1440 
180(40)460 
360(40)640 
500 (40) 780 
680(40)960 

40(40)320 756 (72) 1404 
180(40)460 
360(40)640 
500(40)780 
680(40)960 

m spacing missing at 380 kms- 1 

and 288 m spacings missing at 240 kms- 1 , 

288 m missing at 320 kms 1. 
and 288 m spacings missing at 380 kms -] 

288 m missing at 460 kms -]. 
and 576 m spacings missing at 660 kms -1 

m spacing missing at 960 kms- 1 , 
m spacing missing at 840 kms- 1 . 



Table Ib The 1974 WSRT line observations. 85 K front-ends in all teles copes, 
except sometimes in Tel. 5. 

Obs. date Veloci ties Spacings Remarks 
(YYDDD) (km s -1) (m) 

74198 160(40)440 "0(72)738 
74203 2, 3 
74204 2, 4 
74205 

" 
2, 5 

74199 180(40)460 

74200 480(40)760 
74201 500(40)780 6 
74202 2, 7 
74205 2, 8 
74206 160(40)440 54(72)702 

74207 180(40)460 
74208 480(40)760 2 
74211 500(40)780 2 
74336 160(40)440 810(72) 1458 
74337 180(40)460 

74338 480(40)760 
74339 500(40)780 
74341 160(40)440 774(72) 1422 
74342 180(40)460 
74343 480(40)760 

74344 500(40)780 

Remarks: 
1. Observation interrupted, only the hour angles -90 to -61 degrees and -11 to 

+71 degrees were observed. 
2. 260 K front-end in Tel 5. (Longest base line and longest less 72 m) 
3. Hour angles +73 to +90 degrees. 
4. Hour angles +71 to +90 degrees. 
5. Hour angles -61.5 to -12 degrees. 
6. All interferometers with telet:>cope B were observed only from -,90 to -6 degrees. 

Hour angle coverage with Tel A was complete. 
7. Hour angles +13 to +89.5 degrees. 
8. Hour angles -10 to +89.5 degrees. 

Table lc The 1975 and 1976 continuum observations. 
85 K front-ends in all telescopes. 

Obs. date Frequency Spacings Remarks 
(YYDD~D~) ________ ~(M~H=z~) ____________ ~(l~n)~ ________________________________ ___ 

75223 1412 54(72)1422 
75230 90(72)1458 
76113 72(72)1440 
76136 36(72)1404 

Remarks: 
1. In this observation the 3YAX channel, wi th a spacing of 900 m had to be 

deleted. 
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+200 km s -I to +700 km s-I ('e 9%). 
Since the line and the continuum maps were observed at slightly different 

frequencies the effective antenna pattern of the WSRT is somewhat different. There 
is even a slight difference in antenna pattern between line maps at opposite ends 
of the observed velocity range. The largest difference is in the position of the 
grating lobes. Therefore it was necessary to subtract those continuum sources whose 
grating lobes were above the noise and crossed the region where H I radiation was 
expected from both the line and the continuum maps using the appropriate antenna 
patterns. The sources subtracted are the first four sources listed in Table 2. 

One more effect that had to be taken care of was a spurious pattern, slightly 
above the noise, that appeared in the center of each map. It was caused by D.e. 
offsets in the correlators of the WSRT. These offsets proved to be equal for all 
correlators to within 30%. (R.S. le Poole, private communication). The phase and 
gain corrections were nearly equal for all velocity channels for each interferometer 
spacing, so that the resultant spurious patterns in the line maps were all very 
similar. Since the effect was not very large it virtually disappeared if any 
significant differential phase rotaLion was applied to the D.e. offset of an 
interferometer. (This technique was used to eliminate the effect in all observa
tions from 1973 onwards). This implied that only the D.e. component that remained 
after all corrections had been applied was of actual importance in causing the 
spurious pattern. Therefore I determined this component from the mean difference 
between the 1976 continuum observations and the "empty" line observations for each 
interferometer spacing and for the sine and cosine channels separately. Using 
these mean D.e. offsets a map showing only the spurious pattern and containing 
virtually no noise was constructed. This map was used to eliminate the spurious 
pattern from the H I-emission maps, of course only in so far as this had not yet 
been done by the inclusion of the empty line maps in the subtracted continuum map. 

2.2 The 1974 line observations 

Because all the outer velocity channels in the earlier observations had proved 
to be devoid of hydrogen it was decided to observe only four velocity combs this 
time, giving a velocity coverage from 160 km s-I to 780 km s-I with a velocity 
increment of 20 km s-1 . The reduction of these observations was relatively 
straightforward since all observations had a complete set of interferometer 

T:lbl" 2 

Subtracted sources. 

2 
3 
4 

5 
6 
7 

12h14m31~450 
12 14 46.668 
12 16 27.350 
12 18 16.123 

~-~--------

12 16 50.952 
12 17 36.674 
12 17 48.521 

,------

47°31 '51'.'276 
47 28 53.292 
47 59 57.264 
47 26 9.024 

----------

47 46 49.440 
47 38 25.368 
47 56 4.560 

cjJ(mJy) 

39.15 
42.55 
12.95 
19.55 

----------------

6.15 
8.70 
7.15 

positions and fluxes of the source's were determined from KOM's 21 cm continuum 
measurements (Willis et al., 1976). The subtracted fluxes are those of the sources 
as seen by the WSRT, i.e. attenuated by the primary beam. 
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spacings. As can be seen from Table Ib certain spacings were, at least in part, 
observed with a higher noise front-end. It would have been possible to obtain a 
somewhat lower noise (about 10% improvement) than in the maps published here by 
judiciously giving appropriate weights to all observations before doing the 
fourier transform to the map plane. This would have resulted in maps having a 
very irregular antenna pattern, which would have to be cleaned and restored 
(Hogbom (1974), Harten (1974» before even a continuum map could be subtracted. 
This method would have been exceedingly laborious. (Extra observations would have 
been a better and cheaper way to reduce the noise). The subtracted continuum map 
was derived from the 1975 continuum observations (~92%) and from the average of 
the six line maps in this set of observations that showed no H I (~8%). The seven 
sources listed in Table 2 were subtracted from the continuum and line observations 
before doing the fourier transform to the map plane. 

2.3 The WSRT continuum observations 

The continuum observations were made at a frequency of 1412 MHz in order to make 
sure that no emission due to H I could cause contamination of the observations. 
The use of a non-standard frequency resulted in fewer calibration observations 
being available. With some difficulty it was possible to obtain calibrations that 
were sufficiently good to allow subtraction of the continuum map from the line 
observations and the determination of the spectral index between 21 and 50 cm, since 
in both these cases the actual limitations came from the noise in the other maps. 
The 21 cm continuum maps do, however, suffer visibly from dynamic range limitations. 

In one 12h period the 3YAX interferometer could not be used. (The "X" and the 
"y" indicate the dipole used in TeI. 3 and TeI. A respectively). Since in the 
configuration of the dipoles used in continuum observations the Stokes "V" is found 
from the combination XX+YY-XY-YX, and since, as expected, no circular polarisation 
was found, the 3YAX interferometer was replaced by the combination 3XAX+3YAY-3XAY 
when necessary. A number of different maps was derived from the observations. 

I) For subtraction from the line observations, maps were made using only the XX 
and YX interferometers. This was done because the continuum radiation of NGC 4258 
is slightly polarized (chapter 4) so that it was necessary to construct a continuum 
map with the same polarization characteristics as the line observations in which 
only one dipole per telescope was used. The 40% increase in the noise in the 
continuum map resulting from the use of only half of the interferometers affects 
all HI maps and combinations thereof, such as the integrated HI map, much less 
than the noise contribution of the line observations. 

2) A set of 4 maps of all Stokes parameters was made using all observed interfero
meters. Spacings of 0 m and 18 m derived from the measurements with the lOO m 
telescope were included in the "I" map. From the "I" map the seven sources listed 
in Table 2 were subtracted. The "I" map was subsequently cleaned. It was restored 
with the central peak of the synthesized beam. Because of the much lower signal 
present in the "Q" and "u" maps cleaning and restoring was not necessary for these. 
The "V" map was indeed empty and was used for determining the noise in the obser
vations (10 = 0.15 K). The "I", the "Q" and the "u" map were subsequently corrected 
for the primary beam of the WRST antennae. The same pattern was assumed for all 
three maps, though it seems probable that the correction applied is strictly valid 
only for the "I" map. Since, however, the correction is rather small in the region 
where 21 cm continuum radiation of NGC 4258 was observed, and since the corrections 
that should have been applied to the "Q" and "u" maps certainly are equal to the 
first order to that for the "I" map, no serious error has been introduced in this 
manner. The "I" map is shown in Fig. I. Other maps derived from the continuum data 
will be presented in chapter 4. 

3. The observations with the lOO m telescope_ 

Fig. 2 indicates the essential parts of the receiver configuration that was used 
for the observations with the lOO m telescope. It is a slightly modified Dicke 
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Figure 1. 

The full resolution 1412 MHz continuum map. The map has been corrected for the 
attenuation of the WSRT primary beam. The full drawn contours are labelled in units 
of 0.333 K (2.2 a) . The dashed contour lines have been drawn at regular intervals 
between these, i.e. at (2, 3, 4; 7.5, 10, 12.5; 20, 25, 30, 35 ; 50) x 0.333 K. 
Relative minima have been marked with a "<", Negative contours are also dashed, 
they lie at (-1, -2) x 0.333 K. The nucleus has been marked with a "+". 
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switch system. The parameters for the observation are listed in Table 3. The 
passbands for the back-ends were shifted by 22 km s-l relative to each other, 
so that they overlapped almost entirely. In this way the noise contribution due 
to the I.F. system was lowered. 

A measuring sequence of 9 s consisted of four equal intervals during which 
different quantities were measured: 

(Tant + Tbal + Tsys x G - CSF 

- CSN 

- CRF 

(Tant + Tbal + Tsys + Teal) x G 

(Tref + TSys) x G 

{2x(T +T +T )+T }xGxF. (1
st 

ant,i bal sys cal ~ d 
- SIG. 

~ 

2 x (Tref + Tsys) x G x Fi - REFi (3
r 

(T
ant 

= antenna temperature averaged over all channels; 

interval) (1) 

(2) 

& 4th (3) 

& 2nd (4) 

& 4th (5) 

T
bal 

was adjusted so that T
ant 

+ T
bal 

averaged over a scan would be approximately 

equal to T ; G = overall gain ( except for the antenna gain); F. is the filter 
ref,th ~ 

gain for the ~ velocity channel). 

Figure 2. 

LO 1 

Magnetic 
Tape 

Schematic drawing of the line receiver used in the 100 m telescope of the MPIfR 
in Bonn. The drawing is intended as a guide to the meaning of the measured quanti
Lies dwl Ilul in any way at) an exac.t reprel::ientatLon of the receiver sytitem. 

Table 3 

Parameters for the 100 m observations: 

FWHPB in elevation 
FWHPB in azimuth 
T 
TSYs 
cal 

L01 
102 
ULO 
Channel spacing 
Number of channels 
Number of channels used 
Velocity of center of passband 

rec. 1 
rec. 2 

Integration time per point 
Observation date 

9!0 
8!8 
50 - 60 K 
5.8 K 

45 MHz 
45. 104 MHz 
89.547821 MHz x 15 
5.5 km s-1 
2 x 200 
2 x 168 

442 km s -1 (Heliocentric) 
420 km s -1 (Heliocentric) 
I x 9s (for single Dicke switch) 
June 24-25 1974 
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The mQasurements consisted of two geparate observing runs on an area of ~Ie sky 
bounded by (i = 12h 13I?1 and C( = 12 17I?S and by <I = 46 0 59' and Cl = I,[)o I I '. The 
runs were made with d;~fferent focus settings (± VG) in order to conpensate for 
interference effects between tbe primary and 5econdary mirrors and the feed of the 
telescope that would have caused a frequency-dependent ripple in the gain and the 
zero level. Analysis of the data indicated that: 
a. Teal showed slow 5% variations during one observing run, which may be attribu-
table to a cold solder joint that was later found. For the other run no variations 
exceeding 2% were found. Variations up to 0.5% were present on short time scales 
during both runs. 
b. CRF and (CSN - CSF) both showed a 10% drift during both runs. As the time 
dependence of the variations in these quantities showed the same behaviour, these 
variations were probably caused by a drift in G. CRF, however, was much more stable 
on short time scales. (Less than 10 -3 variation from point to point). 
c. From the reduced data evidence was also found for variations in Tb-I and in the 
form of the passband, i.e. in F,. The latter variation may have adver~ely affected 
the continuum map, which was adio derived from these observations. 

As it proved to be impossible to derive a sufficiently accurate instantaneous 
gain from (CSN - CSF) x T 1-1, while (T f + 'I' ) was quite stable, but not 

ca re sys 
accurately known, it was decided to calculate G in the following way: 
The time averaged gain is given by «x> denotes a time average of x) 

<G> = <C~!'i..=. CS~ (6) 

'I' 
cal 

wbich can be converted to the instantaneous gain 

G <G> x CRF CRF x (7) 
<CRF> CRF 

The filter gain can be corrected for in the following way: 

SIC! <CRF> x ( SIG_ - I ) ----l-
l 

FEl'. 
(8) 

l 

where the subtraction of 1 servE'S as a first order correction to the zero level, 
so that, except for a fairly small zero level error, nearly independent of channel 
and time, the antenna temperature is given by: 

,i ~ SIC; / G (9) 

TIle LLllle ctVccIct.geS occdrring lTl theSE formulae vJcrc t-2kCD over ,111 points in. 2 rU!1 
for the determination of the cant iDuum ,so that no steps occurred in t11e cor-· 
rection for (filter) gain Hnd especially the zero level. For the line profiles 
tbe continuum level was of no interest so that a zero level could be determined 
for each profile separately, and small steps in the gains were unimportant. There
fore the scans were split into groups of one hundred points and the avera~cs were 
taken over these groups. Having thus determined the antenna temperatures and before 
any correction was applied to the zero level the data were regridded to a regular 
grid and added. The regridding procedure involveci convolution wi th a G8ussi'1ll bcam 
with 9' x 9' and 7' x 7' full width to half power for the line and the continuum 
rcspecl:ively so that the effective observing beam hecame a 12!6 x 12!6 or 
11! 5 x II! 5 FhTlIP heam. Subsequently the exact zero I evel held to be determined. 
For the line thLS \:.Jas clone by determining, from Cl suff:i ciently large: number or 
profiles, in wilat velocity ranges no III was cletectable. Now a straight, sloping 
base 1 [ne cOllld be deterntined and subtracted for "11 profiles separately. All 
profiles also COlltained emission due to l()cal galactic l1ydrogen on tlle low velocity 
side. This part of the profiles was delcotecl. The profiles were then convolved to 
the WSI{,[, vcl Dei ty resolulion Clnd converted to sky maps corresponding to the 
velocity channels observed with tbe WSRT. In tbese naps the regions showing no 111 

emissioIl were locCltcd anc. used for Cl last correction of the zero level. The conti
nuum map was determined from tile averages of those p,uts of the profiles that did 
not sho\v evidence ror HI emission in [lny of t~le profi1es. Since the observing rllns 
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consLsted of subscans at constant declination it was assumed that t1le zel-O level 
varied linearly with right ascension for each series of points at a constant 
declination. It proved to be possible to obtain a good estimate for the zero level 
for nearly all such series, but for a few the continuum emission was so extended 
that it was not possible to be sure that the assumed zero level was correct. The 
integrated flux in the map, however, agrees very well with the values found in the 
literature (0.9 + o. I Jy). 

At this point a correction for the antenna gain was applied, derived by 
Dr. R.H. Harten from observations of the standard region S8. CHarten et al., 1975). 

From the sky maps thus obtained imitation WSRT observations were constructed 
using an adaptation of a program originally developed by E. Bajaja (Bajaja and 
Van Albada, in preparation). This program corrects for the beam of the observing 
instrument and for the primary beam of the WSRT. The interferometer spacings for 
which these calculations were performed are 0.225 m, 18 m and 36 m. The two short
est spacings served to supplement the WSRT observations and to make the coverage 
of the center of the U,V plane complete. The 36 m spacing was compared with the 
corresponding WSRT observation. The data proved to be very nearly equal for the 
HI data. For the continuum data this agreement was not quite so good. This cannot 
be explained by the fact that only one polarisation was observed, the percentage 
polarisation in NGC 4258 is much too small for that; the explanation is to be 
found in the much larger uncertainties in the reduction procedure. 

Since they contain no continuum emission the maps derived from the line 
data were used to supplement the HI emission maps rather than the line maps still 
containing continuum emission. In the HI maps no effects due to incorrect 
incorporation of the 0.225 m and 18 m ba~elines could be found, even after strong 
convolution. 

x x 
25 

20 
, e 

15 - e x 

10 

560 700 

Figure 3. 

IntegraLed line profiles as derived from the measurements with the lOO m telescope 
(x) and as derived from all observations combined (e). Both line profiles have the 
same velocity resoJution. 

Another check on the correctness of the procedure can he found in Fig. 3 
where the integrated line profiles as determined fro~ all ohservations together, 
and as determined from the lOO m observations alone are compar"d. The profile for 
c~ll observations combined was derived from the full reso1ution maps after correction 
for the WSRT primary beam and after multiplication by the masks mentioned in 
s"ction 4. The small differences may well be due to inaccuracies in the determina
tion of the gain of the lOO m telescope system or of that of th" WSRT syn~lesized 

beam. They may also be due to errors in the determination of the zero levels of 
the lOO m telescope single velocity maps. Since the profile determined from all 
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measurements combined lies above the other, the differences cannot be due to a 
failure to include all HI emission in the areas selected by the masks. The line 
profile derived from all observations combined probab ly is the more accurate one. 

4. Combination and further reduction of the maps 

The maps derived from the different sets of observations were combined to a single 
set of single velocity maps covering the range in velocity from +160 km s-1 to 
+780 km S-1 with an increment of 20 km s-l. The maps were combined in such a way 
as to eliminate all grating responses out to 40' completely. This was considered 
to be more important than obtaining the lowest possible noise level in view of the 
large apparent size of NGC 4258 and of the possibility of finding hydrogen 
companions. Minimum noise was nevertheless approached to within 10%. Masks were 
derived using the single velocity maps after convolution to a 70" x 70" FWHP beam. 
By using these masks it became possible to derive integrated quantities with a 
much smaller noise contribution (e. g. the total HI map and the integrated line 
profile). As the masks ~ere derived from maps obtained from an earlier version of 
the reduction, they are not optimal, but they are sufficiently good. 

Fig. 4 shows the full resolution single velocity maps after all corrections 
had been applied. Only the parts of the maps where HI emission is visible are 
shown, but the masks have not been applied. 

Another very useful way to display the data is in the form of "I-v" maps. 
In these maps the brightness temperature of the HI emission is displayed as a 
function of posi tion along a line on the sky and of velocity. All kinds of velocity 
structures are more readily recognized on such maps. Fig. 5 shows a number of I-v 
maps, the positions of the separate maps relative to the different features in 
NGC 4258 is indicated in Fig. 6; the maps all lie at a position angle of +60°, 
i.e. parallel to the minor axis. (The position angle of -30 0 for the major axis 
will be derived in chapter 3; the position of the dynamical center of the galaxy is 
assumed to be that of the optical nucleus as derived by A.A. Schoenmaker (quoted 
by KOH). Note the very large deviations from circular rotation and the very steep 
veloci ty gradients that occur near the nucleus; also note that these anomalous 
velocities are not strongly correlated with the anomalous arms. 
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Figure 5. 

A set of I-v maps. 
The run of some other quantities on the same lines on the sky has also been 
drawn in: 
I) Thin line in the I-v map proper: expected velocity according to a model 

rotation curve (Curve 2b from Fig.9 oE chapter 3). 
2) Thick line in the I-v map proper: Ha veloc:iti,cs derived from the measurements 

of Van der Kruit (1974) by interpolation. (Due to a sign error in the positions 
published for spectrum Q 4132 the velocities in the N-W anomalous arms are 
slightly wrong). 

3) Thick line above the I--v map: 1/11 2 MHz continuum emission. 
4) Thin line above the I-v map: integrated HI (chapter 3). 
The cross in the first l-v map indicates the nIHP "beam" for these maps. 
The half power widths for the integrated HI and the continuum as plotted above 
the maps are equal to that of the spatial part of the beam. 

27 



700 

60G---, 

500 

Cc 

1.00 3' 2' <]1 ,-;.1.
1 W W E 

I' 
,------

/C= I 

~J 
700 

[) 

600 

0 
500 

'00 
, 

400 

" 3' " (~E " (J3 E W 

Figure 5 continued. 

2H 



47' 36 ' 

47' 32 ' 

47'28' 

47 '24 ' 

o 

Figure 6. 

positions of the I-v maps of Fig. 5 relative to the integrated HI (contour map) 
aC1d the continuum ridges (thick lines). The numbers indi.catc tI,e positions 
relative to the minor axis. The relative distances of tl", cuts '1r" 22'.'5, 
i.e. slightly less than onc beam half' pow"r fullwidth. 
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C: 

Figure I. 

Contour map of the integrated HT in NGe 4258. The contours have been drawn ilt 
intervals of 4 10 24 H-atom m- 2 (assuming small optical depths) stilrting ilt 
I.~ 10 21

+ ll-atom m-.?; Cl low contour of 10 24 H-atom m- 2 has been added. 
(ID?" Il-atom m-? = 3.110 21 II-atom m- 2 (ace-on = 0.21,5 ti", pc-? face-on.) Local 
maxima have been shaded; the type of shading is an indication of the hei.ght of 
tIle peak. Alternating contours have been daslled. 

1\11 maps in this and in the next chapter except the l-v maps have been made 
to the same scale; the pos i tions of the nucleus and (,Dch of the three reference 
stars used .in making the overlay in Pig, 2 have: been marked with a "+11, 
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CHAPTER 3 NGC 4258 AS A SPIRAL GALAXY 

chapter the properties of NGC 4258 as a 
It will be demonstrated that NGC 4258 contains a 
large influence on the observed velocities. 

will be discussed. 
that has a 

I. The integrated HI and the continuum emission of the disk 

The integrated HI map is shown in Figs. I and 2. It was derived from the full 
resolution single-velocity maps after these had been multiplied by the masks 
described in chapter 2, section 4. 

A number of features are immediately evident from the map: 
The HI emission is much stronger, compared to the optical brightness, in the 

outer parts of the galaxy than in the inner parts (Refer also to Fig.14). This 
effect is generally seen in spiral galaxies. The center of NGC 4258 is not, however, 
devoid of HI, as is e.g. the center of M 81 (Rots and Shane, 1975); if the HI 
density is averaged in annuli in the plane of the galaxy one even finds the naximum 
density in the center (Fig.3). The total amount of HI observed in NGC 4258 is 
4.4 10 9 

• Optical depth effects will cause this to be an underestimate of the 
amount actually present. 

Also different from the situation in M 81 is the sharp decrease of the 
observed HI surface density outside the optical boundary; above the level of 
10 K km s-l only two features are visible: 

i. At the S-E side of the galaxy a faint spiral arm can be seen, the feature 
marked "A" in Fig.l. It seems to rotate normally with the galaxy. 

ii.There may be a faint, short bridge between NGC 4258 and its companion 
NGC 4248. However, the relevant single-velocity maps have some dynamic range 
problems at that level. 

The same irregular spiral structure is visible in HI as in the optical 
photographs. The minima around 10 kpc on the major axis are even more pronounced 
in HI than in the optical photograph shown in Fig. IS. It is not possible to give 
a quantitative estimate of the density contrast between the arms and the interarm 
regions. This is due to the fact that the spiral arm maxima are barely resolved and 
to the non-uniformity of the HI surface density in those regions that may be called 
interarm regions. A quantity much better defined is the peak over the mean density 
ratio, ",hich is also shown in Fig.3. One must keep in mind, hovlever, that the peak 
densities tend to be underestimated due to resolution and optical depth effects. 

The HI in the two optically bright spiral arms lies at the inside edge of 
these arms, i.e. at the side nearest to the nucleus. The HI coincides well with 
the dust-lanes. Following Capaccioli (1973) I will henceforth refer to the optical
ly bright region bounded by these arms as the "lens". Except for these two bright 
arms no clear spiral structure is discernable in this region. 

Of the arms that lie further out, a dust-lane is visible only in the arm 
marked "E" in Fig.l. This dust-lane has a fairly irregular structure but generally 
it seems to lie at the outside of the arm. Also in this case the HI and the dust 
coincide very well. In this arm, as in the other outer arms, the HII regions 
generally cluster around peaks in the HI. The spiral arms will be discussed more 
extensively in section 5. I. 

In the central region a bar-like feature is visible. In section 5.2 it will 
be argued that NGC 4258 is, in fact, a barred spiral. 

As can be seen from Fig.6 of chapter 2 the region of the anomalous arms seems 
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Figure 2. 

Contour map of the integrated HI superposed on a photograph (courtesy 
A.R. Sanders and W.C. :t>1iller). The contours have drawn at intervals of 
6 10 24 H-atom m- 2 , starting with 6 10 24 H-atom (heavy contour). In order 
to retain the structure in the lens, without losing the outer arms, the two 
components were given different exposures in producing the print. 
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Figure 3. 

a) The face-on surface density of HI averaged in circular annuli in the plane 
of NGC 4258 and the peak intensities in the same annuli. Both curves have been 
smoothed slightly. b) The ratio of the peak to the mean density of HI. 

Table 1 

Other 1.4 GHz observations of NGC 4258 

Freq. Bandw. Flux HI Author Notes 
HHz HHz Jy - , ? , ! 

1420 0.93 Lequeux, 1971 

1415 4 1.1 De la Beaujardiere et al., 1968 

1400 8 0.9 Heeschen and Wade, 1964 

1410 8 0.97 De Jong, 1965 

0.88 Rogstadt et al., 1967 

I [fOO 60 0.84 l1aslowski, 1972 2 

1415 4 0.82 De Bruyn, 1977 

Notes: 

I. Interferometric observation with a base-line of 30 m. Both HI and continuum 
were measured. Neither the bandvlidth nor the central frequency for the continuum 
band were given, but quite probably no HI was included in the band. The flux may 
have been slightly underestimated due to the use of an interferometer. 
2. Observation with the 300 foot telescope at Greenbank. No beam broadening 
was observed, which may indicate that the flux may be slightly too low. Due to 
the very large observing bandwidth the contribution of the HI amounts to no more 
than approximately 5%. 
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to lack in HI. This is most clearly seen where the anomalous arms cross the normal 
arms. Although similar gaps in the HI density are observed at other places along 
the normal arms, the systematic association between such gaps and the anomalous 
arms indicates a physical connection. In principle it is possible that the observed 
lack of HI, which amounts to something of the order of 40% when compared to the 
HI surface density just outside the anomalous arms, is due to absorption. This 
means that part of the continuum emission at the frequency of the line is absorbed 
in the HI, causing an over-correction for the continuum if the normal reduction 
procedure described in chapter 2 is employed. 

If we assume that all HI lies in a uniform layer between us and the continuum 
arms we can estimate the excitation temperature of the HI. The highest emission 
temperature observed in the 1412 MHz continuum map (chapter 2, Fig.1) is slightly 
over 20 K. A significant reduction of the HI surface density is, however, also 
observed in regions where this temperature does not exceed 10 K. In order to explain 
a 40% reduction in the HI surface density an excitation temperature of no more than 
25 K would have to be assumed for the HI. Any other assumption for the distribution 
of the HI and the continuum emitting regions would lead to an even lower value for 
this temperature. This indicates that the observed lack of HI emission is due to 
a real lack of HI. The anomalous arms will be discussed more extensively in chapter 4. 

Disregarding the anomalous arms it is evident from the continuum map (chapter 2, 
Fig.1) that only the spiral arms at the edge of the lens show an appreciable amount 
of continuum emission, coinciding with the bright HII regions at the outside edges 
of those arms. Some emission can be seen in arm "B", especially in the 49.5 cm 
continuum map published by De Bruyn (1977). This emission cannot be thermal in 
origin, otherwise it should have been much stronger at 1412 MHz. No other emission 
exceeding the dynamic range limit of 0.1 K is visible outside the lens at 1412 MHz, 
not even from the complex of HII regions in the N-W arm. This cannot be due to a 
failure to estimate the contribution of the 0 m or the 18 m base-line correctly; 
the contrast with the interarn region should be visible even if the local zero-
level is wrong. 

Quite probably the 18 m base-line contribution has in fact not been estimated 
entirely correctly since I find an flux for NGC 4258 of only 0.68 Jy 
instead of 0.9 Jy as generally reported the literature. The continuum flux in 
NGC 4258 was determined by integrating the flux in annuli around the nucleus of 
NGC 4258 out to the first annulus having a negative integrated flux. Annuli of 
different shapes were tried, viz circles and annuli that would be circular in the 
plane of NGC 4258. The total flux found was virtually independent of the shape of 
the annuli. Adding a small offset in the zero-level determined from the first 
negative annuli made only an insignificant difference. The most probable cause of 
the trouble is that the base disk of NGC 4258 has an average emission temperature 
of approximately 0.15 K and that this contribution has been missed in determining 
the 18 m base-line response. This would cause a very shallow bowl in the map where 
in fact a small, but positive mean flux should have been measured. 

It must, however, also be remarked that most of the continuum observations 
near 1400 MHz have been contaminated with HI emission, which occurs between 
1416.9 11Hz and 1419. 5 ~1Hz. Only observations more than a full bandwidth away from 
this frequency range should not be contaminated (Table 1). Considering all evidence 
I think that the correct flux for NGC 4258 is 0.82 Jy with a probable error of 
0.04 Jy. 

2. The 
--------------~-----------------------

2.1 Determination of the velocities 

The velocities were determined from the masked maps using the profile fitting 
technique described in chapter 5. The resultant velocity field is shown in Fig.4. 
The first thing that catches the eye is the fact that, except for the innermost 
region, the veloci ty field is quite regular. In the central part, hm-lever, the 
iso-velocity contours make a considerable angle with the minor axis and indicate 
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2875 

Figure 4. 

The full resolution velocity field. The contour values are indicated in the 
figure. For the sake of clarity some of the measured points with low weight 
had to be deleted; the velocities at those positions have been interpolated by 
hand. These points lay at the outer edge of the disk and in the gaps in the 
HI density near the major axis. 
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a very steep velocity gradient. The exact nature of this velocity gradient is best 
studied by looking at the I-v maps (the most relevant I-v maps are shown in Fig.5 
of this chapter; a more complete collection can be ~ound in Fig.5 of chapter 2). 
It will be seen in sections 5 and 6 of this chapter that the observed flow-pattern 
can be explained by assuming that NGe 4258 is a barred spiral. A much smaller 
perturbation of the velocity field can also be recognized in the Southern part of 
the galaxy. The nature of this perturbation suggests that this part of the galaxy 
is warped. The warp cannot be described by a tilted-ring model, such as that of 
Rogstad et al. (1974) for M 83, since it is not symmetric with respect to the 
nucleus. Both optical photographs and the velocity field suggest that the galaxy 
is bent sharply along a line, more or less like a dog's-ear in a piece of paper. 
The warp occurs in the part of the galaxy that lies furthest away from the small 
companion galaxy NGe 4248, nor is there any other nearby galaxy on that side except 
for a very small, highly centrally condensed elliptical. No redshift is available 
for this elliptical. Feature "A", which may be regarded either as a normal outer 
arm (i.e. a long-lived feature) or as a "tail" of the type studied by Toomre and 
Toomre (1972), connects to the warped side of the galaxy. The velocity field will 
be considered in more detail in section 5. 

Maps of a number of other quantities were derived simultaneously with the 
velocity field. The most interesting among these is the map of the peak intensities 
in the line profiles (Fig.6 ; the quantity shown is Ip as defined in eq. (I) of 
chapter 5). The spiral arms are much better visible here than in the integrated 
HI map, but one must be careful in interpreting the Ip map because variations in 
the velocity dispersion and steep velocity gradients may cause changes in the 
position of a feature, and may even cause it to disappear entirely, as is the case 
with the HI bar~ which is not visible in this map. 

2. 2 Determinatio~ ~f_t~e-,p_l:'oie~tio~ .E.a!:.a11le!.e!:.s _a~d_t~e _sZS_~eIJ1i.::. .~\~el0.::.i!.y 

Starting from the older values for the projection parameters and the systemic 
velocity that were published by Van Albada and Shane (1975) some attempts were 
made to obtain a better fit to the observations. What I considered to be the best 
fit to the velocity field in Fig.3 was obtained with inclination i = 72

0
, position 

angle of the line of nodes W = -30
0 

(definition in chapter 5, section 3. I), and 
Vsys = 450 km S-l (heliocentric). In obtaining these values the central region was 
disregarded, and for the determination of the projection parameters the S-E part 
of the galaxy - the region of the warp - was not used either. An eye estimate of 
the projection parameters applicable to the warped region, considering both the 
velocity field and optical photographs, leads to approximately the following values: 
i = 75

0 
and W = -ISO. Since the very deviant behaviour of the iso-velocity contours 

in the inner region is quite probably due to large deviations from circular 
rotation no attempt was made to obtain a separate set of projection parameters for 
the region. 

That quite a good fit was obtained for at least 2/3 of the galaxy can be 
seen from the residual velocity field in Fig.IO. Using these projection parameters 
some deprojected maps were constructed (Figs. 7 and 8). It is evident from these 
figures that NGe 4258 does not have a regular spiral structure at all. The general 
HI distribution suggests a 8-type barred spiral, but various other features are 
also present. 

2.3 The rotation curve 

A nunilier of different rotation curves have been derived from the velocity field. 
Two of the best are presented in this chapter. Both were derived by using all 
measured velocities but different weighting functions. 

The inclusion of all measured velocities implies that no points were rejected 
on basis of the fact that they lay in the anomalous arms. This is especially impor
tant in the central region where a large fraction of the measured velocities may 
be considered as coming from the anomalous arm regions. Since the most evidently 
anomalous velocities in the central region do not lie in the anomalous arms, 

36 



VHEL 
700 -

km/s 

600 -

500-

400 

VHEL 

600 
kmjs 

500 

400 

300 

V HEL 

500 
kmj s 

FAR 

�--------------~--~~c~~--~~~~~~~~~~==~~~T~=7r_~~~==_T~-------1 

400 

300 

200 

30 kpc 20 10 o 10 20 30 kpc 

Figure 5. 

Three I-v maps parallel to the minor axis. The positions relative to that axis 
have been indicated in each. The contours have been drawn each 2.5 K, with 0 K 
omitted; the maps have not been corrected for primary beam attenuation. Similar 
maps are shown in Fig.5 of chapter 2. The major axis and the systemic velocity 
have been indicated. 
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Figure 6. 

Map of the peak intensities. Contours have been drawn at levels of 
(1, 2.5, 4, 6, 9, 1 , 15) x 2.5 K. The peaks have been indicated in a similar 
manner as for the integrated HI map. 
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Figure 7. 

Radio photo of the integrated HI map after deprojection. The same projection para
meters have been used for the entire galaxy, so that the S-E side remains distorted. 
The line of nodes is vertical; the minor axis horizontal. Note that the Eastern 
side of the galaxy, where the weaker of the anomalous arms lies, also contains 
much less HI than the Western side. 

Figure 8. 

Radio photo of the deprojected Ip map. 
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exclusion of the measurements in those arms would certainly have resulted in an 
erroneous rotation curve. The fact that the rotation curve presented Van Albada 
and Shane is much lower in the central part than those presented here caused by 
excluding these points and the resulting higher relative weight of points having 
anomalously low apparent rotational velocities. 

The errors in the observed velocities were calculated as for intensity weight
ed mean velocities. This generally leads to a considerable overestimate of the 
actual errors. However, the dominant contribution to the error in each velocity, 
as a measure of the local circular velocity, is to be found in the deviations from 
circular rotation in the galaxy itself. Therefore terms representing such devia
tions were included in calculating the errors - and consequentially the weights -
for each of the measured velocities (refer to chapter 5, section 2). The values of 
these terms were chosen independently of the radius, which evidently is an over-
s impli fication. 

Rotation curve no. 1 in Fig.9 was calculated using weights only dependent on 
the errors calculated as indicated. For the determination of curve no. 2 an extra 
factor sin2 (8) (8 is the central angle in the plane of the galaxy relative to the 
line of nodes) was included in the weights, so that zero weight was given to the 
points on the minor and on the major axes. Curve no. 2 is much smoother than curve 
no. 1. The extra factor was introduced in this case because it makes the rotation 
curve independent of the variations in rotational velocity associate~ with two
armed density-wave streaming. It does, however, increase the sensitivity to 
variations caused by the velocities in the r-direction associated with such stream
ing. Which of the two effects is the more important is dependent on the position 
in the disk. The former effect vfill be dominant near corotation, the latter near 
the Lindblad re&onances (chapter 5). The exclusion of the points on the major axis 
also decreases the effective radial resolution in the determination of the rotation 
curve; the axes in the directions 8 = 45

0 
are a factor 12 shorter than the major 

axis. This effect is, however, far too small to explain the observed smoothing. 
The exclusion of a number of points showing very deviant velocities near the gaps 
in the HI on the major axis may have played a role in causing curve no. 2 to be 
smoother. 

From this discussion it will be clear that the increased smoothness of curve 
no. 2 quite probably is due to the diminished influence of certain errors, reason 
to include this curve. 

It must be stressed that, due to the large non-circular motions in the 
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Rotation curves for NGC 4253. The manner of their deviation is described in the 
text. The measured curves themselves are not known, but only the measured curves 
plus and minus the estimated errors. The model rotation curves that were fitted 
have be.en dralvn in. 
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Figure 10. 

Map of the residual velocities after subtraction of a model velocity field derived 
from rotation curve no. la. Contours are 0 km s-1 (short dashes) and ± 20, ± 40, 
± 70 and ± 100 km S-I. Negative contours have been drawn with long dashes. If the 
absolute value of the residual in a small region is smaller than that in the 
surrounding region this has been indicated with a "<" or a ">". As in the velocity 
map in Fig.4, some authorial intervention has been necessary. The contours in 
arm "A" are all -20 km s-l. 
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central part of NGC 4258, the circular velocities out to approximately 6 kpc are 
very inaccurately known. One should realize, however, that the concept of circular 
velocities is in fact only well defined for an axisymmetric potential. The large 
deviations from circular rotation in the central part of NGC 4258 indicate that 
the mass distribution and hence the potential may be far from axisymmetric. 

The rotation curves were smoothed by fitting mass models, as discussed in 
the next section. The resulting model rotation curves are also shown in Fig.9. 
The curve labelled "la" was used to construct a model velocity field, which was 
subtracted from the observed velocity field to yield a map of the residual veloci
ties. This map is shown in Fig. 10; it will be discussed in section 5. 

3. Bass models 

To each of the measured rotation curves two different models were fitted. The first 
type of model consisted of a spheroidal "disk" and a spherical "bulge". For the 
spherical component the mass out to a radius r was described by: 

( I ) 

For the spheroidal component a polynomial expansion was used for the density. The 
relevant formulae are given by Schmidt (1965),among others. 

A number of different models were fitted for both measured rotation curves, 
both with and without the spherical component, but it was found for both that a 
model with the spherical component and an expansion for the density in the disk 
containing terms in ra, rl and r2 gave the best fit. Such a model shows solid body 
rotation in the central part, which, because of the finite resolution of the 
observations, is always found in the measured rotation curve. It is, however, 
evident from the I-v map along the major axis, shown in Fig. 11, that the rotational 
velocities near the nucleus may be significantly higher than measured, implying 

I-v map along the major axis. Rotation curve no. la has been drawn in, after a 
correction for the inclination. The nucleus is indicated. Note the discrepancy 
between the rotation curve and the measured HI velocities on the major axis near 
the nucleus. This is in part due to resolution effects, but the large deviations 
from circular rotation near the nucleus also play a role in causing this discce
paDcy. The concentration of HI in the nucleus, near the systemic velocity looks 
very much like what would be expected from a nuclear disk as the Galaxy. Beam 
effects could also cause this feature. 
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a larger central mass concentration. 

An axial ratio of 0.052 was assumed for the spheroids, by analogy to similar 
models of the Galaxy. The exact value does not influence the conclusions of this 
chapter very strongly. A larger axial ratio would have resulted in a somewhat 
higher estimate for the total mass of the system. The mass estimate from these 
"disk-bulge" models is a lower limit since no contribution due to spheroids with 
a semi-major axis exceeding 28 kpc was included and since the models are quite 
flat. 

The second type of model that was fitted consisted of a sum of two flat 
disks as described by Toomre (1963). The surface density in such disks is described 
by: 

oCr) = (c 2 /2TIG)·a2+2n • (-h2)n (a2 + r2 )-1.5 

The associated circular velocities are given by: 

e2 (r) = c 2 .a2+2n. (- 3:2 )n{(r2 /a)o(a2 + r 2 )-!.5} 

(2) 

( 3) 

The constant c determines the maximum rotational velocity in the disk; a determines 
the linear scale. Force and density contributions of different "Toomre disks" may 
be added and subtracted in order to obtain composite models.! The factor a 2 + 2n 

does not occur in the formulae as given by Toomre; it is not essential, but it 
ensures a faster convergence in model-fitting procedures. 

An advantage of models with these Toomre disks is that they allow extrapola
tion of the rotation curve in a rather natural, though of course not necessarily 
correct, way. 

Also in this case a number of different models were tried for both rotation 
curves, with the values 0, 1 and 2 for n. Both a and c were determined using a least
squares fitting procedure. The solutions for a and c tended to become unstable if 
more than two disks were used. 

A number of quantities derived from the different models are given in Table 2. 
Some other quantities are displayed graphically in Fig. 12. 

4. 

For the determination of the radial distribution of the mass to luminosity ratio 
the photOlCletry of Capaccioli (1974) was used, except for the nucleus, the lumi
nosity of which was determined from the photometry published by Chincarini and 
Walker (1967). 

Capaccioli's photometry gives the blue surface brightness as a function of 
rX, where rX is the radius of a circle with an area equal to that enclosed by the 
relevant isophote. rX is defined for any type of luminosity distribution, but only 
if the surface brightness decreases monotonically from the nucleus and 
if the isophotes are nearly circular in the plane of the galaxy can 
verted to a true radius. It can be seen from any photograph that these conditions 
do not hold for NGC 4258. Since no other photometry was available, I nevertheless 
had to make the assumption, so that the calculated H/L distribution can only be 
regarded as indicative. This is all the more true because the extinction correc
tion is not known; fol1mving Holmberg (1958) I used an estimate of 0.8 blue 
magnitudes at all radii. 

Capaccioli's extrapolation of the nucleus clearly disagrees with the photo
electric measurements published by Chincarini and Walker. Therefore I fitted a 
simple model, glvlng the correct luminosity within the 17" diaphragm (12.76 
B-mapnitudes) and at the same time fitting the measured points of Capaccioli. 

! The n-fold differentiation with respect to a 2 is in fact a special case of a 
repeated subtraction. Because of this it was possible to do the differentiation 
numerically and to use a fairly large value (0.1) for ~a2/a2 in the process. The 
advantage of using such a large difference is that the truncation errors only 
start to become important after the eighth differentiation. 
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Table 2 

Quantity 

1) The polynomial models 

r 
s 

M 
s 

Total mass (28 kpc) 

Central density 

Central surface density 

Total rotational energy 

Total angular momentum 

2) The Toomre-disk models 

n 

a 

Rotation curve 
no. 1 

1. 64 

4.17 

l. 84 

2.4 

6.10 

3.7 

4.1 

26.3, 2.44 

Mass (out to 28 kpc) 2.07 

" 56 2.69 

Central surface density 3.23 

Rotational energy (28 kpc) 4.34 

(56 kpc) 5.44 

Potential energy (28 kpc) -1.99 

(56 kpc) -2.21 

Angular momentum (28 kpc) 5.4 

(56 kpc) 9.7 
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Rotation curve 
no.2 

1. 82 

4.77 

1. 91 

2.0 

5.67 

4.1 

4.4 

o 
19.9,2.75 

2.25 

3.30 

3.0 

4.93 

6.95 

-2.50 

-3.25 

6.0 

14.1 

Units 

kpc 

10 10 M o 
lOll M 

o 
M

G
pc- 3 

10 3 H
0

pc- 2 

10 15 M km2 s- 2 

El 
10 17 M

0
pc km s-l 

kpc 

lOll M 
o 

lOll M 
o 

10 3 M
0

pc- 2 

10 15 H km2 s- 2 

o 
10 15 M krn2 s- 2 

o 
10 16 M krn2 s- 2 

o 
10 16 M km2 s- 2 

o 
10 17 M

0
pc km s-l 

10 17 M
0

pc km S-l 
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Figure 12. 

A collection of curves representing different quantities derived from the mass 
models that were fitted. Figs.l2a and 12b represent the surface densities calcu
lated for the different models. Note that the derived surface densities are much 
more dependent on the type of model fitted than on the version of the rotation 
curve used. Also note that for all models the surface density falls off nearly 
exponentially outside the central mass concentration. 

All other curves have been derived from model no. la alone. Fig.12c shows 
the behaviour of Q and Q±K/2. In 12d these angular velocities have been converted 
to linear velocities again, for the sake of clarity, and K.r has also been added. 
Though unorthodox this representation is much easier to work with than the usual 
representation as in Fig. 12c. 
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The model fitted is: I = I exp ( _r'X/a'X ) with a'X = 3'.'44 and I = 17.32 
B-magnitudes per squarg arc~ec. The integrated luminosity for th~ nucleus then 
becomes 12.65 B-magnitudes. 

For the mass distribution the Toomre-disk model for rotation curve no.1 
was used. Two representations of the M/L distribution are given in Fig. 13: the 
M/L ratio as observed at each radius and the ratio of M to L both integrated out 
to the given radius. The very low ti/L in the nucleus may not be significant; the 
difference in resolution between the optical observations and the radio observa
tions is much too large to trust M/L here. The peak in M/L between 0 and 4 kpc 
is quite probably real, but its height is very dependent on the type of mass model 
and on the rotation curve, which is not well-known in this region. The increase in 
M/L from 4 kpc outward is certainly real. One could interpret the M/L curve as 
showing: 1. an over-luminous nucleus; 2. a bulge dominated by older, red stars; 
3. a disk with star formation in progress predominantly in the inner parts, 
becoming dominated by older objects and possibly gas further out. 

Fig.14 shows the radial distribution of the ratio of the surface densities 

12 

6 

o~----~----~----~----~----~-
o 

radius 

Figure 13. 

M/L as a function of radius. The curve labelled with "0" is H/L as determined 
locally for an annulus; the other curve is the ratio of the mass to luminosity 
integrated over the part of the disk out to the given radius. 
Cappacioli's measurements only go out to r'X =6', corresponding to r = 21 kpc. 
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Figure 14. 

The ratio of the HI surface density to the 
total surface density and to the blue 
luminosity. Neutral hydrogen clearly is only 
a minor constituent at all radii. 

o 
10 

-3 
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12 16 20 24kp. 28 
radius 

0 Hf / ° tot a~d of ° /L .. Ex~ept for the uncertainties in. L the latt~r quantity is 
we I determ~ned anM ~t ~s ~ndependent of the galaxy's d~stance. Ev~dently the 
HI content of NGe 4258 is rather small even at large radii. One cannot, however, 
exclude the possibility that much hydrogen is in molecular form. It is also 
possible that a considerable fraction of the HI is concentrated in optically thick 
clouds in the very narrow outer arms. An indication of this may be found in the 
high antenna-temperatures that are observed in these arms, which range up to 
40 K in practically unresolved ridges. 

5. NGe 4258 as a barred spiral galaxy 

5.1 !h~ ~pir~l_s~r~c~uEe 

As can be seen from the photograph in Fig. 15 and from the HI maps the spiral 
structure of NGe 4258 is quite irregular. Fig.16 shows how the spiral arms seem 
to run. It is clear that no two-sided symmetric pattern exists in NGe 4258. Even 
if due allowance is made for the fact that the arms may be distorted by a warp, 
it remains impossible to analyze the spiral structure as a bi-symmetrical pattern. 
This is most clearly seen when one counts the number of arms on the near and on 
the far side. While we find at least two arms on the near side outside the lens 
(arms "B", "E" and possibly a weak continuation of arm "D") only one arm is 
visible on the far side (arm "B"). In the following I will not try to give a 
complete analysis of the observed spiral structure; it is very well possible that 
the observed spiral arms belong to different pattern speeds and multiplicities. 
Nor is there any reason to assume that they have not been caused by different 
mechanisms. For NGe 4258 nearly every mechanism which has been proposed for the 
creation of spiral arms may indeed be responsible for some part of the observed 
structure. NGe 4258 has a bar, it has a companion, it has an active nucleus which 
has ejected matter into the plane and it has a warp (Dr. E. Dekker suggested to 
me that this would also be a possible cause of spiral structure). We will see 
that there is good evidence that most, or, if they' are interpreted as a wave 
phenomenon, all spiral arms outside the lens are moving away from the center of 
the galaxy. If they form a long-lived pattern this means that they lie outside 
corotation. This seems to favour the interpretation of the arms as having been 
caused by the potential of the bar, or possibly by past activity of the nucleus. 
In these cases, however, the observed lack of symmetry is rather surprising. In 
the following paragraphs I will discuss each arm separately. 

The spiral arms at the edge of the lens form the most nearly bi-symmetrical 
pattern in NGe 4258, but even here one cannot be entirely sure. The Northern arm 
seems to split at the end into a branch that contains only older stars and a 
branch containing extreme population I constituents and which may connect to 
the Southern arm. Deprojection shows that the Northern and Southern arms may be 
part of an oval ring, but that the bright regions indeed are trailing. As has been 
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Figure 15. 

The photograph used in the overlay in Fig.2 (200 inch, IaO plate, (courtesy 
A.R. Sandage and w.e. Miller). 
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Figure 16. 

A rough sketch of the positions of the spiral arms in NGC 4258. The way certain 
spiral arms have been connected, or not connected, is to some extent arbitrary. 
The anomalous arms, the bar and the distances in the plane have also been 
indicated. This sketch is primarily meant as a link between the text and the 
maps. 
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observed in section 1 the HI and the dust-lanes lie on the inside of these arms. 
This, and the fact that the arms are trailing indicates that they lie inside 
corotation, provided they behave as density waves. The residual velocities observed 
in the Southern arm, at the S-W side of the nucleus, seem to confirm this conclu
sion. The velocities in the arm are more positive than outside the arm, i.e. 
inflow is observed in the arm relative to the surrounding gas, which itself 
already has a considerable inflow velocity. 

As observed in section 1, the dust-lanes in arm "B" seem to lie at the 
outside edge of the arm. Deprojection shows that this arm is probably trailing. 
This would indicate that it lies outside corotation. No supporting evidence is 
found for this conclusion in the residual velocity field, so that it is not very 
firmly based. 

For the arms marked '~C" and "D", which mayor may not be connected, the 
situation is somewhat different. In these arms no dust-lanes are observed, but the 
velocities in the arms are very clearly different from those outside. The observed 
residuals are positive for arm "c" which lies on the far side, and negative for 
arm "D" which lies on the near side of the galaxy. Like the other arms in NGC 4258 
"c" and liD" are trailing, but where the others are tightly wound "c" and "D" are 
very open, so that little doubt can exist about their sense of winding. These arms 
certainly lie outside corotation. This is also confirmed by the behaviour of the 
velocity residuals at the Northern end of arm "C"; the region with the positive 
residuals is seen to cross to the outside of the arm, i.e. to form a more open 
pattern than that of the density. This behaviour is expected outside corotation, 
both for trailing and for leading arms. Inside corotation the residual velocities 
should show a more tightly wound pattern than the densities (refer to chapter 5, 
section 3). 

The evidence that arm "E" lies outside corotation is weaker. The velocity 
residuals are clearly more negative in the arm than outside and there is also 
evidence that the HII regions lie on the inside edge of the HI arm, but the sense 
of winding is uncertain. 

If the spiral arms are interpreted as density waves, not only the corotation 
radius, but also the Lindblad resonances are important. Even if, as in NGC 4258, 
the rotation curve is known, and a guess can be made concerning the position of 
the corotation radius, it is not possible to pin-point the Lindblad resonances 
immediately. To determine their positions it is also necessary to know the 
multiplicity of the arms. Furthermore one needs to make the assumption that the 
density-wave pattern rotates as a solid body. In principle it must be possible 
to have a pattern that slowly winds up. It is interesting to note, however, that 
the gap between the arms "c" and "D" occurs approximately at the position where 
the outer Lindblad resonance is expected if arm "c" begins at the corotation 
radius. 

5.2 The bar 

Though classified SAB(s)bc by De Vaucouleurs et al. (1976) it is not generally 
accepted that NGC 4258 is a barred spiral galaxy. Of course, NGC 4258 presents 
a very different picture from a classical barred spiral like NGC 1300, but there 
is ample evidence that the dynamics of the central region of NGC 4258 is indeed 
dominated by an elongated or oval structure. In sections 1 and 2 some features 
have been pointed out in the integrated HI map and in the velocity field that are 
suggestive of a bar. However, one could also suppose that these features are 
related to the anomalous arms. For the HI bar such an explanation can indeed 
apply; in that case one has to assume that the relative maximum density 6f HI 
observed is caused only by d lack of HI in the region of the anomalous arms and 
the associated plateaux. It is only somewhat surprising then that the observed 
maximum is so narrow. 

In order to obtain a better insight into the observed discontinuity in the 
velocity field we should study the I-v maps shown in Fig.5. From these maps it is 
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evident that indeed a very steep velocity gradient is present. Within approximate
ly one beam size the velocity of the gas changes from 180 km S-1 to 500 km S-1 

(map at 32" S-E). Hhereas it is difficult to decide whether the former velocity 
differs very much from the local circular velocity, the latter can never correspond 
to circular rotation because the difference from the systemic velocity has the 
wrong sign. Even if one wants to maintain that the observed velocity discontinuity 
or shock is associated with the anomalous arms, the fact remains that the most 
evidently deviant velocities in the central region lie well away from the anomalous 
arms, in a region that, according to the expulsion model, can never have been 
influenced by the ansmalous arms. This implies that, independent of the question 
as to whether the velocities in the anomalous arms are abnormally high, a very 
similar flow pattern ,wuld have been observed if these arms had not existed. 
Therefore I will assume in the rest of this section that the observed velocities 
have not been influenced by the anomalous arms. 

Now that it has been shown that the anomalous arms cannot be the sole cause 
of the observed velocity deviations the question remains whether a bar can be the 
cause. Considering the present state of the theory of barred spirals and the small 
number of observations available it is clear that this question cannot not, be 
answered definitively. However,a qualitative comparison with the available data 
certainly indicates that the bar hypothesis is promising. 

It is intuitively clear that the gas, though not necessarily the stars, in 
a bar should move along oval stream--lines. This intuitive idea is indeed confirmed 
by gas-dynamical calculations, e.g. as published by Huntley, Sanders and Roberts 
(1978). Figure 17 shows a graphical analysis of the influence such a flow will 
have on the observed velocities in a galaxy: the iso-velocity contours will not 
be parallel to the minor axis of the galaxy, but they will tend to follow the bar. 
Although the exact shape of the iso-velocity lines will be strongly dependent on 
the details of the gas flow, the qualitative picture will be the same as for this 
simple model. In this interpretation the velocity discontinuity that is observed 
in NGC 4258 corresponds to the shock that can be recognized in the gas flow 
diagrams presented by Huntley et al. In section 6 a simple model for the gas flow 
in a bar potential will be analyzed in more detail. 

Confirmation that the observed velocity field can be explained by a bar also 
comes from the observations of Peterson et al. (1978) of the barred spiral galaxy 
NGC 5383. Also in this case one observes that the iso-velocity contours closely 
follow the bar and that the position angle of the line of nodes that would be 
derived from the flow in the bar differs considerably from that which would be 
derived from the flot, in the outer parts of the galaxy. 

If the observed gas flow in NGC 4258 can indeed be explained as the response 
to the potential caused by an elongated structure, the question arises as to 
whether there is any observational evidence that such a structure exists. Indirect 
morphological evidence can be found in the deprojected integrated HI map in Fig.7. 
In this picture the HI distribution, which we have seen to follow the optical 
structures so closely, suggests a 8-type barred spiral. 

Figure 17. 

A schematic representation of the oval flow 
expected in a bar. The floh' is drawn as it would 
be in the plane; the observer is assumed to be to 
the right, but out of the plane. Since no z-motions 
are assume~ the radial velocities towards the 
observer will only contain information on the 
velocities perpendicular to the line of nodes. 
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Direct morphological evidence is found in the large discrepancy between the 
projection parameters that have been determined geometrically for the lens (Danver, 
1942; Capaccioli, 1973) and those that have been determined from the velocity 
field of the outer parts of the galaxy. If we assume that NGC 4258 is perfectly 
flat and that the correct projection parameters are those determined from the 
velocity field, we can derive the shape of the lens from the apparent, geometrical
ly derived projection parameters. If we do this exercise we find the lens to be 
an oval structure with an axial ratio of 3:2 and with its long axis at position 
angle 170± 30 . If we further assume that the geometrically derived inclination has 
been underestimated by 20 due to the finite thickness of the lens we find an axial 
ratio of 7:5 and a position angle of 100± 30 . 

Concluding, the following model is proposed for the gas flow in the central 
part of NGC 4258. An extended, slightly oval, structure that we observe as the 
lens causes the potential in the central region of NGC 4258 to be non-axisymmetric. 
The gas, which forms only a minor constituent of the total mass in this part of 
the galaxy, responds to this potential by forming a very narrow bar, which we 
observe in the HI, together with the associated large deviations from circular 
rotation. In this bar star formation is in progress, as may be concluded from the 
enhanced blue luminosity in that part of the lens (refer to the isophotes publish
ed by Capaccioli) and the HII regions that can be recognized in this region on 
Ha photographs (e.g. Deharveng and Pellet, 1970). 

6. A model for the bar 

In chapter 5, section 4 a simple method is outlined to study the gas flow in a 
slightly perturbed, but otherwise axisymmetric potential. In essence it is an 
epicyclic analysis with the inclusion of a damping term (~= -Dx) and a term 
describing the influence of pressure along a flow-line. These two terms are the 
simplest terms defensible on physical grounds that allow the solution to be 
studied near the resonances. Using this method a model was constructed resembling 
the bar of NGC 4258. 

The unperturbed potential was derived from rotation curve no. 2a; the 
assumed perturbation was of the following form: 

£\cl> = <P cos [2(8 - 80 - wt) }(r/rp)2'[1 + (r/rp)2] -2 05 (4) 

with <P = 2.65 10 4 pc 2 My-2, so that ~wl ~ 4.93 10 3 pc 2 My-2; rp =1420 pc and 

w = 0.034 My-I (I My = 10 6 year; I pc Hy-I " I km s-I). The value for <p was chosen 
as l arge as possible without severely violating linearity in order to maximize 
the visibility of the effects. The amplitude of the velocity deviations in the 
model is still much smaller than those observed in reality. 

In the solution a value for the damping term D of 0.005 My-l was chosen; 
the velocity of sound was set to 22.4 pc My-I. This latter quantity determines 
the pressure; a rather large value had to be chosen because the effects of the 
pressure were only included partially. For the gas surface density in the unper
turbed disk the observed annula r means from Fig.3 were used. 

The simulated HI map, the velocity field and the residual velocity field 
are shown in Figs.18 through 20. These figures are to the same scale as the 
observed maps in other figures; no attempt ,,,as made to simulate the effects of 
the WSRT beam. The flow pattern in the innermost region of the model is shown in 
Fig.21. The map is on a different scale and has not been projected. It clearly 
shows the expected oval flow. 

Some features in the model bear a striking resemblance to what is observed 
in NGC 4258. That the bar is present in the surface density map is not really 
interesting; the model was designed to r eproduce it. Far more interesting is the 
fact that the narrow spiral arms at the edge of the lens have been reproduced so 
accurately. In the model these arms lie at corotation and are caused by a rapid 
change in the orientation of the flow lines. But turning to the residual velocity 
field, we see that the velocities in the arms have not been reproduced. A more 
accurate analysis of the gas flow than that used here is needed to determine 



Figure 18. 

The surface density map derived from the bar-model discussed in the text. The 
contours lie at (4.4, 8.8, 17.6, 26.4, 35.2,44.0, 52.8) x 10 2 4 H-atom m- 2 • 

The position angle of the dr~ving potential in the plane, relative to the line 
of nodes was chosen to be 65.3. 
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Figure 19. 

The bar-mo del velocity field. 
Contours have been draloln at 
-237.5(19)237.5 km S--I. 
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Figure 20. 

The residual velocity field for the 
bar-model. This velocity field has been 
calculated by subtracting the velocity 
field of a model with a zero-amplitude 
driving potential from the velocity 
field in the previous figure. The 
contour values are the same as used ln 
Fig. 10. 
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Figure 21. 

A vector plot of the 1 . , base at a grid-point :e oc~t~es associated with the bar-model. Each arrow has its 
at that grid-point, nd a length and a direction proportional to the velocity 

whether the observed arms are ' 
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' ~, ndeed related to th 1 
ve oc~ty field shows one more ~nterestin , e ova structure. The residual 
are such that, if a rotation curve had b g de~a~l: ~he residuals near the nucleus 
~ield, it would have given hi her v ,e~n eterm~ned from the model velocity 
~nput to the model. g eloc~t~es near the nucleus than were used as 

, Though far more regular than the f~eld shows a similar behaviour in the obs 7rved velocity field, the model velocity 
was used the "shock" has not b reg~on of the bar . Because a linear model 
a similar inclination to th ~en rep:oduced, but the iso- velocity contours show 
d ' e m~nor ax~s If eta~l one can even identify the "b ;, one compares the velocity fields in 
bumps are very clear in the Ha vel u~ps f?n the contours near the nucleus These 
but although it seems possibl t oC ~ lty, ~eld published by Van der Kruit (1974) 
b I e 0 exp a~n them qualit t' I ' ' 

ar, am not sure that they can b I ' a ~ve y as be~ng due to the 
that not the very low rotational :lex~ ~~ne~ entirely in this manner. It may be 
the anomalous arms as Van de K v, oc~t~es ~n the central region are related to 
Ballistic models a~ in the e rr IU~~ suggests, but the very high velocities 
h' xamp e ~n chapter 4 ' . . ~gh veloci ties could be due to th ' ' sect~on 4, suggest that these 

e gas ~n the anomalous arms passing the 
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pericenter in highly elongated orbits. This inte r pretation would also seem to fi t 
in better with the relative position of ve l ocities and arms. 

7. Conclusion 

We have seen that, slightly adapting Bosma's statement quoted in chapter I, 
NGC 4258 can be considered "the type example of an oval distor t ion in a galaxy", 
anomalous arms, or no anomalous arms. NGC 4258 is not unique in this respect, 
however. The Seyfert galaxy NGC 4151 as described by Bosma et al. (1977, 1978) 
for instance is strikingly similar in appearance. Except for the obvious difference 
in inclination (i = -21 for NGC 4151) and resolution, the integrated HI map , the 
velocity field and the flat rotation curve are very much like those of NGC 4258. 
Even the optical picture with the b r ight, oval lens shoving some spiral structure 
and the narrow, irregular outer arms is similar to ,,,hat is seen in NGC 4258. 
Horeover, if, in view of the small inclination, anything of the sort can be 
inferred from the velocities in the outer arms of NGC 4151 it would appear that 
they lay outside corotation. Bosma's remark concerning the association of 
activity and bars in spirals at the end of his section IV is given extra signifi 
cance by the bar in NGC 4258. It seems that two ingredients are necessary for the 
spectacular activity observed in Seyfert galaxies and inferred fo r NGC 4258. The 
first of these is an energy source, or at least a machine that can produce the 
necessary energy if proper l y fuelled. Here one could think of one of the variety 
of condensed, massive objects proposed by various authors. The other would be an 
amount of gas near the nucleus sufficiently large to provide the fuel and to 
produce the spectacular effects. In the process the amount of gas in the nuclear 
region will diminish as some of it is consumed as fuel and some is expelled. 
A bar seems to be able to replenish the gas as it can pump gas from the disk into 
the nucleus. 

De Bruyn (1976) reports that H 81 conta i ns a variable, i.e. very small 
radio source, which indicates that H 81 may be an example of a galaxy that does 
contain a machine, which is fuelled albeit at a relat~vely low level, but where 
the amount of gas in the central parts is much too small to produce phenomena 
as spectacular as in NGC 4258 or in Seyfert nuclei. H 81 lacks a bar that could 
pump gas into the central region. 
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CHAPTE R 4 THE ANOMALOUS ARHS 

Summary 

An ana~ysis of the anoma~ous arms is given . _ J is de~:'7 sr;rate:i -;hat "-:£1 observed 
properties of these arms are cons istent 1Ji th :;'18 e:q; :, -sion hyt' : ::"Yzesis .-':Jr their 
origin, but the kinematical data being spm-'s"" the :·;;"-: .C'icatio i : the -;::e~i'J is 
necessarily incomplete . 

1. Int r oduction 

Th is chapter is devoted to the analysis of th e availabl e data on the anoma l ous arms 
of NGC 4258. As we have seen in chapter 3 the la rge deviations that are evident 
both in the HI and in the optical observations can for a large pa rt be exp lained 
by assuming that NGC 4258 is a barred spiral, an ass umption for wh ich t he re is 
addi ti onal supporting evidence. This complicat es mat ters considerably as far as 
the anomalous arms are concerned because it means th a t it is very difficul t to 
separate the deviations from circular rotat ion associated wi th the anomalous a rms 
and those that are due to an aspect of NGC 4258 that does not make it except ional . 
It is clear from the narro<v-band Ha observations of Cou rt es et al. ( 1965) t hat the 
amplitude of the velocity deviations in the an oma lous arms does not exceed that of 
thos e observed in the bar re gion . In chapter 6 we shall see that if much large r 
veloc i ty differences 'vith the surr ound in g medium occur anywh ere in the anomalous 
arms we cannot expect to observe Ha emission from the re gion concern ed ; the gas 
<wuld either be too hot and too tenuous, or t oo highly compress ed and hence too 
cold to emit observable Ha radiation. This means that tKO ty pes of veloci ty 
deviations have to be separated that both have a comparable amplitud e of t he order 
of 200 km S- I. Neither of the effects concern ed is completely underst oo d to date, 
but we have the advantage that for one t he veloc ity deviations should be 
correlated with an emission feature (the anomalous arms) and that for the other 
(the bar) at least the gene ral features can by now be predicted theoretically. 
Optical measur ements with a good velocity res o lution and a complete cove rag e of the 
cent ra l region will be needed to separo.te both components and to determine the 
amplitude of each individually. He have seen that already , from the comb ine d 
results of HI observations, model fitting for the bar and the Ha observations of 
Van der Krui t, some indications concerning the dynamics of the ano ma lous arms have 
been obtained. Strangely, not the apparently deviant vel ocit ies, but the seemingly 
normal velocities in the central region would have to be li nked with the anoma lo us 
arms ... As will be demonstrated, this and all other observe d f eatures of th e 
anomalous arms can be explained 'vith the expulsion hypothes is. Since no other 
plausible explanation is available I will adhere to this hy pothesis in the r es t of 
this chapter. 

In section 2 of this chapter the morphology of th e anomal ous a rms as 
observed in 1412 MHz continuum with the HSRT is discussed. Th ou gh t hese ar e in 
principle the same k ind of data as those obtained by KOM, the dynamic range and 
the sensitivity of the HSRT have been improved so much ove r the past si x years 
that a far more detailed analysis has become possible . In se ctions J and 4 the 
Ha data obtained by Deharveng and Pellet and those of Van der Kruit will be 
discussed in some detail, and a simple model will be presented. Sec ti on 5 \,· ill 
deal with the polarization data; section 6 with the spectral index . 
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2. Inferences from the anomalous arm morphology 

In the continuum map published by KOM and in the new continuum map shown in Fig. I 
of chapter 2 the front edge of the continuum arms appears to be unresolved. In 
order to obtain a better insight into the actual steepness of this edge an attempt 
was made to construct a map with a higher effective resolution than is achieved 
with the standard grading. Such an improvement can be obtained by using the clean 
and restore technique (Hogb om, 1974; Harten, 1974), but the gain in resolution 
attainable in practice is severely limited by noise and dynamic range effects 
because of the lack of information at the higher spatial frequencies (the gain that 
can be attained is due to t he use of information not used in the normal mapping 
process, namely that all sky intensities should be positive). The highest resolu
tion that proved to be feasible with the available 1412 MHz data is 18" x 24" 
(full width to half power). The corresponding map is shown in Fig. I; a radio- photo 
of the map after deprojection is shown in Fig. 2. 

From the enhanced r esolution map it is clear that the front edge of the 
anomalous arms remains unr esolved and that the apparent blending of the anomalous 
arms into the plateaux in the othe r 21 cm continuum maps is due to beam effects. 
The radi o arms, like the associated Ha arms, are very narrow structures. 

Both anomalous arms split near the edge of the bright inner region, or lens, 
of NGC 4258. For the S-E arm this is clear from the Ha photographs as published by 
Deharveng and Pellet (1970). For the N-W arm, which though the brighter in radio 
continuum is the weaker of the arms in Ha , this splitting is very easily visible 
in the 21 cm continuum maps. From the Ha photograph of Deharveng and Pellet it is 
cl ear that the separati on of the branches of the S-W arm is much larger than their 
widths. A plausible explanation for this fact is that the t,w branches were created 
by separate events, presumably expulsions of matter by the nucleus as in the model 
pres ented by KOM. 

If the nucleus can eject matter twice, there is no reason to assume that it 
could not do so more often. If we carefully examine the plateaux in Fig. I we can 
indeed find suggestions of some radial structures. The brightest of these have been 
Darked in the figure. If these structures are real we have in fact observed a 
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Figure I . 

The 1412 MHz enhanced resolution map (18" x 24" FWHP beam). Contours have been 
drawn at (-I, -0.5 , 0.5 , I, 2, 3, 5 (heavy),7.5, 10, 15, 20, 25) x I K; 
alternating positive contours and all negative contours have been dashed. 
The double source marked Q has been identified with a 22.5 mag. quasar by 
De Ruyter et al. It lies in the weak outer HI arm "A". Some seemingly radial 
structures in the plateaux have been marked with an R . 
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Figure 2. 

Radio-photo of the deprojected enhanced resolution map of Fig. 1. 

phenomenon that bears a striking resemblance to what is seen in head- tail radio 
galaxies. Both types of galaxies display a nucleus that is intermittently active, 
ejecting something in two diametrically opposed directions. In both types of 
galaxies the time sequence of these ejections is converted into a spatial sequence 
because the ejecta encounter a moving medium, i.e. an intra-cluster medium for the 
radio-tails and a rotating disk in this case. 

The phenomenon in NGC 4258 also bears some resemblance to what takes place 
in the collimated double radio sources. Firstly we have the narrowness of the 
anomalous arms, which is strongly reminiscent of a collimated double . This narrow
ness is, however, probably in part due to the lateral compression that the ejected 
matter must have experienced as it acquired angular momentum in the plane of 
NGC 4258 Ca similar but probably unrelated phenomenon was observed by Van Breugel 
and Miley, 1977) . The second analogy with the collimated double is the apparent 
constancy of the direction into which the ejection took place. Simple model calcu
lations show that, due to the flat rotation curve of NGC 4258, the outer parts of 
the anomalous arms must have been displaced in such a way that they remained very 
nearly parallel to the direction in which the ejection took place. If the 
hypothesis that the plateaux are due to later ejections is correct, the back 
edges of the plateaux, i.e. the edges where the anomalous arms do not lie, mark 
the direction into which the most recent ejections took place. This direction can
not be precisely determined because the emission is too faint, but it seems no 
different from the direction of the original expulsion which created the bright 
anomalous arms. The above reasoning also requires the assumption that the ejection 
of matter by the nucleus has continued (nearly) to the present time. 



In principle it is also possible to explain the plateaux by assuming that 
the o;.rection of the expulsion rotated faster than the disk of the ga l axy and 
that che anomalous arms were created after t he plateaux. The explanation of the 
relatively straight back edge of the plateaux - as compared to the curved form of 
the anomalous arms - and the very weak and nearly radial structures in these 
plateaux poses some extra problems in t his case. 

The assumption that the direction of ejection is constant in time also poses 
an interesting problem. The explanation that is generally advanced for the 
constancy of the expulsion direction observed in double radio sources is that the 
expulsion takes place along the rotation axis of some massive object. In NGC 4258, 
however, the expulsion must have been very nearly perpendicular to the rotation 
axis of the galaxy as a whole (refer to chapter I). This would then impl y that the 
nucleus of NGC 4258 contains a massive object with an axis of rotation perpendicu
lar to that of the galaxy itself. Such a situation probably only can arise as the 
chance result of some random process. The fact that out of some ten or twenty 
galaxies with active nuclei sufficiently nearby that we could observe the effects, 
only two examples a re known of galaxies where bi - symmetrical ejection of mat ter 
into the plane has t~ken place (NGC 4258 and NGC 2 146 1

) is in agreement with the 
conjecture that the ejection axis gene rally does not lie near the plane of the 
galaxy. 

The large differences in structure between NGC 4258 and o ther active 
galaxies are not due then to the ejection mechanism but to the density of the 
medium encountered by the ejecta, and the total energy involved. As we will see in 
chapter 6 gas clouds travelling at high velocities through a dense medium suffer 
a violent thermal instability and will collapse very quickly t o col d, small blobs 
of gas. It is interesting to note that mol ecu l ar, i.e. dense a nd cold, clouds 
appear to be ejected from the nucleus of our own galaxy (Oort, 1977 ) , though not 
with velocities as high as would be needed in NGC 4258. At extra-galactic distances 
such clouds are hard to detect, however. Because the gas density in spiral 
galaxies generally is quite high it is probable that any matter that is ejected 
quickly condenses into such blobs, wh ich may travel large distances before re
expanding. Only by the damage that they do if they happen to travel through the 
disk of a galaxy can we know tha t so~e thing has been ejected. Such a collaps e is 
much less likely to occur in the tenuous medium of an elliptical galaxy, while the 
composition and certainly the energy content of the ejecta in those ellipticals 
that are associated with strong radio-sources also seem to be ve ry different from 
those in spirals. 

The most puzzling aspect of the anomalous arms is their remarkable smooth
ness. Whether they cross a spiral a r m, or an interarm region, their brightness 
remains nearly constant and their outline smooth. This extreme smoothness is 
difficult to reproduce in model calculations, quite probably due to numerical 
effects. It seems, however, to be a natural consequence of the expulsion of matter 
by the nucleus: if the ejecta travel more than one wavelength of the spiral 
pattern radially through the disk the effects on the resulting anomalous arm of 
each individual normal arm, or interarm region should largely ave rage out. 

Concluding we can state that the appearance of the anomalous arms and the 
associated plateaux is consistent with the assumption that they have been c reated 
by a repeated expulsion of matter out of the nucleus into the plane of the galaxy. 
Each of the later, smaller expu l sions that created the plateaux must have had 
approximately the same spatial direction as the two initial large expulsions in 
which the anomalous arms find their origin. 

3. An estimate of the age of the anomalous arms 

Fig.3 shows a sketch of the region around the S- E anomalous arm as visible on the 
Ha photograph published by Deharveng and Pellet. One of the remarkable features 

1 Refer to De Bruyn (1976, 1977) who also includes NGC 3079 as an example. 
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Figure 3. 

Sketch made from Ha photograph published 
by Deharveng and Pellet (1970). 
The nucleus lies approximatel y between 
X and Y. 

in their photograph is the sharp boundary between the gap in front of the anomalous 
arm and the r egion indicated as having a normal Ha emission level. These characteri 
zations of the observed features follow naturally from the expulsion hypothesis. 
Before the expulsion of matter from the nucleus took place the Ha emission level 
in the entire lens around 4 kpc from the nucleus must have been comparable to that 
of the region said to have a normal emission level. l~en a pOlverful jet of matter 
with very little angular momentum was expell ed from the nucleus, the gas in front 
of the region (in the sense of rotation of NGC 4258) whe r e the gas travelled 
through remained uninfluenced. l~ile the matter in the jet was being slowed by the 
interaction with the gas in the disk, it in turn slowed the rotation of the gas 
with I"hich it collided. From the appearance of the anomalous a rms and the gap in 
front one would say that in fact little gas was able to flow through the foremost 
branches of the anomalous arms . In this way the anomalous arms were created as 
very narrow ridges, rotating slowly a t first and picking up speed as more matte r 
ran into them from behind. Due to the lack of angular momentum the gas in the inner 
region would describe very excentric orbits, bringing it close to the nucleus again, 
overtak in g the initially unperturbed gas and thus closing the inner part of the 
gap in front of the arms. hThile this process was taking place smaller discharges 
from the nucleus created the plateaux. 

It will be clear from the above descript ion that the boundary between the 
gap and the region with normal emission must have lain there where the jet passed 
IVhen the anomalous arms were formed . As argued earlier, this direction can be 
inferred from the present morphology of the arms. Since the angle through IVhich 
the boundary has rotated and the local angula r velocity are knOl"n an est imate can 
be made of the time elapsed since the original expulsion: 45 ± 20 Ny. The very 
large uncertainty has a number of causes : the distance to most external galaxies 
is inaccurately knoIVn; the rotati on curve around 4 kpc is not very well determined 
due to the large non- circular motions in the region and these same non- circular 
motions cause the rotation curve to be a dubious measure for the travel time 
betIVeen two positions in the plane; the large inclination of NGC 4258 greatly 
enlarges the e rror of any angle in the plane measured near the major axis . 

This age is comparable to, although somewhat larger than, the time required 
for radiation l osses to shOl" up in the spectrum (De Bruyn, 1976, p. 54). The 
spectrum at higher frequencies is not well enough known to permit us to decide 
whether such losses have been compensated by more recent (in- situ) accele ration. 
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4. A model for the anomalous arms 

Some calculations have been made in order to get a better insight into the 
behaviour of gas ejected from the nucleus of a spiral galaxy. From the analysis 
in chapter 6 it is concluded that the gas injected into the medium of a disk 
galaxy would probably very quickly condense into a large numbe r of small, cold 
cloudlets. Such a collection of cloudlets can be described more accurately with a 
ballistic, snow-plow type model than by gas-dynamical calculat i ons that generally 
lack so much in resolution that the behaviour of such cloudlets cannot be 
simulated. The ideal combination would be a ballistic model for the ejecta and 
a gas - dynamical model for the disk medium . 

The scheme used contains a model for the disk based on the analysis in 
chapter 5, section 3 combined with a simple model for the z- di s tr ibution of the 
gas. Into this model a narrow stream of "cloud complexes" can be injected any 
number of times at an arbitrary angle with the plane and with an arbitrary mass 
and velocity distribution. The or b i ts of the cloud complexes are calculated , 
taking into account the fact that the disk is swept clean in the process. 
It is assumed that at the injection each complex has an expansion velocity equal 
to t,,ro percent of its trans lational velocity. If a complex expands beyond a 
certain diameter, which is always smaller than the smallest scal e- size in the 
disk model, it is split into five new complexes. I f the total number of cloud 
complexes exceeds a specified maximum, their numbe r is reduced by combining 
complexes that diffe r sufficiently little in posit i on and velocity into one new 
complex. The maximum number of complexes allowed generally is chosen to be quite 
large . In the example presented below it had been set to 3600 . 

Fi gs.4 and 5 shmv the velocity field and the density distribution in a disk 
with one anomalous a r m in one of the models calculated, 30 Hy af t er the injec t ion 
of the clouds from th e nucleus. Only the inner 12 kpc were included in the 
calculation in order to obtain optimal (lOO pc) r esolution, and only one anomalous 
arm was introduced in order to save computer time. Since the background disk is 
treated as two identical halves the effects of the sweeping are visible on bo t h 
sides of the disk . The arm was created by ejecting 50 cloud complexes with 
velocities uniforrnly distributed between 500 and 1186 km S-1 and masses 
propo r t i onal to V3 and 40 complexes with velociti es between 400 and 1180 km s . 
and masses proportional to V2 

, in the direction 1.3=260 0
, at an angle of 40 with 

the plane into the model galaxy. The total mass of the injected clouds was 
6 . 4 IO"H0 , the total momentum 6.2 10 9 Ho km S- 1 and the tota l kinetic energy 
3.0 10 12 H0km2s - 2 = 6. I 10 48 J. The follmving results are noted: 

As in Van der Kruit's measurements, the velocity in the s i mulated anomalous 
arm, near the nucleus , is more like that expected for circular rotation than i s 
that in the surrounding medium. 

In the model the velocity di fference between the gas in the disk and that 
in the anomalous arm is rather smaller than that observed by Van der Kruit. 
This is probably due to the velocity deviations associated with the bar in the 
disk model not being high enough, and to the gas in the anomalous arm in the 
model having gathered too much angular momentum per unit mass, so that the orbits 
of this gas are not sufficiently eccentric to lead to really high velocities at 
the pe r i - centers . 

The inner part of the anomalous arm in the model does no t come as close to 
the nucleus as observed in the actual galaxy. This also indicates that the or b i ts 
a re not sufficiently eccentric. Hore eccentric o r bits could have been c reated by 
injecting more gas at lmver ve locities or at a somewhat larger angle with the 
plane, so tha tit ,,rould have ga the red les s angular momentum per uni t mas s before 
fal ling back towards the nucleus. 

Like the real anomalous arms, the model arm is very smooth even though i t 
runs through regions with "idely va r ying densities. It is also very narrm'. 

The bulk of the ejecta quickly forms a large cloud complex travelling 
through the disk. Th i s complex has only just left the zone of computation, which 
cnd icates that the highest ve locities in t he originally ejected clouds were much 



too 101,; the ejecta could never yet have reached the edge of the real galaxy, 
which is approximately 28 kpc. As this large cloud complex travels through the 
disk it leaves behind a debris of clouds at both sides. The debris at the trailing 
side creates the anomalous arm, that at the leading side creates a short-lived 
arm fragment that still is visible at the front edge of the gap near the edge of 
the galaxy. 

Beyond approximately 6 kpc the gas in the anomalous arm still shows 
considerable outward motion. The available observations are not sufficiently 
detailed and do not go sufficiently far out to make a comparison. 

The conclusion that the anomalous arms can be explained in most details, both 
morphological and kinematical as far as observations are available, by the 
expulsion hypothesis seems justified. It will be evident from the above discussion 
that the parameters selected for this model represent a less energetic explosion 
than must actually have taken place: only one arm was created, only the HI 
constituent in the disk was taken into account, more matter should have been 
ejected to shape the inner part of the arm and matter at a much higher velocity 
to form the outer part. 

It is interesting that the seemingly normal rotation observed by 
Van der Kruit ends in a rather steep velocity gradient near the minor axis of 
the galaxy. The region where this velocity gradient is observed coincides exactly 
with the HII regions marked "X" and "y" in Fig.3 . I suggest that in these regions 
the infalling gas in the anomalous arms collides with the more slOl,ly rotating 
gas in the disk. This would mean that these HII regions should be excited 
predominantly by shocks, although they may als o contain young stars. Thus these 
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Figure 4. 

Surface density of matter in the disk with simulated anomalous a rm. Note that the 
plotted surface density is not directly related to t h e brightness in anyone 
wave-length region. Contours have been drawn at (1, 2, 4, 6)'2.2 10 2 4 H atom m- 2 

( face-on). 

Figure 5. 

Mean line- of-sight velocity of the matter in disk and anomalous arm. Contours have 
been drmm at 50 km S-1 intervals. 
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two HII regions in the central region may be expected to show a high excitation. 
If this is in fact observed, it may also be rewarding to look for soft X-rays. 

5. Polarization 

Fig.6 shows the full resolution map of the electric vector of the polarized 
component of the 1412 MHz radiation. Significant polarization is visible at the 
very ends of both anomalous arms; the percentage polarization in the Eastern 
anomalous arm may be as high as 50%. De Bruyn (1976) found approximately 25% 
polarization in p.a. 850 at the tip of the Eastern anomalous arm at 610 ~lHz. 
The high percentage polarization observed at both frequencies implies that no 
significant depolarization can have occurred and that the magnetic field in that 
region must be quite regular on scales at least comparable to the 610 MHz beam 
size (56" x 76" or about 5.5 kpc x 2.5 kpc in the plane of NGe 4258). 

Though it is clear that the intrinsic rotation measure in the region must 
be quite small (not more than n radians at 50 cm or about 10 rad m- 2), it is not 
possible to determine it exactly because the contribution from the Galaxy is not 
known with sufficient accuracy. From this upper limit for the intrinsic rotation 
measure and the observed HI surface dens ity near the anomalous arm we can derive 
an approximate upper limit for H" , the component of the magnetic field parallel 
to the line of sight: 

The surface density of thermal electrons in the anomalous arm region must be of 
the same order of magnitude as the mean HI surface density in the nearby 
unperturbed disk, which is in the order of 5 1024 H-atoms m- 2 , since these 
electrons must originate mainly from the ionization of this hydrogen. Thus we 
find an upper limit for H" of approximately 10-1 1T(=10- 7 G), which is a fairly 
low interstellar value in our neighbourhood in the Galaxy. 

The strong decrease of the polarization with increasing intensity does not 
necessarily mean that that magnetic field becomes less regular in the brighter 
regions; it can very well be due to an increase of the magnetic field strength 
and the electron density, resulting in a strong Faraday depolarization. 

6. The spectral index map and tte radiation mechanism 

A spectral index map has been constructed using the 610 MHz observations of 
De Bruyn and the 1412 MHz observations discussed in this chapter. Using the 
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clean and restore technique a 26" x 36" resolution version of both maps was 
constructed. The reason for making maps with such a small beam was two-fold. 
The primary reason was that the outward shift of all sources caused by the primary 
beam corrections that had to be applied to match the maps is minimized in this 
wa~ Secondly, by convolving the maps step by step an attempt could be made to 
obtain a spectral index map with a somewhat higher resolution than that published 
by De Bruyn. Though this indeed proved to be possible the resultant map differed 
very little from the one in Fig.7 which has a 56" x 76" FWRP beam like that of 
De Bruyn. The advantage of the larger beam is that the signal to noise ratio for 
the lower intensity levels is better. 

The spectral index distribution is not essentially different from that 
published by De Bruyn. The RII regions in the normal arms show quite clearly, 
though their positions have been shifted a bit due to beam effects. The spectrum 
in the Western plateau steepens to the South; in the Eas t ern plateau very little 
real structure seems to be pr esent. The large gradient observed in the source off 
the end of the Eastern plateau ("Q" in Fig. I) seems to indicate that the calibra
tion of at least one of the two observations is not quite good enough. This 
implies that the spectral index near steep gradients in the intensity may be less 
reliable than would be inferred from the noise in the 6 10 and 1412 MRz maps 
individually. 

The spectral index and the observed polarization indicate that the radio 
emission of the anomalous arms is due to synchroton radiation. If we compare the 
average brightness temperature at 1412 MRz in the anomalous arms, which is in the 
order of 5 K with peaks of at least 25 K, with that in the base disk, for which 
a brightness temperature of the order of 0.15 K was inferred in chapter 3, we see 
that the anomalous arms are between 35 and 100 times brighter. De Bruyn ( 1976, 
p.56) states that this can in principle be explained as the result of turbulent 
motions caused by the interaction of the ejected and the disk matter amplifying 
the magnetic field. The high observed relative polarization in the tips of the 
anomalous arms, however, seems to exclude turbulent amplification of the magnet i c 
field, at least for that region. 

Though the high degree of polarization indicates that the magnetic field 
is very regular, it does not necessarily indicate that it is uni- directional. 
One can very well imagine mechanisms whereby the magnetic field is arranged in 
narrow flux tubes with alternating field directions by the passage of the ejecta . 
This magnetic field could either be that of the disk, after a certain compression 
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as it passed the shock into the anomalous arms, or a magnetic field transported 
by the ejected matter. Reconnection of the field lines in situations as described 
above is a mechanism that is often suggested to explain particle acceleration. 

Both mechanisms described above ascribe the high synchroton emission level 
to the effects of the passage at a high velocity through the disk medium of clouds 
that need not contain a magnetic field or relativistic electrons . It is also 
possible, however, that the relativistic particles that emit the observed 
radiation originated in the nucleus and have been transported to thei r present 
positions as a constituent of the ejecta. If this latter mechanism has provided 
the relativistic electrons, age ing effects should be observable in the spect rum 
at high frequencies. The high spectral ind ex in the Western plateau between 21 
and 50 cm cannot be due to such ageing, since the plateau certainly cannot be 
sufficiently much older than the arms for ageing effects to show up in that 
frequency range. It seems possible to explain this steepening by assuming that 
the electrons from the base disk, which have a very steep spectrum according to 
De Bruyn ( 1976 , 1977), contribute approximately 30% of the observed emission from 
the back edge of the plateau at 50 cm. Judging from De Bruyn's 50 cm map this 
seems well possible. 

As we have seen from the polarization data the magnetic field, at least 
in the tip of the anomalous arms, seems to be quite small so that it probably 
is not necessary to assume that more than the normal post -shock enhancement 
of the magnetic field has occurred there. 
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CHAPTER 5 ANALYSIS OF VELOCITY DATA I N A SPIRAL GALAXY 

Swnmary 

In this chapter I will di scuss cer tain aspects o f the analysis of velocity da t a, 
in particular HI data , of spiral galaxies . Many o f the methods discussed in thi s 
chapter are not new--sometimes s imilar methods have been described elsewhere , as 
e . g . by Bosma (1978, chapter 3, section 3; chapter 6 and r eferences ther ei n) , 
sometimes the me t hods ar e wi dely used, .but have not been de scribed so that t hey 
have to be rediscovered by each new studen t of the field- - , other methods are 
s light modificati ons of older ones. Thi s chapter i s included for easy reference 
for the r eaders of this thes i s and, hopefully , as an aid to others setti ng out on 
simi lar inves t igations. The methods de scribed here have not always been used in 
t he work pr esented in pre vi ous chapters. 

1. Analysis o f the line profiles 

The two mos t i mpo rtan t quantities that can be derived from a line prof i le are the 
total amount of HI present and the velocity of that HI. The derivation of each of 
these quantities will be discussed separately . First, hmvever, I will describe a 
method of reducing t he noise that is useful for both: the use of masks of zeros 
and ones by which the maps are multiplied . 

The HI emission in each single- velocity map and in each line profile usual
ly will be localized; the noise contribution will be distributed more or l ess 
uniformly. This means that if a quantity is derived from a line profile , wi thout 
fu rthe r restriction, a large contribution to the noise comes f r om a part of the 
profile that contains no signal. If, for each profile, we locate the points that 
may contain signa l and delete the rest, the noise in the line profile as a whole 
will be reduced wi thout loss of information. It is necessary to realize when using 
this procedure that low level emission that is extended in velocity or spatially 
may not show up above the noise in the full resolution maps and line profi les, but 
may nevertheless be significant. In order to detect such emission and to include 
it in the selected regions, it is necessary no t only to study the full resolution 
data, but also data that have been convolved spatially and/or in velocity when 
determining the masks to be used. 

The masking method is not only useful for re ducing the noise, it can some
times be used in place of the clean and restore technique to remove gr ating 
responses or the effects of missing short base- lines. Removal of grating responses 
can only be accompl ished with the masking method if grat ing responses and signal 
do not coincide in a singl e-velocity map, but the method can nevertheless be very 
useful if signa l is found at the position o f the grating responses in othe r single
velocity maps. It must be realized that, e . g. for the I.JSRT, the grating resp ons e 
often is more than just a well - defined narrow ring; it may cause significant 
variations in the zero- level over a much larger area of the map. If signal and 
gra t ing r esponses co i ncide t he clean technique (Harten, 1974; Hogbom , 1974 ; 
Schwartz, 1978) should be used, or e xtra observations obtained. 

Short spacing information can be derived with the masking method in t he 
following way : from t he signal inside the masked area calculate the response 
expected for the missing base- line(s), then correct the unmasked map and re
determine the masks. If significantly more signal is now found inside the new masks, 
the process should be repeated. The method i s especially useful if the zero- spacing 
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is sought: if in const ructing the first generation masks allowance is made fo r the 
ze r o-level offset in the map, iteration is general l y not necessary. Examples of 
the use of this method can be found in Van Albada and Shane (1975) and Rots and 
Shane (1975). 

In practice the masks can be determined in different ways, from manually 
selecting the desired parts of th e maps or profiles to highly automat ed methods. 
Manual methods have the advan tage that spurious features can readily be recognized 
and rejected, but the definition of the masks will be less precise than for 
automated methods . A combination often will give the best results. Bosma (1978 , 
p. 13 ff.) discusses some methods for determining masks for each profile separately. 
These methods are useful if the zero - level in the profile still has to be correct
ed for instrumental effects and the continuum distribution, but when they are used 
only for data with full spatial resolution low level emission can readily be missed . 
Here, as in all other cases, convolved data should be used beside the full resolu
tion data in determini ng the masks, even though the masks may be used only fo r the 
full resolution data. 

1. 1 !h~ in!e~r~t~d_H~ ~aE 

For the derivation of the integrated HI map the use of masks is very desirable. 
Except for the determina t ion of the masks the cons truction of a good integrated 
HI map is straightforward. The re is, however, a method of further reducing the 
effects of the noise. This method is based on the assumption that the a - priori 
probability that a certain measured signal corresponds to a certain true signal is 
the same fo r all points in the sample. This should essentially be true for the 
region defined by car efully chosen masks. If the assumption does not hold, it ,,,ill 
be found that the low- level signal is lost or evenly spread out over all poincs. 
In the method as described below use is further made of the assumption that the 
real signal should be positive, but this assumption is not essential. 

If we have a collection of independent, infinitely accurate measurements of 
the amount of HI at each point on an (a ,6,V) grid , obtained ",ith a finite, positive 
definite beam, the probability of the true antenna temperature at a certain point 
having a value between T and T + dT is given by P (T )dT where P has the 
following properties (as§uming Sthat Ro absorption o~cuFs):s' s 

Ps(T) 0 T < 0 ( la) 
s 

Ps(Ts)dTs A T 0, s 0 < A <1 ( 1b) 

P (T ) weTs) T > 0, 0 < w < 1, rW dT = I-A (1 c) 
s s s ;, s 

In practice each observa tion also contains a noise contribution T , the 
dist r ibution of "'hich is given by P (T). P gene r ally is assumed to benGauss i an. 
He can no'" cal culate the probabilit~ o~ measUring a certain T = T + T o s n 

"CO 
P (T ) 

o 0 
_LPs(To - Tn) ' Pn(Tn) dTn 

=Jp*pl(T) 
1 s n 0 

(2) 

P can be determined from the observed intensities in the regions defined by the 
mgsks; P can be dete r mined from the remainder of th e point s, but regions ,,,ith 
grating ¥esponses mus t not be used. P can be determined in a number of ways from 
P and P . Probably one of the best ",~ys to accompl i sh this deconvolution is to 
a~sume ag appropriate functional form for /W (T ), such as a combinat i on of two or 
more exponenti al functions, and subsequently t6 make a least- squares solution for 
the free parameters in this functional form and for l A. In this way positivity is 
automatically enforced. Once P is knmJn ",e can calculate peT IT), «hich is the 
probability of T , given the flct that T ",as measured: s 0 

s 0 

(3) 

We can no« calculate the mean value of Ts for all points «here «e measured To: 
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(4) 

If we repl ace T by T (T ) the noise is not independent of the intensity anymore, 
but ,.e can easi~y seeSthgt the follm.ing quantity, which can be considered to be 
a measure of the noise is minimized: 

(5) 

if we substitute Ts(To) for T. 

1.2 ~e!e!min~tio~ ~f_t~e_v~l£cit~ ~f_t~e_HI 

It is always possible to define a velocity for the HI observed in a line prof il e , 
e.g. by determining the intensity weighted mean velocity. In the following I will 
discuss three methods of finding a veloc ity. Each may lead to a different ve l ocity, 
even for noise- free profiles. One cannot say , however, that in general one method 
is essentially bette r or physically more meaningful than another. For simple 
symmetric profiles all thre e methods lead to the same result. 

i. The use of the intensity weighted mean velocity has some obvious advantages. 
The most important of these is that, once t he appropriate masks have been 
determined, it all.ays leads to a unique velocity. Another great advantage is that, 
in case the optical depths are small, the derived velocity is the mean velocity of 
the hydrogen . Hm.ever, the method is very sensitive to noise in channels that lie 
far away from the mean velocity and also to variations in the zero-level of the 
profile . Therefore it is essential when using this method to exercise great ca r e 
in selecting the points on each profile that are to be used. (See Bosma, 1978, 
p . 13 ff.) The sensitivity to the zero- level can be diminished by iteratively 
selecting a mask for each profile that is symmetric ,,,ith respect to the calculated 
mean velocity, even if this means that more noise points are included. Like all 
other methods the use of the intensity weighted mean velocity ",orks "ell for simple 
profiles but gives results that are difficult to interpret for double peaked 
profiles and other complex profiles. It can give a velocity that lies in the empty 
region bet",een the peaks of a double peaked profile, a property that mayor may not 
be considered desirable. 

ii. The velocity of the peak intensity. This method i s very simple and as in 
the case of the intensity ",eighted mean velocity, the relation between the derived 
velocity and the observed pr ofile is clear and ",ell defined. The method is very 
different from the previous one in that it is not at all sensit i ve to zero - level 
offsets or to noise in any of the channels except for the two or three with the 
highest signal . For very broad profiles the method deteriorates . Masks defined in 
the map plane can help to reduce the number of spurious determinations. The dis
advantages are that only discrete velocities can be obtained and that most of the 
profile is neglected. 

iii. Profile fitting combines some of the advantages of both previously men ti oned 
methods . Like method (ii) it is not sensitive to zero-level offsets and noise in 
other parts of the profile; like method (i) it uses more than just t he fe", highest 
points. A model profile is fitted, described by a number of free parameters; each 
of the parameters is maximally sensitive to the measured brightnesses in a ce rt ain 
part of the profile. The velocity paramete r generally is most sensitive in the 
flanks of the model profile. A major disadvantage of the method is the need for a 
predetermined model profile. In practice the method also has the disadvantage that 
for b i g galaxies it is quite expensive in computer time; this means that the number 
of spurious determinations must be limited to an absolute minimum in this case. 
Therefore masks should be used, but if the zero-level is not accurately kno",n, all 
points in a profile f or "'hi ch the velocity is to be determined must be included. 
It is also necessary to choose the start ing values for each solution ",ith care, 
both to limit the number of iterations necessary per profile and to obtain a 
consistent solution for neighbouring profiles in certain difficult cases such as 
double peaked profiles. 



For the veloc ities as presented in this thesis the last method was chosen 
because it \,as found to give the most consisten t velocities for the largest number 
of profiles. The following model profile was used: 

(6) 

For the starting value for V th e velocity of the peak in the profile after a con
volution in velocity was cho~en. Masked maps were used. Since the zero-level in the 
profiles had been determined with greater precision than would have been possible 
with the profile fitting procedure the zeros in the places of the rejected points 
in each profile were retained. (The r eduction of the HI data has been described in 
chapter 2.) The noise in the profiles was not uniform anymore, however , so that the 
errors that we re calculated for each of the parameters became meaningless . 

2. The const ruction of a model of circular rotation 

In this section I shall describe how a model of circular r otation can be construct 
ed for a spiral galaxy and discuss some of the problems that may arise. The 
following symbols lVill be used: 
i -the inclination of the plane of the galaxy relative to the plane of the sky. 

i> o for counter- clockl,ise rotation; -90
o
<i<90 o . 

V -
8-

Tf
~-

the position angle of the ascending 
angle of the half-line on which the 
measured if the galaxy were in pure 
a heliocent ric radial velocity. 

or receding node, i.e. the position 
highest positive velocity \vould be 
circular rotation. 

a tangential velocity in the plane of the galaxy relative to the nucleus of 
the galaxy. 0>0 for counter- c lockl,ise rotation. 
a radial velocity in the plane of the galaxy . 
a counter-clockwise angle in the plane of the galaxy relative to the direc
tion of the ascending node. 

r - the distance from the nucleus i n the plane of the galaxy . 
(x, y) a right-handed rectangular coordinate system in the plane of the sky with 

the origin at the nucleus. T~e positive x-axis coincides with the half
line of the ascending node. ,f a distance is available x ,y and r can be 
converted to linear distances. 

In this chapte r generally no distinction lVill be made betlVeen the dynamical center 
of the galaxy and the optical nucleus; both lVill be called the nucleus. Al though 
the tlVO need not necessarily coincide , it is often found that the optical nucleus, 
the position of which can usually be determined very accurate ly , and the dynamical 
nucleus, the position of IVhich generally is difficult to determine, coincide to 
lVi thin the error. 

Certain relations exist betlVeen the quantities defined ab ove : 

(7) 

(8) 

2 .1 The desired model 

The aim of this section is to describe the derivation of a model representing the 
galaxy as a differentially rotating disk. This means that IT( r ,&) is assume d to be 
zero , and e(r, ~) =G(r). The model is characterized by the values im ''!'m and Vsys,m 

for i ,r and V
SYS

' the position of the nucleus and by th e rotati on curve Gm(r) . 

A galaxy never shOl's pure circular rotation; the deviations from ci rcular rotation 
can usually be described in part by a perturbation theory such as that formulated 
by Lin et al. ( 1969), or the theory described in section 3 of this chapte r. The 
desi red model of circular rotation is one that can be used in combination lVith such 
a perturbation theory in order to represent the observed velocities lVith maximal 
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accuracy. It will be demonstrated in the following sub - sections that the pert urb a
tions, espe ci ally those due to the density-wave streaming that is associated with 
the spiral structure, can influence the derived pa r ameters and that this influence 
can be reduced by an appropriate assignment of the weights to the observed 
velocities . The extra sin 2 (~) factor introduced in the weights for the determina
tion of rotation curve no.2 in chapter 3 is an example of an attemp t t o reduce t his 
influence. He will s ee in sect i on 2.6 how a knowl edge of errors and perturbations 
can be appl ied in order to determine the best choice of we i ghts for the dete r mina
tion of the rotation curve. In sections 2.2 to 2 .5 I will discuss the derivation 
of the other parame ters and the effect on the obs erved velocity field- - and hence 
on the derived parameter values--of certain perturb ations . 

2 . 2 !h~ ~f!e~t_o! ~r~o~s_i~ !h~ ~s~u~ei ~a~a~e!e~s_f~r_t~e_m~d~l 

If the obse rved galaxy shows only pure circular rotation, but we have determined 
the paramet ers for our model incorrectly so that th e true inc lination of the galaxy 
i = i m - 6i , the true position angle 'f='fm - 6y;, the dynami cal center lies at 

(- 6x , - 6y ) instead of at (0 , 0) and the true rotational velocity is 
Gc (1") = Gm(r) - 6e

c 
(1") ,"e will find the following, to first order, for 

6V(r,1J) = Vm(r,tJ) - Vobs (r ,t9-): 

e,v(",,") = Il'!'",in(i).,in("'j.[ co<'(tJ). tg'(i). (~(+ r d ~~( r )l ~ 0" l'l ] 

- /j i . co~( ,,).[ t. 9 (d. ,sin (,I., in'( (}).[ 8Jr) - ,. d e, le) L cost l) . ~ (e l] 
d r :J 

+~ .sinli). [c.ot(.}).(0,(e)-. dEUr)} -0"(,1] 
r dr 

+ ~ .l<jlL)·,Ln(,-,).c.o>("J.(G, (,)- r d 0,1,) 1 
,.. d r 

(9 ) 

A graphical representation of some of these terms is given in Fig . I . It is evident 
that in the case of solid- body rotation only the position angle, a combination of 

cos(-&) 

figure I. 

The velocity deviations assoc i ated with different errors in the projection para
me t ers fo r a flat rotation cu rve Gc = 200 km S-1 plotted against co s(1J). The values 

for the inclination and the specific e rror are given in the fi gure . 
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6i and 6G<and a combinat ion of 6x and 6V
sys 

can be determined; for a flat rotation 

curve all paraI:1eters can be determined. If the galaxy shOl,s deviations from 
circular rotation difficulties may arise in the derivation of the different 
parameters. 

2.3 Ih~ ~fie~t_oi ~i~c~l~rly_s~m~e~ric_r~dial ~t~e~min£ 

Circularly symmetric radial streaming introduces a term Tr(r)sin(i) sin(0-) in the 
observed velocities which, especially for small inclinations, may be difficult to 
distinguish from an error in the position angle. 

2.4 .lia~p~ 

The existence of a warp implies that the disk of the galaxy under consideration is 
not flat so that the derived projection parameters apply only to a part of the 
galaxy. It also implies that the galaxy will show systematic motions in the 
direction perpendicular to its mean plane, the z-direction. 

Following Rogs tad et al. (1974) one can try to derive separate projection 
parameters for different parts of the disk. The model Rogstad et al. use consists 
of a set of rings of different radii for each of which a model of circular rotation 
is determined. Such rings will necessarily precess, but the z-motions that are 
associated with this precession are disregarded. Especially for galaxies that are 
nearly face-on this procedure is clearly unsatisfactory. It can easily be seen 
that the z-velocities associated with the precession will, especial ly for small 
inclinations, lead to errors primarily in the position angle of a ring and in the 
rotational velocities. Using an appropriate model for the precession of the rings 
i t must generally be possible to iterate to a more accurate tilted-ring model. 
According to Dr. E. Dekker (private communication) it will also be necessary to 
take into account that, due to the variations in the radial and tangential forces 
associated with an inclined orbit, deviations from circular rotation should occur 
in the ring. 

Fo r th e dynamics of the abrupt bend that seems to occur in the disk of 
NGC 4258 no theory i s yet available. 

2.5 ~elo~i~y_d~via~i~n~ ~s~o~i~t~d_wit~ ~ ie~sit~ ~a~e 

\"ith any density "ave, be it self-consistent or driven by an external mechanism, 
deviations from pure circular rotation will be assoc ia ted. In the linear approxima
tion the velocities in the plane of the galaxy, associated ,,,ith a density wave with 
multiplicity m (an m-armed density wave) can be described by: 

8Ir,v)= 8.lrJ 1- <0;(,n,))'4,8(") + 5ln(m"J·~.8Irl 

TT( r,~)= <o;("''')·~, JT(r) 1- ;cn(m").~. IT I,.} 

( 10) 

( 1 1 ) 

For a tightly ,,,ound pattern the follOl"ing approximate re la tion holds: 

1'l,8Ir).4,TI(rl + L'.
1
0(r).C" ITlr) '" 0 ( 12) 

Hell inside corotation 6,8 and 6 ,lT will approximately be of the same magnitude and 
have the same sign; close to corotation 6,G will dominate and outside corotation 
the signs will be opposite. If the surface density o Cr,c9-) for a tightly wound 
pattern can be described by: 

( 13) 

we furt hernore have the follOl"i ng approximate re la tio1l: 

(14 ) 



If we have a one-armed sp i ral structure (m-I) we find the following 
deviati ons in the velocity field: 

which vie may also wri te as: 

( 16) 

If evaluated at a single r these disturbances are indistinguishab l e from an off
set in the position of the nucleus combined with an error in the systemic velocity. 

For a tlw-armed spiral we find: 

.,]TI ,I. 'in( "))"'n( ~)J= .,VI')·,.,I~) + b,VI, )." n ("j + ~J VI ,).<0,(,") + 6.,'0'('1'(01 1>"') (I 7) 

6 j V and 6 2 V wi l l be dominant inside corotation; 6 3 V and 6 4 V outside. If evaluated 
at a single radius 6 j V and 6 3 V together will appear as a combination of errors in 
the inclination and the rotation curve; 6 2 V and 6 4 V as a combination of expansion 
o r contraction and an error in the position angle. If averaged over a sufficiently 
large range in r the effects on the derived projection parameters may average out. 
For the rotation curve, Ivhich is a function of radius, the problem is more severe 
since each arm occupies a considerable range in the radius of the disk. 

Beside the kinematical effects of density wave streaming that were discussed 
above, systematic variations in the fraction of the gas observable as HI can occur 
along a stream-line. Such variations can lead to errors in the measured gas-density 
and hence to systematic effects in the derived velocities. 

Fig.2 depicts the characteristic patterns for the residual velocities 
expected for two-armed density waves, both leading and trailing and inside and 
outside corotation . These pictures illustrate the following general rule: 
Th e patter n i n the l~esidual velocity fi dd has the same sense of winding as the 
pa t ter n in t he density> but i t s multipli ci t y i s one lower than t hat of the density
pattern inside corot ation> and one higher outs ide corotation . 
The most accurate method of determining I,hether the velocity residuals at anyone 
position should be counted as positive or negative is by comparing them to the 
residuals at neighbouring positions. 

2.6 The rotation curve and its errors 

If we have determined the projection parameters and the systemic velocity as 
accurately as possible we can determine the rotation curve. Each measured velocity 
can be converted to a rotational velocity, the corresponding radius can be calcula
ted and the errors in the calculated rotational velocities can be evaluated. 

The calculation of the errors can serve two purposes, namely to evaluate the 
errors in the final result and to determine the best way to combine the available 
data, i.e. to determine the weights. 

In the following I will analyze only some of the errors that may influence 
the derived rotation curve; how the knowledge of the errors can be used to 
determine optimal weights will be discussed in section 2.7. I will assume that the 
rotation curve is calculated as follows: 

G r,-I'Jin-'UJL[V
b 

[r,J)-V ]-oo,-'(,J).(,(r ,,) 
m 1)- 0 S J ~'JS j 

LC,(e,J) = 1 

" 

with ( 18) 

( 19) 

The summation is assumed to be over independent points, i.e. over points separated 
by a beam-size and not by a grid-interval . I will distinguish two types of errors, 
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namely in quantities that differ from point to point, like those in the measured 
velocities, and errors in quantities that are the same for all points in the 
summation, like those in the systemic velocity and the projection parameters. 
Errors in slOlvly varying quantities can, depending on their characteristic scales, 
generally be treated either as errors of the first type, or as a combination of 
errors of the second type (as e. g. errors due to density Have streaming). 
Errors of the first type are: 
la. Errors in the measurement of the velocity. For HI measurements these errors 
are generally quite small so that they Hill not dominate the error in the derived 
rotation curve. The contribution to the total error is described by: 

6'8 (e), sin-'(d 2: l!.' V, (e,")' ~o,->(,J)· C,t(r,~) (20) 
In ,J o .. ~ 

lb. Random motions in the galaxy itself. Though these cannot, strictly speaking, 
be called true errors their influence on the derived rotation curve can be analyzed 
in the same lVay. They often are at least as large as the measuring errors; their 
importance is further increased by the fact that their characteristic linear scale 
may be much larger than one beam-size so that felVer independent points lVill be 
inc luded in each summation. There is no reason to suppose that the amplitude of the 



random motions 6Z in Z is eq ual t o that o f those in -LT or 1" so that their combine d 
effect is described by: 

To the errors of the second type belong those in t he projection parameters, 
in the systemic velocity, and the erro r s caused by density wave s treaming: 
IIa . Errors in the project i on parameters. These lead to vari ations in the shape 
of the annulus cor r esponding to a ce rtain r adius. The influence of this effect on 
the calculated rotation curve can only be evaluated if certain assumptions are made 
concerning the changes in the ve l ocities measured in the annulus, caused by the 
change in the shape of the annulus . I will assume that the veloci t y field can be 
desc ribe d ,,,ith sufficient a ccuracy by a preliminary model of circular rotat i on with 
rotation curve El (1") . I will furth e r neglect the fac t that the ",e ights ",ill be 
dependent on thePp rojecti on parameters themselves, and not, as fo r the errors i n 
the velocities, on the errors alone. Leaving the de rivations t o the c ritical reader 
"'e then f i nd: 

( 4 r I t~ (.&).00 ." 1").[ t~' ti) · ~os'I~)'( Gpl.) - r ~/~} + epl.) l GIr,,,l) , 
" d, 

( Il. i I [lo'(i ). I in'I~).[ 01.)-. ~/~)} - 5 in"(d· co,Ii)· ,oi'( " )' [VI I, ,,)- V ]]. (,1. »)) ' 
~ J , cl .. 01 ' ~y.s ) 

(~I [,osl")'{ e 1.1 - r ~/..t.:)} - co, '( ")· G l G (r, ,,)) ' 
to " P 4 r" P 

(~I 
r 0(; 

,odil·s(nl").[0 1,1- r~/.!.:)]. GI, ,,)) ' 
, 4 ,. ) (22) 

The erro rs in x and y des c rib ed here are those due to a n erroneous choice of the 
position of the nucleus. Similar errors are caused by the positional inaccuraci es 
due t o the finite size of the observing be am, but those ar e errors of the f irst 
type and must be tre ate d as su ch (fi rs t squaring and subsequently adding). 

lIb. An e rror in the s ystemi c velocity . For thi s error "'e find: 

t,LrJ (r) =( tN ·I(ol" I")· ;[n" ld ·(,\r ,,) )' 
IT! sy~ iJ f 

(2 3 ) 

IIc. Errors caused by density ",ave streaming . These will of t en be t he dominant 
cause of erro rs in the rotati on curve . In t his cas e , however , we can to a c er ta in 
degree predict wha t the velocity deviations wil l be . Some times it is even possible 
t o construct a mode l that ",ill reproduce the effects of th e density ",ave st reami ng, 
e.g. as was done by Visser (1978) for M 8 1. Mos t galaxie s a re not as regular as 
M 81 so that such model fitting cannot be done in gener al. The description t hat 
should be used fo r the effec t s of a density wave de pends cri ti cally on how mu ch we 
knm" abou t t he wave pattern. If t he pattern i s irregular and multiple- armed the 
associated ve lo ci ties can best be described as r andom motions; if i t is regular, 
tightly ,wund and t wo- armed with known phas e l'.,(r) we can use th e descr ipt ion 
(see secti on 2 . 5) : 

l8mlr) =(<1 G(rl ·Ll in (l(~+1Jolr)}). (, 1", ,,. 1)' 
~ ,.-

+ (4" ITtrl L GOI( 1 [". + 1{,(r)lJ . ,ill I ".). <0,"1"1· (,( r , ~))' 
where ~ 

(24) 

Il 8(r) = ;Ln (11~l rl)'A8Irl + toSil1JlrI)'(j 0(r) 
"" 0 I 0 1 

(2 5a ) 

II TIlr) == CO S(l1Y( r)l 'A 1I(r)- sin (llJlr)) ' A TIIr) v 0 I 0 2. 
(25b) 

The total error in em can be calculated in the usual way. I n order to 

min i mize this error the app r op riate weigh ts should be used . I will use a slightly 
more gene r a l not a ti on in discussing how the weights can be calculated: 
Assume that we want to calculate the weigh t ed mean of a quant i ty ~ calcula t ed 
in J differen t points . l'f is a function of N quanti ti es x."t measu r ed in ea ch of 
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the J points, each having an error Ih" ,r and M quantities y. that are the same for 

all J points, but that do have an error ~~ • . He thus have: 

l' = L rlt, ... ,., ~ , ... ,~") .G
J
• 

} ',; N" I (26) 

L G = t 
J I 

(27) 

Hri ting f. for dr
j 
Id:<.. and f for Jr.

1 
/du 

",f n, r "', ~ JtrI 
we obtain for the error in 

=f[[[(Ol..f.G)t1} + [[rAy ·l:f·G J'} t n ~ n,t n,t ~ ITl m ~ to), > 
(28) 

Using Lagrange's method of undetermined multipliers (Courant, 1936, p.188 ff.) we 
find that the condition that this error be minimal, under the subsidiary condit i on 
of equation (27), leads to the following set of J linear equations: 

G .. [[ ~"1- .' f 1 i-t n nil n,l L{~' y • f . E(f k' G J} + A = 0 
III m ""d It '", k. 

(29) 

where the G's and ~ are the unknowns (equation (27) is the J+l
st 

equation). 
This set of equations can in principle be solved with Gauss elimination, but it 
may be necessary to use some other algorithm for large J's . 

The inclusion of the sin2(~) in the weights used for rotation curve no.2 in 
chapter 3 was an attempt to reduce the influence of ~w0 on 8~, but it was not based 
on the rigorous error analysis described here. 

3. A simple method for the analysis of the gas £101" in a spiral galaxy 

The aim of the theory to be developed in this section is to give an insight into 
the behaviour of the gas in the potential of a spiral galaxy. It is essentially an 
epicyclic analysis of the gas response to a perturbation in the axisymmetric 
potential of a disk galaxy, such as is o f ten used. The inclusion of a linear 
dissipative term is new, however. This term allows the theory to be used in the 
neighbourhood of the Lindblad resonances. but it is sufficiently simple that an 
analytic solution remains possible. 

Using this theory some models for the gas - response to a bar-like potential 
have been calculated, one of which was presented in chapter 3, section 6. As in the 
numerical gas-dynamical models presented by Huntley et al. (1978) it was observed 
that in order to obtain a density maximum in the gas near the minimum of the bar
potential, a high pattern speed had to be chosen relative to the maximum in ~-K/2, 
i.e. the pattern should have no inner Lindblad resonance. Also similar to their 
findings is the maximum in the response that occurs near corotation. It must be 
stressed, however, that although the theory leads to qualitatively correct results, 
quantitatively correct results can only be obtained with a rigorous gas-dynamical 
analysis such as that of Huntley et al. The main advantage of the theory to be 
presented here is its general applicability combined with its mathematical simplici
ty . It should prove useful for the construction of simple models, for qualitative 
parameter studies and for the definition of initial conditions f or gas - dynamical 
calculations. 

I will use, as far as possible, the same notation as in the earlier sections 
of this chapter; a number of new symbols will be defined at the appropriate places 
in the text. Derivatives with respect to 1" will be indicated by a prime ""', 
those with respect to time by a dot "''' . 

Let the undisturbed potential be Po (1" ) , the pressure P (1") and the density 
In the plane of the galaxy y. (1" ). The unperturbed motion of tRe gas in circular 
orbits is then described by: o 

(lJ l rl)'. r = ~'lrl.r- I == n~ (rl · r ~ (Irl t ~'I d. Se l rl (30) 

Si nce the contribution due to P generally is small and is automatically included 
in the potential der i ved from aOrotation curve--because the rotation curve is 
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always determined fr om t he gas consti tuent , ei ther Ha or HI, in a ga laxy--I will 
further neglect its effec t on the unp er turb ed motion of th e gas. 

The perturba ti on o f t he potential wil l be assume d t o be of the following 
form : 

(31 ) 

~(r) det ermines the amplitude of the perturbation; the cosine fa cto r its shape. 
In this cos ine fac tor m is th e multiplicity of th e pattern, Q its angul a r velocity, 

p , 
and 1J'(r) determines th e s ense of winding and the pitch angle. For "tJo(r)=O 
a bar~potentia l is obtained, fo r ~'(r»O that of a trailing wave. No t e that the 
sign of the perturbing potential i~ pos itive in local density minima . 

In the following I wi ll s tudy t he behavio ur o f th e gas around an arbitrary 
r ad ius r =r o ' Dr~pping the r -dependence of a certain quantity will imply that its 
value at ro should be us ed, e . g . Qc=Q~(ro )' The cosine fa c t or in equation (31) will 
be written as " C"; for the correspond~ng sine term a n "s" wi ll be used. 

Le t the posi tion of a gas e lement in absence of a perturb a tion be given by 
(ro ' J"u( t )) , and its position in presence of a perturbation by (r(t), ~ ( t )) . 
Then the solution o f the equations of motion, in the linear approximation , with 
the inc l usion of a damping term and the exclusion of secular terms is known to be 
of the following form: 

1J,. (tl =~ {o) +DL·t (32) 

1J(U == tt (t) tA1J("_(tl,t) (33) 

~\J"( "_ltl,U = (1(.( + ~·5 (34) 

r(t L" r, ~ a r{1J_(t l, t) (35) 

~r(1J.,(t ) ,t)= a.C + b·S (36) 

The density in the plane is then given, again in the linea r approximation 
and omit t ing a l l writt en time and place dependences: 

(37) 

The equations that de t e rmine a ,b,a and S now have t o be derived. 
In o rder to simpl ify the notat i on I will use w = m . Wc - Qp) ' The motion o f 
a gas elemen t will be infl uenced by forces due t o: 
a) The unper turb ed potential and the ine rtial fo rces for the non-Cartesian 

coo rdina t e system used. 
b) The potential pe r tur bation. 
c) Dissipation . 
d) Pr es sure gradi ents. 
e) Seve r al other effects, such as self- gravitation , I shall neglect. 
The accelerations r and ~derived from equations (32) t o (36) must be equal t o 
thos e de r ived from th e sum of the force cont ribut ions , so tha t: 

_w1
• (a.l + b.S ) '" ~(forces ) 

-c../. ("' .C ;- 0' S) -= 0\forces) 

I shall now treat each force cont ribution separately . 

( 38) 

(39) 

a) The unperturb ed po tential and the ine rtial forces. These force contributions 
a r e gene r ally known; I t he r efore gi ve them withou t further comment, omitting all 
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time and place dependences of the variable~ 

¥" !"\ • ('11 r .-or· +l.>L·r·(a,})+.l.L '6r 
0. (.0 (. 

(40) 

(41) 

The epicyclic frequency K associated with this potential ~s given by: 

(42) 

b) The potential perturbation. Since ~ should be small we can use, to the first 
approximation, the accelerations at r'= r'o and iJ= ~u' He then find: 

r -,,'. m.lD·S - lD'.( I. - 0 1 1 
(43) 

(44) 

If we only include the forces due to the entire potential and the inertial forces, 
and disregard dissipation, pressure and the rest we find the following solution 
for a ,b ,CI. and S: 

= _ ::tm·f·.o..+ 'f'.w.r, 
a w . r •. (~'-w') 

b 2 _,x.!.l!!..:..'f_ 
(~t _ ut) 

(l( = 2. ]);.m. 'f . D-c_ 
w.ro·(l\' - w~) 

D.'. ('I, 
A: .!ll:..f ·(Wt +,+ <- /\ )+·U.L'f-'<..).r;_ ,- w·. r; . (~t _ W t 1 

(45) 

(46) 

(47) 

(48) 

All these coefficients have singularities at the Lindblad resonances; all except 
b have a singularity at corotation. The apparent singularity at r'o =O can be 
prevented by the altogether reasonable choice of ~(r')crr'2 for small r' . 
The dissipative and the pressure terms will, as can easily though not quickly 
be verified, suppress the other singularities. 

Evidently the term C'~~mb in equation (37) will dominat e the solution for 
the density in the tightly wound limit ( &~~) ; in order to keep the compression 
finite and non- zero f should be equal to E ' m- 2(~d- 2(K2 _w 2) for large values of 
~~, where E is a constant much smaller than one. 

If we calculate {w2· r'o · (a · CI. + b ' B) }, which is in fact the left- hand side 
of equation (12) in section 2.5 of this chapter, we find: 

(49) 

which is not generally equal to zero, but which is ~n case of a bar- potential 
and in the tightly wound limit. 

c) Dissipation. Although the choice of a linear dissipative term is physically 
unrealistic, it is certainly better than none at all, while it has the advantage 
that analytically simple solutions remain possible . If we require that the 
unperturbed solution remain unaltered we can, for instance, include the follm,ing 
t e rms in the equations of motion: 

~" -D·(a·r) 

its -D '(D']}) 

(50) 

(51 ) 

D- 1 is the damping time for a perturbation. The solution of the equations for 
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a, b, a and S st il l is st ra igh tf orward and numerically simple, but the ana lyt ical 
expression fo r each of the coeff ici ents becomes fairly complicated on inc lusion 
of the damping term. 

d) Pressure gradien ts. The ac cele ra tion due t o a pressure gradient is 
given by : 

.. -I 3P 
r. =- .? ~ 

;; I)- I -loP 
d ~-)·r. ~ 

The p r ess ure itself is given by: 

(52) 

(53) 

(54) 

Po may be dependent upon r , but , since t he pr essur e gradient in the abs ence of 
perturbations has already been included in the equat i ons of motion for that case , 
P~ should be subt ra c t ed from p i t o find the effect of the perturbat i on in the 
pressure distribution. \-le thus have in the linear approximation: 

(55) 

The local density is given by equati on (3 7). It is evident that since this equat ion 
contains derivat ives of a and b with respect t o r that an entirely correct 
i nco rp ora ti on of the pres su re would render t he s olut i on of the equations for t he 
wanted coef f icients much more complicated. This is at odds wi t h the aim of 
obtaining a simple solution. For t hat r eason I de c ided to eval uate the comp ression 
and t he resu l tant acceleration for ea ch st ream- line sep arat e ly. 
This le ads to th e following f or mu lae: 

?= -9* = Jo·(t - a.C: 6.s - m.bC-tITIoO'. S] 
r. ~" 0 

(56) 

~ = 0 (5 7) 

1j ; _~ .[a.m . S-b. m.( + m'-. B.S+m1.. rx .C) 
d ro' r;, I 

(58) 

This approximation i s ve r y crude, of course; it necessita t es th e use of a ve r y 
large value fo r c 2

, e . g . 500 pc 2 My- 2 as in the example in chapter 3, section 6 . 
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CHAPTER 6 THE BEHAVIOUR OF GAS CLOUDS MOVING AT A HIGH 

VELOCITY THROUGH A 11EDIUM 

SwnmaY'Y 

In this chapteY' I anaZyze s ome of the pY'OpeY'ties of a cZoud of gas moving at a 
veZocity thY'ough a coZd medium. I deY'ive a s imple modeZ f oY' s uch a cZoud 

s ubs equentZy examine whetheY' such a cZoud i s s tabZe and what pY'ocesses wiZZ 
be impoY' tant if it is not . Some numeY'icaZ exampZes aY'e pY'esented and the 
consequences of t his anaZys i s f oY' the expuZsion mode Z aY'e discussed. 

1. The cloud model 

The model adopted is a very simple ram- pressure model. Fig.1 shows a sketch of 
such a model cloud. The coordinate system used is indicated. It i s assumed that 
the cloud is moving with a velocity V through a cold, i.e. pressureless me dium 
having a density .r . The gas in the cloud is assumed to be monatomic with 
stan?ard abundances and density 'y,( h ). It ~s further assumed that ~he cloud has 
a un~form temperature correspond~ng to an ~nternal energy E per un~t mass. 
Th e pressure in the cloud is then gi ven by: 

(1) 

The c l oud ,,,ill experience a deceleration a due to the inte r action ,,,i th t he 
medium, so that the density is that of an exponential atmosphe r e : 

(2) 

The ram-pressure exerted by the external medium is of the order of: 

(3) 

Figure 1. 

Sketch of the cloud model 
described in section 1. 
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The precise value of the r am- pr essur e depends some" hat on what happens to t he 
gas that has collided with the cloud. Pi( h ) and Pr( h ) must be equal , so that: 

From dr ( . dh ~ cotg JJ) we can nm, der~ve: 

r ( h) = .':lie . Qrc..cos[ e.:x..p (-" a.h) 1 
J Q \ '+ ( 

r : 2. TT£. 
mox.. ~ a. 

The mass of the cloud can now be found: 

m: J"rrr' (h)'y,(h) dh=llf(lf'-4) .0. / . L"=fC Ji-oV".E.'-
o 9 a' ) 0° 

(4) 

(5) 

(6) 

(7) 

(K ~ 4 .1 0) . He can nm, express the r adius and the deceleration in terms of the 
othe r quantities: 

(8) 

(9) 

The kno",ledge of a as a function of V does not suffice to describe the time 
dependence of the velocity of the cloud; the time derivatives of m and E must 
also be knmon for this purpose. To determine these a more elaborate model should 
be used. 

2 . Characterist ic time scales 

Though the model presented in the previous section is very crude we can deduce 
a number of inte resting facts concerning the behaviour of a gas cloud by studying 
the time scales on wh i ch changes would occur in the model cloud . In the fo llm,ing 
a number of such time scales are discussed . 1 

a) The stopping time Tstop ' This is the time needed for the cloud to lose a 

significant fraction of its original velocity. The maximum distance d
max 

that a 

cloud can travel i s closely related to this stopp i ng time. 

1" if< Y.. ~ (J:!l..:.L) y3 
,top a K.g.E..'- ( 10) 

d _(~)V3 
mox. - 8K.p'E." 

(11) 

b) The time scale for Raleigh-Taylor instab ilities TR T' If the matter in the 
cloud is much denser than that in the sur r ound i ng medium'a situation will develop 
at the tip of the cloud in ,,,hich Raleigh- Taylo r type instabilities are likely to 
occur . In a frame of re ference comoving with the cloud ,ye see that in this case 
the denser gas is supported by the more tenuous gas. If we assume that the la tter 
component, i . e. the medium, has passed through an adiabatic shock before comin g 
into contact with the cloud gas, its density will be 4p . The growth time fo r an 

1 Fo r th e sake of numerical simplicit y the units H0 , pc , l·ly (~ 10 6 year) 
were adopted for th i s section ; the following conve r sion can be usei: 

pc Hy- l ~ 1 km S - I; 1 M0 pC- 3 ~ 40.8 H- atom cm- 3; 1 pc 2 My - 2 '0 120 K f o r llI, 
'V 60 K for HII. 



an R-T instability with a wavelength A now becomes approximately: 

T ), 8L+3V 
( 

L )';. 

n- Q' 3v'-ik 
( 12) 

Generally v 2 ,,,ill be much larger than E so that we may write: 

'I = lA)';': (~l';' 
R·T a llf& 

( 13) 

Though the short- wave length dis turbances grow much fas ter ini tially, those wi th 
a large A may be important in the end since they contain more mass. Equating A 
to Y'max we f~nd a value for TR.T approximately equal to the sound-crossing time 

T 1" 'E- z 
s max 

( 14) 

c) The free-fall time T
f

-
f

. If the cloud is compressed to a smaller radius 

than its Jeans-radius it ,,,ill collapse under the influence of its self
gravit2tion. This is the case if the free - fall time to the center of the cloud 
becomes smaller than the sound-crossing time, or for that matter T

R
. TH" 

The free- fall time is approximately equal to: 

( -, M-I'M J = ,+,5 10 0 pc.. ~ ( 15) 

d) The heating time T
heat

. As the motion of the cloud is slowed by the inter-

action with the surrounding medium, kinetic energy will be transformed into heat. 
It is not possible to say what fraction of this energy will be used to heat the 
cloud, but we can derive a lower limit for the heating time: 

( 16) 

e) The , coo~ing time T
cool

' While the cloud is being heated due to the 
decelerat~on ~t ~s at the same t~me being cooled by radiation processes. 
T,-'O different regimes can be distinguished. On the one extreme the cloud can 
be optically thin at all wavelengths. In this case we can use the cooling 
coefficients A (E) as presented in the literature (e.g. Dalgarno and HcCray, 
1972 2 ). The cooling rate is proportional to the density in this case. On the 
other exteme the cloud may be optically thick at all wavelengths. In that case 
we can use the black-body approximation. The actual cooling time will be longer 
than that calculated from either assumption. 

since the density in the cloud is very non-uniform and the cooling rate is 
very much dependent on the density, the cooling of the cloud ,,,ill be non- uniform 
and consequently the assumption of a uni f orm temperature will cease to hold. 

For the optically thin case we find: 

, 
\.ooL =- 1 3 _ _ c-__ 

AI,I·y·v' 
( 17) 

2 The cooling curve presented ~n their Fig.2 must be multiplied by 8 10 28 in 
o rder to conform with the units in this section. 
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The effective radius for the cloud is not very well defined, but the cooling time 
for the op ti cally thick case is of th e o r der : 

( 18) 

3 . Cons eq uences 

In Fig.2 th e effect on t he char ac teristi c times o f va r iations in the differen t 
parame ters of a clo ud model are illustrated. The medium density and the ve l ocity 
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of the cloud have been chosen in the range relevant to NGC 4258; the cloud mass 
is much smaller than the total mass that must have been ejected. It is evident 
that in all cases illustrated cooling and heating are the fastest processes . 
A cloud will be approximately thermally stable in those cases 'vhere heating i s 
dominant at the lower temperatures and cooling at the higher . For many clouds 
in the example this is the case near a temperature of approximately 10000 K, 
where the cooling rate strongly increases with temperature due to the ionization 
of the hydrogen, but for the clouds that could be thermally stable at 10000 K 
the stopping time in the disk medium would be so short that they could not travel 
the 30 kpc through that medium necessary to create the anomalous arms. If \Ve now 
turn to the most massive cloud illustrated in Fig.2, which still has a mass that 
is much smaller than the total mass that would be needed to create the anomalous 
arms , we see that it has no such stable temperature. It seems unlikely that the 
ejected clouds are initi ally very cold- -ejection is a violent process--so that 
they must either heat up after ejection, in which case they will not be able 
to reach 30 kpc, or cool. In the latter case the strongly diminished internal 
pressure and small scale Raleigh- Taylor instabilities will lead to a rapid 
fragmentation of the cloud so that a complex of small cloudlets will be crea ted . 
The volume of space filled by this complex will not be much smaller than that 
occupied by the origina l cloud; the matter in the region will only be less 
evenly spread. The precise behaviour of such a cloud complex has not been 
analy ze d , but from the behaviour of individual clouds some inferences can be 
made concerning that of the complex as a whole: 

Nost clouds in the complex \Vill be cold (possibly only slightly warmer than 
3 K), though some may have a temperature near 10000 K. 

The clouds in front will evolve more rapidly than the rest. They will 
either suffer Raleigh- Taylor instabilities or be gravitationally unstable. 
In the former case they will rapidly fall apart into even smal ler clouds. 
These clouds will be slowed dmvn quickly and may heat up in the process. 
Hmvever, they may also be overtaken by the bulk of the complex before that can 
happen and be resorbed in some "ay. If the clouds collapse their interaction 
"ith the medium virtually ceases. 

The effective cross-section for interaction "ith the medium encountered by 
the complex is dependent on too many unknowns to allow an estimate to be made. 
The expected further fragmentation of the cloudl ets--TR. TN is ahvays much shorter 

than Tstop--"ill help to keep this cross-section comparable to the "hole complex 

surface. 
The medi um wi 11 be shock- hea ted "hen it collides "i th a c loud complex. 

For the vel ocities relevant in NGC 4258 the temperature attained "ill generally 
be so high that the gas will not be able to cool (cf . cooling time for a hot 
cloud). It "ill expand and much of it may even be lost to the galaxy. 

The complex "ill leave behind a debris of very hot gas and probably also 
cold clouds. 

Due to the interaction "ith the medium the complex "ill be quite turbulent, 
so that gravi tational ins tabi li ties "ill be counterac ted. When, hOHever, the 
complex leaves the galaxy and the medium becomes more tenuous, gravitational 
instabilities may become important. Possibly only very lo,,-mass stars "ill be 
formed due to the shredding of the cloud as it passed through the disk medium. 

Pressure effects probably will be unimportant for the expansion or 
contraction of the complex. 

The follo"ing conclusions may be dra"n: 
i. I ndividual clouds cannot travel sufficiently far through the disk medium 

and retain a sufficiently large cross-section for interaction Hith that 
medium to have created the anomalous arms. 

ii. A complex of clouds that collectively tunnel out their path through the 
disk medium probably can have created the anomalous arms. 

iii. The behaviour of the individual clouds is strongly influenced by their 
membership of the complex. 
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CHAPTER 7 CONCLUDING REMARKS AND SUGGESTIONS FOR 

FURTHER RESEARCH 

It has been demonstrated in chapters 3 and 4 that in NGC 4258 we probably observe 
the combined kinematical and morphological effects of an oval structure or fat 
baY' and the ejection of a large amount of gas at high velocities from the nucleus. 
Both of these mechanisms have also been suggested to explain the large deviations 
from circular rotation observed in several other galaxies, among which is the 
Galaxy (for a discussion of the features observed in the central region of the 
Galaxy the reader is referred to Oort, 1977). As for NGC 4258, both mechanisms 
seem to be responsible for part of the observed features. If, as suggested in 
chapter 3, section 7, active nuclei in spiral galaxies are often associated with 
bar-like structures, a very careful study of any galaxy where nuclear activity 
is suspected is necessary before ascribing deviations from circular rotation 
to such activity. 

NGC 4258 is interesting as a barred spiral for several reasons. Firstly, 
because the gas motions in the region of the bar can be studied reasonably well 
due to the large angular size of the galaxy and its favourable inclination. 
Secondly, because of the strong evidence that at least some of the spiral arm 
pattern outside the lens lies outside corotation. Though there is no certainty 
that these arms are actually driven by the bar, it is notable that such a high 
pattern speed as suggested by the model calculations of Huntley et al. (1978) 
is indeed found in at least one barred spiral. 

For a more detailed study of the r egion of the bar and of the dynamics of 
the spiral arms HI line observations ,,,ith the future 3 km version of the WSRT 
are indicated. The 5120 channel digital cross-correlator back-end offers the 
possibility to obtain a good sensitivity even at the higher resolution in far 
fewer observing days than spent on the observations described in th i s thesis. 
In order to obtain as low an overall noise figure as possible an attempt may be 
made to combine all observations. 

The 1.5 km configuration of the to/SRT should be used for a morphological 
study of the anomalous arms in the continuum at 6 cm. The resolution that can be 
obtained with this configuration should be high enough to obtain a better insight 
into the shape of the anomalous arms in the central region and to study the 
relation between the anomalous arms and the plateaux, while the sensitivity is 
high enough to guarantee detection . The 6 cm continuum data could be combined 
with 21 cm continuum data obtained with the 3 km configuration to yield a high 
resolution spectral index map. It is essential that both the 21 cm and the 6 cm 
data be supplemented with short spacing information derived from well calibrated 
single dish maps. The spectral index between 6 cm and 21 cm should yield 
important information concerning the age of the relativistic electrons in the 
anomalous arms and hence concerning the origin of these electrons. 

If, as suggested in chapter 6, compact cold clouds are an important 
constituent of the anomalous arms, CO emission may be detectable. Since no 
information is available yet concerning the temperature of these clouds and the 
effective area covered by them, i t is not possib l e to say at what level this 
emission might be expected. 

In the optical domain a mapping of the excitation parameters of the HII 
regions in the lens would be interesting in vi ew of the scenario for the 
behaviour of the anomalous arms sketched in chapter 4. A spectrographic study 

87 



of the velocities both of the gaseous and the stellar components is essential 
for ou r understanding of the anomalous arms and of the bar . Velocity gradients 
on a small linear scale are expec ted to be the most interest ing features, so 
that the observations should be obta ined in such a manner that a good spat ial 
resolution ('07") is obtained in the entire lens and possible systematic errors in 
the velocities af fect these gradients as little as possible. 

An attempt to follOlo/ the anomalous arms further out from the nucleus may 
be made by observing NGe 4258 in the high excitation oxygen lines . 

In conclusion, it may be stated that the expulsion hypothesis has been 
strengthened by the data and the analysis presented in this thesis, but that 
further observations as well as more r efined theoretical models still are 
needed before the puzzle of NGe 4258 may be cons idered solved . 
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SYNOPSIS 

NGC 4258 ,,,as already discovered at the end of the eighteenth century by HE;;chain, 
but it has become clear only recently that it has some very unusual properties. 
In 1961 Courtes and Cruvellier reported that on a photograph, obtained in Ha 
with Ehe aid of a focal ratio reducer, a pair of unique arms ,,,ere visible, '''hich 
cut through the normal spiral arms. These so-called anomalous ar ms contain no 
young stars that could have ionized the gas; the observed ionization seems to be 
due to shocks. The anomalous arms are much smoother than the normal arms. 

The enormous size and the remarkable properties of the anomalous arms 
were only fully recognized after the publication in 1972, by Van der Kruit, Oort 
and Hathewson (KO/I), of 21 cm continuum observations obtained with the Hesterbork 
Synthesis Radio Telescope (HSRT). In their map the anomalous arms are the dominant 
feature in NGC 4258. They extend all the Hay from the central region to the edge 
of the galaxy, or approximately 28 kpc (assuming a distance of 6.6 Hpc for 
NGC 4258) . The anomalous arms, which are unresolved in KO~I' s observations, are 
associated ,,,ith extended plateaux of emission. KON proposed that the anoma lous 
arms were created by the expUlsion of matter from the nucleus into the plane of 
the galaxy. 

The aim of the research described in this dissertation was to verify this 
"expUlsion hypothesis". A study has been made both of the more normal aspects of 
NGC 4258 and of the anomalous arms. Chapter I contains a review of the relevant 
literature. Observations have been obtained of the 21 cm line and continuum 
emission, both with the hlSRT and the 100 m telescope of the ~!ax Planck Institut 
fur Radioastronomie in Bonn. The reduction of these observations is described in 
chapter 2. llaps of the distribution of the neutral hydrogen and the continuum are 
presented; an analysis is given in later chapters. 

In chapter 3 the normal aspects of NGC 4258 are discussed. This analysis 
is primarily based on the 21 cm line observations. Very large deviations from 
c ircular rotation are observed in the central region, but these do not seem to 
be associated with the anomalous anI,S. They can be explained very well by assuming 
that NGC 4258 is a barred spiral. In this connection it is worth noting that some 
of the spiral arms lie outside corotation, in good agreement with the theoretical
ly predicted high pattern speeds for bars (Huntley, Sanders and Roberts, 1978). 
The large, and only partly understood, velocity deviations associated with the 
bar make it more difficult to recognize and analyze those that might be associated 
with the anom~lous arms . Noreover, it proved that in the 21 cm line the latter 
type of deviation can not be detected as the anomalous arms contain very little 
HI. 

Therefore the analysis of the anomal ous arms, in chapter 4, is based 
entirely on the 21 cm continuum observations and on the velocity measurements in 
the Ha line published by Van dEer Kruit (1974). From the morphology of the 
anomalous arms it is concluded that, if the anomalous arms were ind eec'. created by 
expUlsion of matter from the nucleus, the expUlsion mechanism must closely 
resemble that in double radio sources. The bi-directionality, the high degree of 
co llimation, the repeated activity and the constancy of the direction of the 
ejections observed for the double radio sources are also found in NGC 4258; the 
differences in the appearance of the objects must be attributed to the smaller 
amount of energy involved in NGC 4258 and especially to the much denser medium 
encountered by the ejecta. The velocity field observed by Van der Kruit can also 
be explained very well from the expulsion hypothesis. It is remarkable that the 
laree deviations from circular rotation he observes seem to be associated with 
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the bar, ."hile the gas in the anomalous arms has mor" apparently normal 
velocities. A model is presented that qualitatively reproduces the observations. 

The polarization observed in the anomalous arms and the spectrum indicate 
that the observed emission is due to the synchrotron mechanism. The magnetic field 
in the anomalous arms, near the rim of the galaxy, is very regular, but not very 
strong ("'10- 7 G), other",ise no polarization ",ould have been observed. 

In chapter 5 methods for the reduction and analysis of HI observations are 
revie",ed. A simple technique for the analysis of the gas flo", in a (barred) spiral 
galaxy is also presented. 

Chapter 6 contains a discussion of hOl" the ejected matter in NGC 4258 may 
have behaved; it is concluded that the ejecta probably condensed into complexes of 
cold, small clouds as they travelled through the disk medium. 

In chapter 7 some suggestions are made for further, mainly observational, 
research. 
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SAMENVATTING 

NGC 4258 is al sedert het eind van de 18e 
eeuw als object bekend, maar pas 

gedurende de laatste decennia is het duidelijk ge"orden dat het stelsel heel 
bijzondere kenmerken vertoont. In 1961 meldden Courtes en Cruvellier dat op een, 
met speciale optiek in het licht van de rode waterstoflijn Ha gemaakte, foto een 
paar unieke armen te zien waren die de normale spiraalstructuur doorsneden. 
In tegenstelling tot de normale armen bevatten deze z.g. anomale armen geen jonge 
sterren die verantwoordelijk zouden kunnen zijn voor de ionisatie van het aan
wezige gas. Veele e r lijkt schok-ioisatie hiervoor verantwoordelijk. De anomale 
armen hebben een veel egalere structuur dan de normale armen. 

De enormQ afmetingen en de opmerkelijke eigenschappen van de anomale 
armen werden echter pas goed onderkend na de publicatie, in 1972, door Van der 
Kruit, Oort en Nathewson (K011) van met behulp van de Westerbork Synthese Radio 
Telescoop (l-iSRT) verkregen 'vaarnemingen aan de continuumstraling op een golf 
lengte van 21 cm. Op deze golflengte overheersen de anomale armen het beeld van 
NGC 4258 geheel. Vanuit het centrale deel strekken ze zich uit tot aan de r~nd van 
het stelsel, oftewel zo'n 90.000 lichtjaar. Naar aanleiding van deze waarnemingen 
stelden KON hun z.g. expulsie-hypothese op, di e de an omal e armen ve rklaart als 
zijnde het gevolg van de uitstoting met hoge snelheden door de kern van geweldige 
hoeveelheden gas. 

Het in dit proefschrift gerapporteerde onderzoek werd opgezet om deze 
expulsie-hypothese nader te toetsen. Het is gefundeerd op waarnemingen aan de 
21 cm lijn- en continuumstraling, verkregen met de WSRT en de 100 m telscoop 
van het Max Planck Institut fur Radioastronomie te Bonn. Na een overzicht van de 
literatuur betreffende NGC 4258 (hoofdstuk 1) wordt in hoofdstuk 2 een beschrij
ving gegeven van de reductie van deze waarnemingen. Kaarten van de verdeling van 
de neutrale waterstof en de continuumstraling zijn in dit hoofdstuk opgenomen; 
een analyse wordt in de volgenne hoofdstukken gegeven. 

In hoofdstuk 3 wordt uitgebreid ingegaan op de normale aspecten van 
NGC 4258. Deze analyse is vooral gebaseerd op de uit de 21 cm lijn-waarnemingen 
verkregen gegevens. Het blijkt dat NGC 4258 in het centrale deel zeer grote 
afwijkingen van cirkelrotatie vertoont, die echter niet met de anomale armen in 
verband lijken te staan. Ze kunnen evemvel goed ,,,orden verklaard door aan te nemen 
dat NGC 4258 een balkspiraal is; hiervoor zijn ook andere argument en aan te voeren. 
Deze verstoring van het snelheidsveld maakt het herkennen en analyseren van 
verstoringen die wel met de anonale armen in verband staan veel moeilijker. 
Overigens blijkt de waterstof in de anomale armen steeds gro tendeels geLoniseerd 
te ZlJn, zodat de waarnemingen aan de 21 cm lijn geen informatie over de snel
heden in deze armen bevatten . 

De analyse van de anomale armen in het vierde hoofdstuk is dan ook uit 
sluitend gebaseerd op de 21 cm continuum"aarnemip..gen en op de snelheidsmetingen 
in de Ha lijn gepubliceerd door Van der Kruit (1974). Het blijkt dat de waar
nemingen inderdaad zeer goed te verklaren zijn met de expulsie-hypothese. In de 
kern van NGC 4258 moeten zich processen hebben afgespeeld die veel overeenkomst 
vertonen met die in de kernen van de vaak zeer heldere dubbele radiobronnen, zOl"el 
wa t betreft de sterke gerichtheid, de tweezijdigheid , het zich herhalen en de 
constante richting van de uitstoting. Het verschil moet gezocht worden in de 
geringere hoeveelheid energie die is vrijgekomen in NGC 4258 en vooral ook in het 
veel dichtere medium waar het uitgestoten gas in terecht is gekomen. Het verras
sende feit doet zich voor dat die snelheden die het meest afwijken van de zuivere 
cirkelrotatie in het centrale deel van NGC 4258 waarschijnlijk met de balk in 
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verband staan, terwijl de snelheden in de anomale armen juist niet zoveel lijken 
af te wijken. In hoofdstuk 4 wordt tevens een eenvoudig model gepresenteerd, dat 
qualitatief goede overeenkomst met de waarnemingen vertoont. 

In hoofdstuk 5 word en aanwijzingen gegeven voor de analyse en de reductie 
van HI "aarnemingen in het algemeen. Oak "lOrdt een eenvoudige methode gepresen
teerd om het gedrag van het gas in een (balk-)spiraal te beschrijven. 

Hoofdstuk 6 bevat een beschouwing over het gedrag van de uitgestoten 
materie in NGC 4258; het blijkt dat het uitgeworpen gas zich waarschijnlijk als 
een complex van kleine, zeer koude wolkjes een weg heeft gebaand door de schijf. 

In hoofdstuk 7 warden enige suggesties gedaan voor verdere waarnemingen. 
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begon ik in 1968 met de sterrenkunde studie aan de Leidse Universiteit. 
In sep tember 1971 behaalde ik het cand i daats examen sterrenkunde en natuurkunde 
ille t ,,Jiskunde. Tijdens de doctoraal fase volgde ik onder meer colleges bij 
Pr of . R.G. Conway, Prof . H. C. van de Hulst, Prof . H. van der Laan, Prof. P . Mazur 
en Dr. Th . lVal raven. Van september 1972 t o t juli 1974 lOas ik als student 
assistent werkzaam aan de Leidse SterrelOacht. Het doctoraalexamen sterrenkunde 
met theoretische natuurkunde behaalde ik in juni 1974 (cum laude). Van 1 juli 1974 
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STELLINGEN BEHORENDE ;IJ HET PROEFSCHRIFT VAN GEERT DICK VAN ALBADA 

I) De gr ote hoeveelheden gas die de voorste anomale armen in NGC 4258 hebben 

veroorzaakt zijn waarschijnlijk vrijwel loodrecht op de balk uitgestoten. 

2) De in sectie I. I van hoofdstuk 5 beschreven waarschijnlijkheidsverdeling 

fl (T ) kan voer NGC 4258 goed ,.;orden beschreven door exp { - (T /T ) -0. 4 4 } . 
S S 5,0 

3) Zelfs groteafwijkingen van cirkelrotatie in spiraalnevels zijn slechts 

hoogst zelden het directe gevolg van activiteit Ln de kernen van die nevels. 

4) De veronachtzaming van de ,.;et van beheud van zwaartepuntsbeweging 

(Im'~ - tIp = Z ) in bepaalde zogeheten conservatieve gasdynamische reken

schema's duidt op een algemene leemte in het onderricht Ln de klassieke mechanica. 

5) De wijze waarop Kreisier geladen tachyonen trachtte te vinden duidt op 

een gebrek aan inzicht in de speciale relativiteitstheorie. (M .N. Kreisler: 1973, 

American Scientist 61, 201). 

6) De door Barker voorgestelde versie van de theorie van Milne geeft geen 

aanleiding tot meetbare effecten. (K.D. Barker: 1974, Astron. Astrophys. 31, 461, 

Issue April I). 

7) Het vaak ten gunste van de bestudering "an de geschiedenis aangevoerde 

argument dat wij ervan kunnen leren op welke wijze conflicten kunnen worden 

opgelost of vermeden, is in strijd met de dagelijkse ervaring dat historische 

argumenten veelal worden gebezigd om conflicten te scheppen of in stand te 

houden. 

8) Ook het Seyfert stelsel 140-G43 is waarschijnlijk een balkspiraal met 

een " fat bar". (R.H. I·Jest; A. C. Danks; G. Alciano: 1978, AstY'on . Astrophys. 65, 

151 ) 

9) Het door elkaar gebruiken van M- en NGC-nummers werkt verwarrend. Het 

verdient aanbeveling H-nunnners te gebruiken indien aanwezig, met het NGC-nummer 

en eventuele andere aanduidingen als toevoeging. Nieuwe catalogi dienen steeds 

de oude nummering intact te laten. 

10) Geometrische bepalingen van de projectie-parameters van spiraalstelsels 

zijn onbetrouwbaar; spiraalstelsels zijn niet axi-symmetrisch. 

Leiden, oktober 1978. 




