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STELLINGEN

1) Modellen voor de g e t i j denwerking tussen s t e r r e n s t e l s e l s volgens

het beperkte drielichamenprobleem geven u i t s t ekende overeenstemming

met de waarnemingen (Toomre en Toomre 1972); de vraag b l i j f t ech te r

of deze overeenstemming b l i j f t bestaan indien de zelf-gravi ta t ie

van de schijf in rekening wordt gebracht.

Toomre, A. en Toomre, J . : 1972, Astrophys. J. J_78, 623

2) De verhouding bulge massa-totale massa in s te r rens te l se l s afgeleid

door Bosma (1978) op basis van zijn analyse van de rotatiekrommen

van 25 s te lse ls wordt bepaald door de keuze van de schijfcomponent.

Aangezien deze min of meer a rb i t r a i r gekozen i s dient aan deze ver-

houding en aan de corre la t ie van deze verhouding met morfologisch

type weinig gewicht te worden gehecht.

Bosma, A.: 1978, Proefschrift Rijksuniversitei t Groningen,

Hoofdstuk 6 en 7

3) De bewering van Huntley (1977) dat de amplitudes van nie t - l ineaire

dichtheidsgolfverstoringen in het gas veel groter zijn dan van

l inea i r e , is voor snelheidsverstoringen in het algemeen onjuist.

Huntley, J.M.: 1977, Ph.D. Thesis, University of Virginia

4) Sommige uitspraken in de astronomische l i t t e r a t u u r , aanvankelijk

met voorbehoud geformuleerd, blijken alleen door herhaald ci teren,

ook door de auteur(s) zelf, steeds zekerder te worden.

5) S ta t i s t i ek en kansberekening dienen verplichte stof voor een s terren-

kundestudent te zijn.

6) Massamodellen berekend op grond van formule (10) van Nordsieck (1973)

zijn minder geschikt voor s terrenste lse ls met een "vlakke" ro ta t i e -

kromme, aangezien de waarschijnlijkheid groot i s dat de oppervlakte-

dichtheid in een aanzienlijk gebied binnen het l aa t s t gemeten punt

van de rotatiekromme systematisch onderschat wordt.

Nordsieck, K.H. : 1973, Astrophys. J . 1_84, 719

Bosma, A.: 1978, Proefschrift Rijksuniversitei t Groningen,

Hoofdstuk 6
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7) Voor een aankomend astronoom blijkt het in sommige opzichten beter

te zijn veel kleine projecten te voltooien dan ëén groot onderzoek.

8) De discussie over de vraag voor welk toetsinstrument "Die Kunst

der Fuge" is geschreven ia weinig zinvol; het stuk komt het beste

tot zijn recht in een uitvoering door een kamermuziekensemble.

9) Ondanks ruim 300 jaar operacultuur wacht Nederland nog steeds op

een operagebouw.

10) De planologische kernbeslissing Waddenzee wordt ten onrechte beperkt

tot de Waddenzee in engere zin.

11) Dit is geen stelling.

Groningen, 21 april 1978 H.C.D. Visser
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SAMENVATTING

De spiraalstructuur van sterrenstelsels behoort tot de klassie-

ke problemen van de sterrenkunde, Pe meeste spiraalstelsels verkeren

in differentiële rotatie, d.w.z. in de binnendelen is de omwentelings-

tijd veel korter dan in de buitengebieden. Indien de spiraal steeds

uit deselfde materie zou bestaan, sou deze zich sterk opwinden in een

tijd die aeer kort is vergeleken met de levensduur van het stelsel,

zeg enkele procenten daarvan. Niettemin heeft zeker de helft van de

differentieel roterende stelsels een vrij open spiraal.

Gedurende de laatste tien jaar is de dichtheidsgolventheorie

ontwikkeld die mogelijk een oplossing voor dit probleem biedt.

Volgens deze theorie is het spiraalpatroon primair een golfverschijn-

sel. Het patroon bestaat uit spiraalvormig gerangschikte dichtheids-

maxima, voornamelijk gevuld met sterren en op te vatten als een

kleine verstoring van de massaverdeling. De omwentelingstijd van het

patroon is overal gelijk, maar de maxima worden niet steeds door

dezelfde materie opgebouwd: de sterren bewegen door de dichtheids-

golf heen. De potentiaalverstoring gekoppeld aan deze dichtheids-

golf veroorzaakt in het interstellaire gas een spiraalvormige verde-

ling, terwijl het gas van zijn cirkelvormige baan om het centrum

afwijkt. Indien de verstoring groot genoeg is kunnen schokfronten op

galactische schaal optreden, waarbij het gas in hoge mate wordt

samengedrukt en de snelheid over kleine afstand zeer sterk, bijna

discontinu, varieert. Deze schokken kunnen dan aanleiding geven

tot plaatselijk verhoogde stervorming; het duidelijke spiraa.lpa-

troon in het zichtbare licht is daarvan het gevolg.

Dit proefschrift beschrijft een model voor de beweging en ver-

deling van het neutrale waterstofgas in het spiraalstelsel H81 op

basis van de dichtheidsgolventheorie. Het model wordt in detail

vergeleken met metingen die reeds eerder zijn gedaan met de Synthese

Radiotelescoop te Uesterbork (WSRT) en met fotometrische waarnemin-

gen van de dichtheidsgolf. Het blijkt mogelijk een dichtheidsgolven-

model te construeren dat op bevredigende wijze past bij de waarne-

mingen, m.a.w. de waargenomen dichtheids- en snelheidsvelden van het

gas zijn consistent met een spiraalvormige potentiaalverttoring die

in het stelsel ronddraait. De amplitude van de golf, bepr.ald op grond

van fotometrische waarnemingen, is in overeenstemming met de amplitude

, J



x. .

10

van de waargenomen verstoringen in het gas. Deze amplitude is groot

genoeg voor het optreden van galactische schokken, welke in de waar-

nemingen met het hoogste scheidend vermogen van de WSRT herkenbaar

gijn als vrij grote gradiënten in het snelheidsveld. Ook de dicht-

heidsverdeling in het raelkwegvlak loodrecht op de spiraalarmen is in

overeenstemming met de voorspelde schokken.

Uit het onderzoek is gebleken dat de WSRT met zijn hoog schei-

dend vermogen bij uitstek geschikt is voor deze metingen, omdat bij

kleiner scheidend vermogen de schokken onopgemerkt blijven. Tenslotte

is duidelijk geworden dat de dichtheidsgolf een vervorming van de

rotatiekromme veroorzaakt. Aangezien een rotatiekrorarae, die de rota-

tiesnelheid van het gas als functie van de afstand tot het galactisch

centrum geeft, de basis is voor een model van de massaverdeling en de

daarbij behorende potentiaal, is het van belang de grootte van dit

effect te leren kennen.
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Chapter 1. INTRODUCTION

I.1 Historical background

One of the classical problems of astronomy is posed by the

spiral structure of galaxies. The problem, called "winding dilemma",

may be stated in the following terms (cf, Oort 1962)! If the spi-

ral arms of a galaxy are continually composed of the same material,

then differential rotation changes their shapes drastically in a

time scale short compared with the life-time of the galaxy. Differ-

ential rotation is observed in many spiral galaxies; the consequent

winding of the arms cannot be reconciled with the high frequency of

relatively open spirals. Although in the 1962 paper Oort proposed a

solution reminiscent of a wave interpretation, in which "the arms

could retain their present spiral shapes if matter were constantly

being added to their inner edges, while the outer edges would con-

stantly lose matter", the common idea at that time was that spiral

arms were held together by magnetic forces.

A few years later a gravitational theory of spiral structure

was proposed by Lin and Shu (1964, ¡96&), after pioneering work of

Lindblad (see e.g. Lindblad 1948), who had advocated a similar

approach for about three decades. In the former picture (see also

Lin 1971) one postulates the existence of a spiral-shaped density

wave in the stars as a small perturbation of the total mass surface

density of the disk. The associated perturbatio.i of the gravitation-

al potential rotates as a solid body in the galactic disk, and the

density maxima (and minima), if viewed in time, are not composed of

the same stars (hence density wave). According to Lin and Shu the

density wave is self-sustained, in the sense that the density per-

turbations induced dynamically by the gravitational field perturba-

tions are identical to the density perturbations required to build

up the spiral gravitational field itself. We remark that this is

not the only way in which density waves can exist; also the so-

called kinematical density waves permit, under special conditions,

long-lived spiral patterns without self-gravity (Kalnajs 1973).

Moreover, the self-sustained Lin-Shu density waves must be consider-

ed mainly as kinematical waves corrected for the effects of the

self-gravity (see Tooure 1977). The interstellar gas and dust will

respond more strongly to the spiral potential perturbation than the
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stars, because of their low velocity dispersion; the response may

be nonlinear with the possibility of galactic shocks (Fujimoto 1968,

Roberts 1969a), In this approach not only a solution of the "winding

dilemma"seemed at hand but also, if the shock triggers star forma-

tion, a logical explanation was offered for the relative location of

the dust lanes and young stars in the spiral arms (Roberts 1969a,

1970). Although the persistence, origin, and even the existence of

the stellar density wave is still a matter of debate, the problem of

the response of the gas to the spiral potential is less controversial.

It is fair to say that Lin and Shu were not the only workers in

the density-wave field. They formulated their theory for tightly-

wound spirals, but also other formulations are possible (Kalnajs

1965). Furthermore, spiral shocks are not restricted to Lin-Shu densi-

ty waves; Sanders and Huntley (1976) have calculated a spiral shock

front that is induced by an oval distortion of the stellar disk. How-

ever, since the resulting spiral pattern appears to ba quite open,

this mechanism is difficult to apply to tightly-wound spirals.

During the last decade several tests of the density-wave theory

have been carried out (see reviews by Burton 1973, Lindblad 1974, and

Wielen 1974). Most of these tests are checks as to whether the distri-

bution and motions of the stars or gas are'consistent with the presen-

ce of a spiral potential perturbation rotating in the galactic plane.

In particular, the neutral atomic hydrogen is useful for such a test,

since it responds rather strongly to the (small) spiral potential per-

turbation, and its position and motion can be measured throughout the

galaxy by means of the 21-cm line radiation. However, although many

of these tests were encouraging and promising, they were hampered by

the fact that for our Galaxy the Sun is located in the Galactic plane;

for external galaxies the angular resolution of the radio telescopes

was insufficient. The situation concerning observations of external

galaxies improved considerably with the construction of the Westerbork

Synthesis Radio Telescope (WSRT), which provided detailed maps of the

distribution and motions of neutral hydrogen for nearby galaxies

(MIOI: Allen et al. 1973; M8I: Rots and Shane 1975; M51: Shane 1975).

In particular, the spiral galaxy M81 is a challenging object for

testing the density-wave theory in the way described above. It is of

large angular size and favourably inclined to the line of sight.

Therefore, the distribution and the motions of the neutral hydrogen

Í
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can be studied in considerable detail. The observational material

(mainly the velocity field at 50" resolution) has been discussed

by Rots (1975) on the basis of the linear theory, in which thê

density and velocity perturbations of the gas are sinusoidal• How-

ever, his analysis is of limited value since it is based on a

residual velocity field, i.e. the observed velocity field minus

the velocity field corresponding with the rotation curve. Since

the adopted rotation curve is not corrected for density-wave distor-

tions, only the residual velocities along the minor axis are useful;

these show indeed the expected density-wave motions.

1.2 Statement of the problem

In this study we shall make a detailed comparison of the obser-

vations of the spiral galaxy M81 with the density-wave theory for

tightly-wound spirals. In particular, we shall compare the hydrogen-

line observations of Rots and Shane (1975) with the nonlinear densi-

ty-wave theory for the gas (Roberts 1969a, Shu et al. 1973). The

confrontation of the density-wave theory with the observations will

be threefold and may be formulated as follows:

The observations of M81 by Rots and Shane show that the neutral

hydrogen gas is concentrated in a well-defined spiral pattern. The

spiral arms have across the arm a shock-like density distribution,

and the radial-velocity field shows that noncircular motions,

characterized by "wiggles" in the iso-velocity contours, and possi-

bly shocks are present. Therefore, the first and main test is to

ascertain whether this gas flow is consistent with a spiral poten-

tial perturbation. In other words: suppose the unperturbed state is

an axisymmetric gas layer in which the gas rotates (differentially)

in circular orbits; is it possible to define _a_ spiral potential per-

turbation, rotating in the galactic plane, in such a way that the

noncircular motions and the gas distribution, including the shock-

like structure of the arms, can be ascribed to the potential pertur-

bation alone? We restrict ourselves in this approach to the nonline-

ar density-wave theory for the gas (Roberts 1969a, Shu et al. 1973),

in which the self-gravity of the gas is neglected.

Although this test is important on its own, we can make it more

stringent if the amplitude of the required potential perturbation

can be dropped as a free parameter. Fortunately, during this

i
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investigation surface photometry of M81 became available (Schweizer

1974, 1976) showing that broad spiral variations of surface bright-

ness (but not of colour index) in the disk are present. This impor-

tant study not only shows that the spiral density wave an the stel-

lar disk is not so hypothetical as has been argued (lytiden-Bell

1975a), but also gives the amplitude of the wave. The second test

is whether the amplitude of the wave as measured by Schweizer (1976),

converted into the amplitude of the spiral potential perturbation,

is consistent with the observed amplitudes of the density and veloci-

ty perturbations .of the gas.

The third test must be considered as an extra: the question is

whether a model can be constructed in such a way, that the stellar

wave, in addition to the requirements of the resulting gas flow (see

above), can be considered as self-sustained in the linear stellar

density-wave theory (Lin and Shu 1971). This means in practice that

the shape of the spiral pattern is consistent with the so-called

dispersion relation. Since the way from first physical principles to

the stellar wave is rather difficult (for a critical discussion of

the dispersion relation see Toomre 1977), this test is the least en-

lightening of the three. We stress that the first two tests are in-

dependent of the way in which the stellar wave is maintained; only

its existence has been assumed.

1.3 The approach to the problem and structure of the thesis

To keep the approach relatively simple we do not treat the

three tests in the same order as mentioned above, sines the freedom

in the models is then rather large in the beginning. Therefore, we

try from the outset to construct a model that is also consistent

with linear stellar density-wave theory (or: consistent with the

dispersion relation). We adopt this approach mainly to constrain

our free parameters. For comparison, we shall consider also a gas-

flow model that is not consistent with the dispersion relation.

Our aim then is to construct a density-wave model for the spi-

ral galaxy M81: the shape of the stellar density wave (and the

associated spiral potential perturbation) is computed with linear

stellar density-wave theory (Lin and Shu 1971), the amplitude of

the potential perturbation is based on the surface photometry of

Schweizer (1976), and the resulting gas flow is computed with non-

I •
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" Lnear density-wave theory for the gas (Roberts 1969a, Shu et al.

1973), Before a density-wave model can be constructed, we have to

define an axisymmetric model. The first step for this is the con-

struction of a mass model on the basis of a rotation curve. The

shape of the stellar wave as computed with the linear stellar

density-wave theory depends on the (unknown) velocity dispersions

of the stars and (if included) of the gas, and also on the scale

heists of the stellar and gaseous disks. These are characterized

by three independent parameters: the stability parameter Q, the

ratio a of the vertical to the radial velocity dispersions of the

stars, and the acoustic speed of the gas a. With these parameters

four axisymmetric models are defined, differing only in velocity

dispersions and scale heights. The requirement that the theoretical

spiral pattern be consistent with the observed spiral pattern

(third test) puts, in connection with the adopted pattern speed ft ,

constraints on the axisymmetric parameters Q and ct. For the four

models and a class of models that are consistent with the disper-

sion relation, the amplitude of the potential perturbation is

determined on the basis of the surface photometry of Schweizer

(1976). He emphasize that the amplitude computed in this way is not

dependent on complicated stellar dynamics, but follows in a rather

straightforward way from the pitch angle of the spiral pattern and

the axisymmetric model (more precisely, from the mass surface densi-

ty and the scale heights of the stellar and gaseous disks given by

Q, a., and a) .

After the spiral potential perturbation has been defined in

this way, the resulting gas flow is computed with the nonlinear

density-wave theory for the gas. The computed shock front is compar-

ed with the observed dust lanes, and the shock strength (i.e. the

maximum compression behind the shock) with the relative number of

HII regions. To compare the theoretical density and velocity fields

with the hydrogen-line observations of Rots and Shane (1975), the

model fields must be smoothed to the beam of the radio telescope.

The smoothed amplitudes of the gas density and velocity perturba-

tions are compared with the observed amplitudes (second test), and

on the basis of these results the final model is selected. The

theoretical gas flow in the final nodel is then compared in detail

with observed density and velocity fields at three angular resolu-

tions (25", 50", and 2') (first test).

V;
a"
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Since a rotation curve determined from the perturbed velocity

field differs considerably from the rotation curve used for the

axisymmetric model, the procedure is not as straightforward as

described above} an iteration is required from the observed rota-

tion curve to an a priori unknown rotation curve that can serve as

basis for the axisymmetric model and, in fact; as basis for the

«hole analysis.

This procedure is visualized as a flow diagram in Fig, 1,1.

The heavy lines show the main flow, thin lines additional input or

comparisons. Ellipses enclose existing or developed theories, rect-

angles computed "quantities", triangles free parameters, and tub-

shaped boxes observations, A line with two opposite arrows stands

for a comparison or check. Dashed lines denote a possible input

parameter or check. From this diagram it is also clear that the

linear stellar density-wave theory is not necessary for the compu-

tation of the gas flow or the amplitude of the wave (dashed rect-

angle can be ignored if the shape of the observed spiral pattern

is used for the calculation).

The structure of the thesis follows mainly the flow described

above. In Chapter 2 we treat the observational material on M81 and,

in particular, the hydrogen-line observations with the WSRT. In

Chapter 3 we discuss axisymmetric models. Two mass models are com-

pared with photometric data. In Chapter 4 we treat the properties

of the stellar density wave and in Chapter 5 the nonlinear density-

wave theory for tha gas. In Chapter 6 we compare the theoretical

gas flow in M81 with the observations and, particularly, with

hydrogen-line observations. Since smoothing effects play a dominat-

ing role in the comparisons, this subject is treated in detail. In

Chapter 7 we summarize the main conclusions of this investigation.
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Chapter 2. OBSERVATIONAL MATERIAL

M81 (NGC 3031) is a large nearby galaxy with an inclination

oí about 59° to the plane of the sky. Its optical appearance,

described by Sandage (1961), shows a regular two-armed spiral pat-

tern with an amorphous central region; it is classified as SA(s)ab

by de Vaucouleurs et al, (1976). Tammann and Sandage (1968), derived

a distance of 3.25 Mpc for a member of the M8I Group (NGC 2403) and

we adopted this value for M81, Because there exists a wealth of

observational material on this galaxy, we concentrate on those

observations that will be relevant to our analysis; we treat in

Section 2.1 a number of optical studies and in Section 2.2 radio

observations. In Section 2.3 we show high-resolution velocity fields

of M8I, based on hydrogen-line observations with the Westerbork Syn-

thesis Radio Telescope.

2.1 Optical observations

Although the rotation of M81 (Wolf 1914) was recognized even

before this nebula was known to be extragalactic, a reliable rota-

tion curve was first derived by Munch (1959) who measured the line-

af-sight velocities of several HII regions. He determined also the

inclination of emission lines in the nucleus and derived from this

the angular rotation velocity in the very central regions. These

measurements allowed him to construct a rotation curve of M81 which

has been corroborated by more recent work (Goad 1976, for the nu-

clear emission lines; Rots 1975, for the rotation curve beyond 3

kpc from the centre). For the rotation curve that is the basis o£

our analysis we adopted the central slope as measured by Munch

(1959).

Connolly et al. (1972) determined the distribution of HII

regions in M81. The HII regions are concentrated between 3 and 8

kpc radius with a peak near 4.5 kpc. This distribution turns out to

be different from the HI distribution as measured by Rots (1975)

and Gottesman and Weliacbew (1975); the discrepancy is reminiscent

of the difference between these distributions in our Galaxy (Burton

1976). This has been related to the frequency and the strength of a

galactic shock due to a density wave (Shu 1974). He shall discuss

this mechanism in Section 6.1 with respect to the relative distribu-

tion of HII and HI in M81. Connolly et al. (1972) also measured the



I-

21

dust distribution out to a distance of 6 kpc from the centre• The

dust lanes are located at the inside edge of strings of HII regions,

as has been noted also by Sav\dage (1961) and more generally by Lynds

(1970). According to Sandage they can be traced inward to about 35"

from the centre, where they form a multiple spiral pattern. Dust

lanes are believed to be indicators for a galactic shock, since the

dust is expected to travel with the gas. Therefore it is important

to compare their location with the theoretical shock front as comput-

ed in the gas-flow calculations for the neutral hydrogen (Section

6.1).

The most "portant optical observation for our analysis is the

surface photometry by Schweiner (1976). He observed six bright galax-

ies, including M81, in three photographic passbands. The passbands

were chosen in such a way that a good discrimination was possible

between young and old stars. After subtraction of the sky background,

calibrated maps of surface brightness and colour indices were produc-

ed. His major rasult is the detection of broad spiral patterns in the

underlying disk; such a pattern was discovered much earlier by Zwicky

(1955) in M51 by means of composite photography. Schweizer could show

that these patterns are regions of enhanced surface brightness of the

(old) disk population by the following arguments: a) the disks are

very uniform in colour; b) the spectral type of the stars in the "red

arms" of M51 points to an old population; and c) even in regions

devoid of young-population objects the broad spiral pattern is promi-

nent. He concluded that density waves in the disk stars had been

observed. Fortunately for us, he was able to determine the amplitude

of the wave as observed in the 0 filter (X ,, = 6440 X) as a function

of radius in the region 5.3 s R s 9.8 kpc; these measurements allow

us to constrain within reasonable limits the amplitude of the poten-

tial perturbation for the gas-flow calculations (Section 4.4). In

addition, we discuss on the basis of the photometry of Schweizer

(1976) the mass-to-light ratio in the disk (Section 3.2.3). The photo-

electric observations of Brandt et al. (1972) can also be used for

this purpose, but since the data beyond 7 kpc become more and more in-

complete, these observations are less useful for the outer regions.

-&"..
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2.2 Radio observations

Earlier observations of M81 in the hydrogen line (Roberts 1972)

were carried out with a telescope with a beam of 10' and, due to

this large beam, no spiral structure could be detected. Gottesinan

and Weliachew (1975) observed M81 with the two-element interfero-

meter at Owens Valley with a resolution of 2'. Although spiral

structure in the outer regions (7-10 kpc) is visible, there are no

indications for systematic density-wave motions. On the basis of

the observed arnt-interarm contrast they estimated that these should

not exceed about S km/s. However, since the beam is still relative-

ly large compared with the arm spacing, it is very difficult to make

an estimate of the intrinsic amplitudes of the velocity perturba-

tions. In the outskirts of the galaxy strong noncircular motions are

present, in particular in the vicinity of the companion galaxy DDO

66. These noncircular motions are probably induced by tidal inter-

action. Gottesman and Weliachew (1975) also determined a pattern

speed on the basis of the observed pitch angle at one particular

radius. Since the theoretical pitch angle strongly depends on the

assumptions that must be made for the random velocities of the stars

(see Fig. 4.1a), the significance of such a determination must be

questioned.

With the Westerbork Synthesis Radio Telescope (WSRT) and the

80-channel filter spectrometer, hydrogen-line measurements at a reso-

lution of 25" were carried out by Rots and Shane (1975). The hydro-

gen distribution shows between 3 and 10 kpc from the centre a clear

and regular two-armed spiral pattern with a close correspondence

with the optical spiral structure. The central regions inside 3 kpc

radius are nearly devoid of neutral hydrogen, similar to the situa-

tion in some other galaxies. In the regions outside 10 kpc radius

spiral structure can still be seen, but it is much fainter. In these

outer regions tidal interactions with companion galaxies may play a

dominating role (see van der Hulst 1977) and they will not be dis-

cussed here. Although the spiral pattern inside 10 kpc is rather

symmetric, the hydrogen distribution on a large scale is not: in the

part eastward of the major axis within 13 kpc radius, 50% more hydro-

gen has been detected than in the western part. On a much smaller

scale the density distribution across a spiral arm is also asymme-

tric; in particular the eastern arm shows a shock-like structure for

*
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radii larger than 6 kpc. The line-of-sight (also called radial)-

velocity field demonstrates that systematic noncircular motions are

present; the "wiggles" in the iso-velocity contours near the east-

ern arm are a good indication of these motions (see Fig. 2.1 and

2.2; for comparison. Fig. 6.20a shows the velocity field of M81

with circular motions). At the inside edges of the spiral arms the

strong gradients in radial velocity are indicative of the occurrence

of galactic shocks. These data are extensively discussed by Rots and

Shane (1975) and Rots (1975).

2.3 The high-resolution velocity fíelos

Various methods for the reduction of hydrogen-line data are

discussed by Bosma (1978). It appears that the so-called "window

method" has advantages when compared with the "cut-off method" used

by Rots (1975) (see also below). Since the improvement with respect

to the velocity fields of M81, in particular in the regions where

the signal-to-noise ratio is low, is substantial, part of the data

reduction of M81 was redone in co-operation with Bosma. This proce-

dure and the results will now be discussed.

After standard procedures for calibration and Fourier trans-

formation the 80-channel filter spectrometer of the WSRT (see Allen

et al. 1974) provides maps of the brightness distribution convolved

with filters with a half width of 27 km/s; these maps are called

channel maps. The observations by Rots and Shane (1975) were planned

in such a way that for two fields channel maps differing by 20 km/s

in heliocentric velocity were obtained. After interpolation of the

data of the two fields onto a common grid and the addition of a nume-

rical estimate for the short-baseline information, 32 channel maps

were available. These contain the line radiation as well as the conti-

nuum radiation. All reduction steps up to this point were performed

by Rots and Shane (1975). However, in order to separate the continuum

and line radiation and to determine the radial velocity, we used the

window method instead of the cut-off method.

In the cut-off method all channels in which the flux exceeds a

specified cut-off value are used to calculate the zeroth (HI column

density) and first (intensity-weighted mean velocity) moments of the

velocity profile (a velocity profile is the flux density after sub-

traction of the continuum level at a fixed position in the sky, as a
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FIGURE 2.I - Radial-velocity field at 25" resolution (full width

half power) after reduction of the WSRT data with the window

method. Velocities are heliocentric (kra/s). The underlying picture

represents the HI density distribution at 25" resolution (Rots

1974). Also the beam and linear scales in the plane of the galaxy

are shown. Dashed lines do not represent actually measured veloci-

ties, but indicate a possible continuation.
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FIGURE 2.2 - Radial-velocity field at 50" resolution (full width

half power) after reduction of the WSRT data with the window

method. Velocities are heliocentric (km/s). The underlying picture

represents the HI density distribution at 25" resolution (Rots

1974). Also the beam and linear scales in the plane of the galaxy

are shown. Dashed lines do not represent actually measured veloci-

ties, but indicate a possible continuation.
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function of the heliocentric velocity of the filter centres). In

the window method a window is defined more or less symmetrically

placed around each profile; channels inside the window are used to

calculate the profile parameters mentioned above, channels outside

the window determine the continuum level. The main advantage of

this method is that the radial velocity is determined with a small-

er error (dispersion), since channels with noise peaks above the

cut-off, which contain no hydrogen, are excluded. In the second

place it avoids a bias in the velocity determination if these chan-

nels are not symmetrically distributed with respect to the channels

containing the genuine hydrogen emission. These advantages are the

more important if the signal-to-noise ratio is low. Since the window

method as well as the cut-off method handle profiles only i f the peak

of the profile is above the specified cut-off level, both methods

ignore weak features that are continuous in space and/or velocity

(a typical cut-off level is 3 times the r.m.s. noise).

The 25" and 50" velocity fields determined with Che window

method are presented in Fig. 2.1 and 2.2 respectively. A detailed

comparison of these maps with the maps published by Rots (1975)

shows that the latter are indeed more noisy. For instance the

"wiggles" and "counter wiggles" that were located about 2' westward

of the galactic centre in the. 50" velocity field and do not fit into

any density-wave model, have disappeared in the new map. Ha realize

that the term "more noisy" is rather vague and, with respect to the

25" map, subjective. Therefore we show as an illustration of the im-

provement the rotation curve at 25" resolution for the two methods

(Fig. 2.3a). These rotation curves were calculated in the following

way (see Warner et al. 1973, Rots 1974): for the datapoints within

a small ring in the galactic plane with radius R and width AR = 0.25

kpc, the line-of-sight velocities are converted into circular veloci-

ties and supplied with a suitable weighting factor. The circular

velocity Vc at radius R is defined as the mean of this velocity

distribution; Dr is the dispersion of this distribution (see Fig.

2.3b). The figure shows that the mean velocity dispersion (i.e. D

averaged over the interval 3.25 Í R s 12.5 kpc) for the cut-off

method is about a factor 2 higher than for the window method, the

latter being about 20 km/s) . We must keep in mind that the systematic

noncircular motions also contribute to the velocity dispersion, but

p i •<
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10R(kpc)

FIGURE 2.3 - Circular velocity (V ) and velocity dispersion

as functions of radius R for the window method (filled circle

and the cut-off method (open circles).

s»

since the mean dispersion of this distribution is much lower (about

8 km/s), this does not affect our conclusion. The velocity disper-

sion for the cut-off method increases considerably if the signal-to-

noise ratio is low; near 3 and 12 kpc radius the hydrogen column

densities are much lower than in the region 6-10 kpc. With respect

to the rotation curves it is obvious that the rotation curve con-

structed from the cut-off velocity field is systematically lower

(about 8 km/s); since most of the hydrogen is concentrated near the

ends of the velocity range of the channels, the velocities are bias-

ed towards the systemic velocity. However, the differences cannot

be regarded as a simple scaling of the rotation curve since the
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bias is dependent on the signal-to-noise ratio. For radii smaller

than 4.5 kpc the rotation curves are progressively more different.

The rotation curve constructed from the "window-velocity" field

shows a sinusoidal wiggle; this wiggle appears to be typical for

the distortion of the rotation curve by the density wave (see Sec-

tion 6.4).

Because of the improvement in velocity determination we used

for our analysis the velocity fields shown in Figs. 2.1 and 2.2

instead of those published by Rots and Shane (1975).

.*. I



29

Chapter 3. AXISÏMMETRIC PROPERTIES

3.1 Introduction

The first step for a density-wave analysis is the construction

of an axisyrametric model. The effects of a density wave are then

considered as perturbations of this axisymmetric state. The impor-

tant "axisymmetric" parameters are the mass surface density of the

disk a, the angular velocity SJ, the epicyclic frequency K, and the

velocity dispersions of the stars and the gas. The mass surface

density and the epicyclic frequency determine the fundamental length

scale of the disk (the Toomre wavelength) and, apart from correc-

tions for finite thickness of the disk and the presence of a small

fraction of gas, the minimum required velocity dispersion for a

(Jeans) stable stellar disk. The velocity dispersions of the stars

are, with the pattern speed, the most important parameters for the

theoretical spiral pattern of the potential perturbation (see Sec-

tion 4.2 and 4.3); the velocity dispersion of the gas is important

for the aapiituda of the raspor.se of the gaseous coaponent to Lhe

imposed potential perturbation. If the amplitude of the wave is

determined from surface photometry (Section 4.4), it depends on a

and the scale heights of the stellar and gaseous disks.

He constructed the axisymmetric model in two steps: On the

basis of the rotation curve we first made a component mass model

with two spheroids in the central regions and an infinitesimally

thin disk (Section 3.2); we then defined with three independent

parameters the (unknown) velocity dispersions of the stars and the

gas and the scale heights of the stellar and gaseous disks (Sec-

tion 3.3). However, this simple approach does not give a complete-

ly self-consistent axisymmetric model since the mass model is not

corrected for the finite thickness of the disk. Because we estimat-

ed the uncertainties in the mass model due to other factors (possi-

ble existence of halo; difference in rotation curve in the northern

and southern part of M81) to be larger than the correction for the

finite -thickness of the disk, we adopted the simple scheme described

above.

a.
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3.2 The mass model

3,2.1 The_method_for the_çonstruçtion_of_the_mass_model

If the rotation curve of a spiral galaxy is known, it is possi-

ble to obtain an estimate of the mass distribution with the help of

certain assumptions. The galaxy is assumed to be in a steady state

and axisymmetric, and the constituent of which the velocities are

measured is supposed to move in circular orbits in the galactic plane.

Several methods have been proposed to construct a mass model in this

way. Most of the earlier models have been reviewed by Perek (1962),

including the polynomial method of Burbidge et al. (1959) and the

method of Brandt (1960), in which the galaxy is represented as an 'ar

finitesimally thin speroid. Hydrodynamical models have been worked

out by Einasto (1969) for M31 and by Vandervoort (1970a) for our

Galaxy. See also the review by Burbidge and Burbidge (1975).

A mass model fitted to a rotation curve is far from unique,

since the z distribution of the mass cannot (yet) be determined in a

reliable way. The ambiguous separation into a bulge-halo and a disk

component is closely related to this problem. Until recently it was

generally assumed - mainly based on the observations of edge-on

galaxies - that most of the mass of a spiral galaxy is concentrated

in a thin disk surrounding and merging into the central regions where

a more or less prominent bulge can be seen. Many of the current

methods to construct a mass model therefore adopt the infinitesimally

thin-disk approximation for the regions outside the central bulge:

these methods include Toomre disks (Toomre 1963), the exponential

disk (Freeman 1970), and the disk models of Nordsieck (1973). However

recent theoretical work (Ostriker and Peebles 1973) indicates that a

spherical or spheroidal halo with a total mass and extent comparable

to the disk (see also Kalnajs 1972, Hohl 1976) can be an important

constituent of the galaxy.

Since the presence of a massive halo has not yet beea firmly

established, we adopted for our mass models a thin disk combined with

a nucleus and a bulge consisting of the following components:

i) two inhomogeneous spheroids described by Shu et al. (1971)

for the galactic centre region and the bulge, and

ii) an exponential or Toomre disk representing the disk popula-

tion.

Jr,
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To describe the components (see Shu et al. 1971) we define a cylin-

drical co-ordinate system (R, 8, z) in such a way that the plane

6 = o defines the line of nodes. The space density of the spheroid

with eccentricity e is given by

p(a) .

p(a)

4u - e 2 ) 4
for a £ A, and

for a > A,

(3.1)

where G is the gravitational constant, A and B are constants, which

have the dimension of length and angular velocity, and N defines

the degree of mass concentration towards the centre. The variable a

is the semi-major axis of the equidensity spheroid

a2 = R2 + z2 / (1 - e2) . (3.2)

The infinitesimally thin disks are specified by the surface density.

For the exponential disk with length scale A by

= | % exp (-R/A), (3.3)

(3.4)

and for the Toomre disk with mass concentration number N by

o(R) =
B 2 A (2Nt - 1)!

2TTG ((Nt - 1)! 2
Nt~')2

The formulae for the associated rotation curves are given by Shu et

al. (1971) for the spheroids and the Toomre disks, and by Freeman

(1970) for the exponential disk. Since many (equally likely) models

can be fitted to the same rotation curve and hence the parameters

are not unique, a method of least squares to determine all free para-

meters does not work satisfactorily. In practice we choose the eccen-

tricity e, mass concentration number N, and the length scale A for

each component; a least-squares fit to the observed rotation curve

gives then the associated velocity scale, represented by the para-

meter B, for each component.

To facilitate the choice of the components a catalogue was made

of rotation curves, all scaled to the same turnover point (Rmax = 10

kpc, V ^ ^ = 100 km/s). Fig. 3.1 shows the rotation curve of the

Toomre disk as a function of N t and the curve of the exponential disk

The rotation curve of the exponential disk rises quicker than those

of the Toomre disks; well beyond the turnover point the exponential

V,



i

32

TABLE 3.1 The linear scale parameter A (kpc) giving a turnover

point of the rotation curve at 10 kpc for spheroids (H and e),

for Toomre
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FIGURE 3.1 - Normalized rotation curves of the exponential disk,

and of the Toomre disk as a function of mass concentration number N
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disk closely resembles the Toomre disk with N£ = 2. In Fig. 3.2a

we display the rotation curve of the spheroid as a function of N

for a fixed eccentricity e = 0.866 (corresponding to an axial ratio

0.5). In general the eccentricity changes the rotation curve mainly

in the outer regions in the sense that a flatter spheroid has a

lower rotational velocity (Fig. 3.2b). In Table 3.1 we tabulate the

associated length scale A as a function of N and/or e.

SPHEROIDS

20 R kpc 30

SPHEROIDS
I 1

20 R kpc

FIGURE 3.2a,b - Normalized rotation curve of the inhomogeneous

spheroid as a function of mass concentration number N and eccen-
sp

tricity e.

t'
\ —.*
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3.2.2 The_gass_model_for_M8J[

For the construction of the mass model for M81 we must know

the rotation curve i.e. the circular velocity as a function of dis-

tance to the galactic centre. However, the velocity field of neutral

hydrogen as shown in Fig, 2.1 clearly shows that noncircular motions

are present in this galaxy. In Section 6.3 it will b« shown that the

noncircular motions inside 9 kpc from the galactic centre can be ex-

plained by density waves in the disk. Moreover, in Section 6.4 it

will be demonstrated that the line-of-sight components of these mo-

tions do not average to zero, if we derive a rotation curve from the

velocity field in some standard way (e.g. Warner et al. 1973). In

addition, tidal effects caused by companion galaxies may play an im-

portant role in the outer regions; in particular the northern half

of the galaxy seems to be rather disturbed in the sense that we do

not find there a decline in rotational velocity beyond 10 kpc as

occurs in the southern half. On the other hand, other galaxy rota-

tion curves have been measured that do not decline either, but

remain rather flat to large distances from the centre (e.g. Roberts

and Whitehurst 1975, Bosma 1978); it is not yet clear which behavi-

our of the rotation curve should be regarded as "normal". Inside 3

kpc there is not a reliable velocity field from the HI measurements.

Goad (1974, 1976) measured the velocity field of the ionized gas in-

side 1.45 kpc on the basis of spectrograms in Ha. The velocity field

in this region appears to be quite complex, showing rapid rotation

as well as radial motions.

Because of these difficulties we proceeded in the following way.

For the region between 3 and 13 kpc we constructed from the 25" velo-

city field shown in Fig. 2.1 a rotation curve in the way described

in Section 2.3. The data on either side of the minor axis were suit-

ably averaged together taking due account of the central antisymme-

try. For the geometrical parameters describing the orientation of

the plane of the galaxy we used 59° for the inclination and 149° for

the position angle of the major axis, and adopted as dynamical cen-

tre the position of the nuclear radio-continuum source RA (1950) =

9h51m27f4 and Dec (1950) = 69°18'08" (Rots and Shane 1975). The sys-

temic velocity was taken as -40 km/s, based on the observed anti-

symmetry of the velocity field inside 10 kpc with respect to this

value. However, the rotation curve inside 9 kpc is distorted due to
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density-wave notions. We therefore corrected the rotation curve

between 3 and 9 kpc according to the procedure described in Section

6.4. The corrected rotation curve is shown in Fig. 3.3 together

with the rotation curve obtained directly from the HI observations.

The dashed curve through the uncorrected rotation curve is the

Keplerian drop beyond 7 kpc. From this it is clear that it is diffi-

cult to fit a realistic mass model to this rotation curve.

For the very central regions Munch (.1959) measured an angular

velocity of the ionized gas of 425 km s"1 kpc"1, scaled to our

values for distance (3.25 Mpc) and inclination (59°). This value is

of the same order of magnitude as the 406 and 625 km s"1 kpc"1

determined by Goad (1974) from Coudé and Cassegrain spectra respect-

ively.Goad also measured a turnover point of about 270 km s"1 in

the inner rotation curve at 1 kpc from the centre. If this inner

velocity peak represents pure circular rotation, this means that a

heavy nucleus is present with a mass of about 1.4 x 1010 M . How-

ever there are doubts, as noted by Goad, that the gas in the centre

is a reliable tracer of the gravitational field. Fortunately, the

dynamics of the disk is rather insensitive to the mass distribution

in these very central'regions. For our model rotation curve we did

not include the inner turnover, but used only the central slope as

measured by Munch.

On the basis of this rotation curve we constructed two mass

models, an exponential-disk and a Toomre-disk model, both with a

spheroid for the nucleus and a spheroid for the bulge. The para-

meters and some statistics of the mass models are shown in Table

3.2. Since the mass contained in the nucleus (spheroid 1} and the

bulge (spheroid 2) is low (up to 1.4% and 9% respectively), the

rotation curve is dominated by the (infinitesimally) thin disk. In

this thin-disk approximation we estimate the uncertainty in mass

surface density to be 20% for the region important for the density

waves in the gas (3-9 kpc). This value follows from the comparison

of the two thin-disk models that were fitted to the same rotation

curve. However, if the bulge-halo component is more important and/

or extends to larger distances from the centre, tb<. mass contained

in the disk is less and the uncertainty in mass surface density can

rise to 40% or higher. Also the fact that we did not correct for

the finite thickness of the stellar disk gives rise to additional
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TABLE 3.2 Paragieters and properties of the mass models.

Spheroid 1

Spheroid 2

Disk

Total mass to °°

% Mass in sph. 1

Z Mass in sph. 2

Mass within 3 kpc

Mass within 20 kpc

Half-mass radius

Exp.-disk model

N

5

4

e

.866

.90

A
kpc

1.2

3.0

2.7

B
km/s/kpc

743.23

372.54

94.828

92 x 109 MQ

1.44

9.03

34.8 x 109 M

91.6 x IO9 M
o

4.0 kpc

Toomre-disk model

N

5

4

1

e

.866

.90

A
kpc

1.2

3.0

3.7

B
km/s/kpc

861.63

272.43

100.87

126 x 109 M
e

1.41

3.52

33.0 x 109 M
0

104 x 109 M

5.9 kpc

uncertainties (we estimate up to 25%). The mass distribution in

the outer regions and hence the total mass integrated to infinity

strongly depends on the rotation curve extrapolated outside the

last measured point; therefore the estimated total mass should

be considered with caution. The model rotation curves are shown in

Figs. 3.3 and 3.4. It is obvious that a good fit is possible with

different disk components. We selected the Toomre-disk model as

the basis for the stellar- and gasdynamical calculations. The

motivation for this choice is not very strong since this model is

only slightly more suited than the exponential-disk model. With

its higher mass surface density in the region 7-9 kpc from the

centre and an inner Lindblad resonance closer to the centre than

for the exponential-disk model, it is easier to get an appropriate

theoretical spiral pattern with respect to shape and radial extent.

A drawback of the Toomre-disk model is the relatively small bulge.

However, test calculations showed that with a suitable redistribu-

tion of matter from the disk into the bulge, the relative importan-

ce of the bulge can be increased without much effect on the mass

distribution in the disk for R > 3 kpc (see also Bosma 1978).
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10 R(kpc) 20

FIGURE 3.3 - The corrected (filled circles) and uncorrected

(open circles) observed rotation curves of M81, for radii R > 3

kpc based on the " drogen-line measurements at 25" resolution

and for the very central regions based on optical data. The full

line is the rotation curve of the Toomre-disk model. The dashed

line shows the Keplerian drop beyond 7 kpc in the uncorrected

rotation curve.

Further, we note that, if we include in the rotation curve the

inner turnover near 1 kpc from the centre (Goad 1974, 1976) and

ascribe the required mass to the bulge, the fraction bulge mass/

total mass increases to about 13%.
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EXPONENTIAL-DISK MODEL

10 R(kpc) 20

FIGURE 3.4 - The rotation curve of the exponential-disk model

(full line) with the corrected observed rotation curve (filled

circles) (see also caption of Fig. 3.3)

The "axisymmetric" parameters n, K, SHic/2,and Í2-K/2 are shown

in Fig. 3.5 for the Toomre-disk model. They reflect a smoothed

version of the observed rotation curve (corrected for density-wave

distortions). For a pattern speed SI of 1(1 km s"1 kpc"1, adopted

in our density-wave analysis (seu HUULÍIMI /|.|1, tlu¡ inner Lindblad

resonance, co-rotation, and oufor (¡iiiHIililil iiititiuunce lie at 2.5,

11.3, and 15.5 kpc ruKpcctiveLy. We i(i|||(|||( that the only parameter

for the gasdynamical cíliuülations that LlbjiKiids on the mass model

is the amplitude of the wilue (Section 't.4).
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R(kpc)

FIGURE 3.5 - Graph of Í2, K, S2+K/2, Í2-K/2 as functions o£ radius R

for the Toomre-disk model, where ß is the angular velocity and K the

epicyclic frequency. The dashed line shows the pattern speed of

18 km s"l kpc-1.
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3.2.3 Comgar ison_with_Eho tometr ic_data

Since the mass distribution in the central regions (R í 3 kpc)

is not very well determined owing to incomplete knowledge of the

rotation curve, we only compare the mass surface density of the disk

with the optical surface brightness. First we discuss th'j relevant

photometry on MSI, and then compare it with our mass models.

Two photometric studies concerning the light distribution of

M81 have been published. Brandt et al. (1972) made a photoelectric

study in the (Johnson) B and V band. Because the observations beyond

7 kpc become gradually more incomplete, it is difficult to separate

the underlying disk light from the arms. For the total light distribu-

tion beyond 3 kpc (i.e. disk plus arms) we derived an exponential

length scale of 2.91 kpc (see (3.3) for the definition of length

scale). Schweizer (1974, 1976) published detailed surface photometry

of six galaxies, including M81, in three photographic passbands. He

was able to separate the light into arms and an underlying disk com-

ponent. For the disk component in the 0 light (with an effective

wavelength A f, = 6440 &) the length scale is 2.63 kpc. A small cor-

rection has to be applied (7% at most), if one takes into account the

broad spiral patterns in the disk, which will be discussed in Section

4.4. For the disk plus arm light he derived a length scale of 2.93

kpc, in perfect agreement with the photometric data of Brandt et al.

We compare the two mass models with (as the two extremes) the

data of Brandt et al. and the underlying disk component of Schweizer,

transformed to the (Johnson) B filter (X ff = 4350 &), assuming a

uniform colour index of the disk. If the small radial gradient of the

disk colour of M81 is real (Schweizer 1976), the length scale becomes

2.81 kpc in the B filter, just between the (two) cases that will be

considered. The luminosities have been corrected for inclination and

for obscuration by our Galaxy. No correction for internal absorption

has been applied; according to Schweizer (1974) this is probably

negligible. The mass and light distribution with the resulting mass-

to-light ratios (M/L) are shown as functions of R in Fig. 3.6. It is

obvious that small differences in a rotation curve can produce differ-

ent behaviour of M/L, especially in the outer regions: the exponen-

tial-disk model gives an almost constant or slightly decreasing M/L

of about 10 (solar units) depending on which distributions are com-

bined; the Toomre-disk model gives rise to an increasing M/L with a

i
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*, ¡

R(kpc) 15

FIGURE 3.6 - Radial distributions of mass surface density for the

Toomre-disk model (T), and the exponential-disk model (E), and of

surface brightness according to the measurements of Schweizer (1976)

(S) and Brandt et al. (1972) (B). The four possible M/L ratios are

labeled by the corresponding letter combinations. The dashed curve

indicates the M/L ratio derived by Rots (1975) without his correction

for internal absorption.

Á.
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factor 2 between 5 and !3 kpc. Our first result is more or less

consistent with the fairly constant M/L of 12 derived by Gottesraan

and Weliachew (1975). We do not confirm the strong gradient of about

-0.19/kpc in log (Mil) between 5 and 9 kpc derived by Rots (1975).

This is caused by the fact that his mass model is fitted to the un-

corrected rotation curve (see Subsection 3.2.2). Because of the

steep gradient between 7 and 10 kpc in this curve, the mass surface

density in this region is underestimated.

Considering the results in this section we would say that it

is dangerous to make general statements about (M/L) ratios on the

basis of one family of mass models since the results are model-

dependent.

3.3 Velocity dispersions and scale heights

The random motions of the stars and of the interstellar gas

play an important role in a density-wave model. Not only does the

response of a component to a potential perturbation diminish if the

velocity dispersion increases, but the theoretical spiral pattern

itself is quite sensitive to the adopted random motions of the stars.

The random motions are closely related to the stability of the

galactic disk. Tooinre (1964) considered the stability of a stellar

disk of zero thickness against axisymmetric instabilities. If the

root-mean-square radial velocity (also called radial velocity disper-

sion) of the stars, < c| > , equals or is greater than a certain

i K

minimum value < c| > m i n > the disk is (Jeans) stable. However, recent

theoretical work (Miller et al. 1970, Hohl 1971, Kalnajs 1972,

Ostriker and Peebles 1973) indicates that a disk, stable according

to this local stability criterion, is suspected to be unstable to

global instabilities like bar modes. If Q is the ratio of the actual

radial velocity dispersion to that required for marginal stability,

< C2 >*
R D

(3.5)

the global instabilities are suppressed only for values Q substan-

tially greater than 1. The second possibility to prevent the bar-

making instability is the presence of a massive halo (Ostriker and

Peebles 1973)., More extensive numerical experiments (Hohl 1976) con-

firm this effect. It has also been suggested that a central spheroid

v
3
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with large random motions (Q » 1) can be efficient in suppressing

the global instabilities (e.g. Lynden-Bell 1975b). Because the

behaviour of Q in "real" galaxies is still unclear at this moment

(1978), we consider for Q two special cases. The analysis of the

theoretical spiral pattern (Chapter 4) gives us the opportunity to

put constraints on Q. In the next subsections we treat the local

stability of a stellar disk with a small amount of gas (10% at most)

(Subsection 3.3.1) and then apply the results to M81 (Subsection

3.3.2).

3.3.1 The_stability._of_a_stellar_disk_with_gas

In this subsection we discuss the minimum radial velocity dis-
persion of the stars, < c2 >*. , required for a stable disk in con-

te m m

nection with its vertical structure and the presence of gas. Toomre

(1964) derived a local criterion for the stability of an infinite-

simally thin disk without gas against axisymmetric instabilities.

However, if gas is present and the stellar and gaseous disks have a

finite thickness, this criterion has to be adjusted (see also Lin

and Shu 1971, Shu et al. 197I). We shall show, following mostly Lin

and Shu (1971), that it is convenient to describe these corrections

in terms of three dimensionless parameters:

i) the dimensionless scale height of the stellar disk (k_z );

ii) the ratio of the gas surface density to the total surface

density (R ); and

iii) the ratio of the thickness of the gaseous layer to the

thickness of the stellar layer (R ).
z

The precise definitions of these quantities will be given below.
The ratio < c2 >*/< c£ > . , where < cz >* is the root-mean-square

z K m m z

velocity (also called velocity dispersion) of the stars in the z

direction, can also be expressed in these parameters. This enables

us to characterize the stellar and gaseous layers (velocity disper-

sions and scale heights) with three independent parameters (see

Subsection 3.3.2).

For simplicity we assume that the stellar disk consists of one

population of stars with a Schwarzschild velocity distribution. The

density distribution of the self-gravitating stellar disk is approx-

imated by (see Vandervoort 1970a)

P# (R,z) = p#o (R) sech
2 (z/z#o), (3.6)

•9/
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where p#(R,z) is the space density of stars at the point R,z, and

p (R) is the space density of stars at the point R,z=o.

The scale height z is given by

z # o
2 = 2 < c| > / u2 , (3.7)

where u is the z-oscillation frequency of a star in the galactic

potential field.

The gaseous disk is taken to be a Gaussian layer,

(R,z) p g o (R) exp (-z (3.8)

where p (R,z) is the space density of the gas at the point R,a, and

p (R) is the space density of the gas at R,z=o.

The parameter z is the scale' height with

2 a2/u2 , (3.9)

where a is the one-dimensional root-mean-square velocity (also call-

ed velocity dispersion or effective acoustic speed) of the gas. The

latter is a measure of the gas pressure, including kinetic pressure,

(cosmic-ray and magnetic pressure,) and the turbulent pressure due

to random cloud motions. In the absence of j»--s it can be shown by

using Foisson's equation that

2ir2 G2 a2

v2 = , (3.10)
< C 2 >z

where a is the surface density of the stars. If gas is present u2

can be approximated for a « a and z < z (Shu, private commu-

nication by

i '-i

(3.11)

where o. is the total mass surface density and a the gas surface

density. Expression (3.11) follows from (3.10) by taking the mass-

weighted average of < c2 > for stars and gas instead of the value

for the pure stellar disk.

The dimensionless parameters R and R read

ag ' "tot ' Zgo I z*o (3.12)
g "g • "tot ' "z

In this analysis various parameters are expressed with the Toomre
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wavenumber k_, which is related to the fundamental length scale of

the disk, the Toaiare wavelength X^. These are given by

9. *-2

2TI G a,
(3.13)

tot

We emphasize that in this analysis K is considered as independent

of the thickness of the disk.

With (3.7), (3.9), (3.11), (3.12), and (3.13), and following

Lin and Shu (1971) by solving the dispersion relation (4.3) for

axisymraetric waves, we can compute the parameter y for the minimum

radial velocity dispersion < cS > - ,
K min

Y = T <C^ >mi" , (3.14)

as a function of the independent parameters (k_z ) , R , and R .

With (3.7), (3.11), (3.13), (3.14), and because

— - — = R 2 and -$-
<c 2> z a*

we derive the expression for the ratio

(3.15)

<c

R min a [d-Rg)+RgRz2]'
(3.16)

The parameter 8 can therefore also be expressed in the three para-

meters (kTz Q ) , R , and R . In Fig. 3.7 y and ß are shown as func-

tions of (k z ) for a number of values of R and R . The figure

shows not only the known effects of finite thickness (i.e. lowering

< c2 > . ; see Shu et al. 1971) and of the presence of gas (raising

it; see Lin and Shu I97I), but also that a thinner gas layer results

in a higher minimum velocity dispersion. A simple explanation of

these effects can be given if one realizes that a (not strictly

defined) total velocity dispersion is required for marginal stabili-

ty. Including gas with low velocity dispersion or decreasing < c2 >*
z l

( w i t h a s r e s u l t a t h i n n e r s t e l l a r l a y e r ) r e q u i r e s a l a r g e r < c2 > 2 .
I R min

Also the dependence of < c2 >2. on R can easily be understood in
K mxn z

this way.
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0.2 0.3 Q4 K TZ. O 0.5

FIGURE 3.7 - The minimum velocity-dispersion parameter

Y = k„,<c5> • IK and the parameter 0 = <cz>*/<cS> . as functions
1 R m m z R m m

of k_z (the dimensionless thickness of tho stellar disk) for a

number of values of R (gas ratio) and R (ratio of thickness of
^ r> i Z

gaseous and stellar layers); <cs> . is the minimum velocity dis-
K m m

persion of the stars in the radial direction required for a (Jeans)

stable disk, <cz>* the velocity dispersion uf the stars in the z

direction. For a precise definition of the other parameters see

text.
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3.3.2 Th.ê velogitjrjlisger gions_and_scale_heights_in_M8 j_

With the theory discussed in Subsection 3.3.1 we computed the

velocity dispersions in the disk of M81. It appears that the state

of the disk can be described with three independent parameters once

the mass model and the gas ratio R are fixed. We emphasize that we

did not make a correction to the mass model for the finite thickness

of the disk.

As the free parameters we choose

i) Q, defined as the ratio Q = < c_2>V< c_2> . , see (3.5);
K i K mxnii) a, defined as the ratio a (3.17)

iii) the effective acoustic speed of the gas a or_ the thickness

of the gaseous disk between half-density points z,.

It is easy to show with (3.5), (3.16), and (3.17) that

6 = aQ. (3.18)

The parameter z, is connected with the scale height z in

(3.8) by

z, = 2 /ItTã z . (3.19)

With the three parameters we define the following models:

model 1; a marginally stable disk (Q=l) with a = 0.6 and a constant

layer thickness of the gas with Zi = 0.200 kpc;

model 2: a disk with Q » 1 in the central region and Q = 1 at and

outside co-rotation (curve 2 in Fig. 3.8) and the same

values for a and Zj as for model 1;

model 3: identical to model 2 except for the effective acoustic

speed a, which is taken to be constant, a = 10 km/s; and

model f: (called the final model) identical to model 2 but with the

acoustic speed of the gas as in model 1.

Occasionally models with other values for the parameters (0.4 í a •$

0.8 or z. = 0.450 kpc) will be discussed to investigate special

aspects. We emphasize that for our definition of Q the minimum radial

velocity dispersion is corrected for the finite thickness of the stel-

lar and gaseous layers. If we define

QT (3.20)

R min,T

where < cR
2 >*• -, is the minimum radial velocity dispersion required

for a stable, infittitesimally thin disk (the intersection point of

\\
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curve y with the y axis in Fig, 3.7), QT is of the order of 1.4 in

the central regions for models 2, 3, and f (curve 2' in Fig. 3.8).

The motivation for the choice of these values for the para-

meters, which cannot (yet) be determined observationally, is as

follows:

Q: The marginally stable disk has been studied for the purpose

of comparison with earlier density-wave models (Shu et al. 1971;

Roberts et al. 1975). The main justification for the models with

Q » 1 in the central regions is that then a model that is consist-

ent with the dispersion relation (4.3) could be constructed. We re-

mark that Kalnajs (1976) constructed equilibrium models based on

the Toomre-disk #1, with a Q resembling curve 2' in Fig. 3.8.

However, according to Kalnajs, it is doubtful that the bar-making

instability can be suppressed. For our models the parameter t,

Q 1

5

1'
1

1 1

i r̂ :—

4 6 8 10
R(kpc)

FIGURE 3.8 - Stability parameter Q = <c£>*/<&>*. for model 1
K K min

(curve I) and models 2, 3,and f (curve 2) as a. function of radius R,
where <c?> . is the velocity dispersion of the stars in the radialK min r .
direction for a marginally stable disk and <c2>' is the actual veló-

la
city dispersion. Dashed curves show the corresponding values of Q_ =

i l l i

<c§>í/<cj;>í. _, where <c£>s. „ is the velocity dispersion for a
t\ K min,i K tnin,l

marginally stable, infinitesimally thin disk.

ï
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defined by Ostriker and Peebles (1973), is about 0.4 for 3 kpc s R

$ 10 kpc. This value is markedly larger than the critical value

0.14 below which, according to the Ostriker-F^ebles criterion, sta-

ble disk models are possible.

a: The value of a can be determined observationally only in

the solar neighbourhood (a = 0.5 according to Fraeman (1975)). A

theoretical ratio can be calculated on the basis of a relation

proposed by Kuzmin (1961) (see also Wielen 1977),

1

<c < CR 2 >

(3.21)

9

where <c.2>* is the velocity dispersion in the 6 direction, which
i

is related to ̂ j,2»* by Lindblad's (1959) theory of epicyclic

motion,

< cfl
2 >4 / < c 2 >J = K / (2Í2) . (3.22)

O tv

With (3.21) and (3.22) a can be calculated as a function of K and Ü.

For the Toomre-disk model (see Fig. 3.5) a is reasonably constant

for the region 3-10 kpc ranging from 0.5 to 0.6. For simplicity we

adopted a constant a (- 0.6). Since equation (3.21) is uncertain,

we also investigated the consequences of another choice (0.4 $ a

Í 0.8).

a and z.: For the effective acoustic speed of the gas (deter-

mined by the half-thickness of the gaseous layer and vice versa, if

Q and a have been fixed), we consider three possible cases, all with

a lower and upper limit of 5 and 15 km/s respectively. These limits

are reasonable in view of the situation in our Galaxy. In models I

and 2 the half-thickness of the disk z, has been lowered if the

acoustic speed would rise above 15 km/s.

In Chapter 4, which deals with the stellar dynamics of spiral

structure, only models 1 and 2 are considered, since models 3 and f

gave almost the same results as model 2. In Chapter 6 on the gas

dynamics, all models will be discussed.

To compute the velocity dispersions in models I and 2 we pro-

ceeded as follows. The total mass surface density was taken from

the Toomre-disk model (Subsection 3.2.2) and R was taken the
6

ratio of the surface density of neutral hydrogen, as measured by

Rots (1975), to the total mass surface density (R ranges then from
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0.001 at 3 kpc to 0.05 at 9.5 kpc). Since this is in fact a lower

limit for R we also consider the case that R = 0.05 and constant

as a function of R, resulting in a rapid increase of (molecular)

gas towards the centre, as has been claimed for our Galaxy (Gordon

and Burton 1976; see Chapter 4).

Since

B e
= Zgo/a*o

VV
(3.23)

and z is given by (3.19) and S by (3.18), we can compute z

(shown in Fig. 3.9) and R as functions of the known quantities 6,
¡ i

R , and z,. The velocity dispersions < cR
z >J and < cz

2 >* then

follow from (3.5), (3.14) and (3.16), and are shown in Fig. 3.10.

The dispersions increase if Q increases but not linearly because
< c„2 > . decreases if the disk becomes thicker with increasing Q

K min

(Fig. 3.7). Since R attains its maximum value (= 0.05) in regions

where Q is = 1, the thickness of the gaseous layer has almost no

influence on the stellar dispersion velocities. The effective

acoustic speed a can be calculated from < c z > and R with
z z

(3.15). For models 3 and f, where a instead of z, has been speci-

fied, the same calculation scheme was used but z, was determined

by iteration. The half-thickness of the gaseous layer and the cor-

responding acoustic speed are shown in Fig. 3.11 and Fig. 3.12

respectively for the various models. In the models 1, 2, and f

there is a marked increase of acoustic speed towards the centre.

Such a behaviour has also been suggested for our Galaxy (Schmidt

1956, Keilman 1972), but in a more refined analysis of the observa-

tional material (Jackson and Keilman 1974) this is only true for

part of the Galaxy. This increase has implications for the gas

dynamics since the galactic shocks will be less strong in the inner

regions.

For comparison we also determined for model 2 the acoustic

speed according to a formula derived by Keilman (1972). He computed

the gas distribution in the z direction by solving simultaneously

the hydrostatic equilibrium and Poisson's equations and after some

simplifying assumptions the acoustic speed can be written as

I a I

L

(p + p )
"go M#o'

Si * (3.24)
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8 R(kpc)10

FIGURE 3.9 - The scale height of the stellar disk z#Q as a func-

tion of radius R for models 1 and 2 (the curves for model 3 and the

final model are almost identical to curve 2).

20 -

R(kpc)

FIGURE 3.10 - Velocity dispersions of the stars in the radial

direction <c|>* and z direction <c^>' for model 1 (curve Rj and Zi

respectively) and for model 2 (R2 and Z2 respectively). Curves for

model 3 and the final model are almost identical to model 2.

4"
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FIGURE 3.1t - The full width between half-density points of the

gaseous layer (z.) as a function of radius R for models I, 2, 3,

and f.

15

1 '

i \

1

3

2

i I

i i

1

5 -

3 R 7 9 R(kpc)

FIGURE 3.12 - The effective acimut li: speed (a) as a function of

radius R for models | , •;, j , aiu| t. Tliu dashed curve shows the

acoustic speed for iilufji | '\ nccarding to the formula of Kellman(1972).
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To find p and p we integrate (3,6) and (3.8) over z from -» to

+°°, and with (3.12) and (3.19) it follows that

p
*o - V

(3.25)

TI g

It is clear that there is only a small difference between the

approach of Keilman (curve K in Fig. 3.12) and our calculation

(curve 2).
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Chapter 4. STELLAR DYNAMICS OF THE SPIRAL STRUCTURE

4.1 Introduction

The density-wave theory has primarily been developed to give

an explanation for the winding dilemma (see Oort 1962). Originally

proposed by Lindblad (see e.g. Lindblad 1948), the idea of density

waves has been explored in several ways (Kalnajs 1965, Lin and Shu

1964, 1966 and others). In this chapter we shall concentrate on

the approach of Lin and his associates (see the review by Lin 1971)

who developed a coherent theory for tightly wound spirals in an

asymptotic approximation. Although this theory is very promising,

several difficulties remain. For instance, it is not easy to account

for the maintenance of spiral structure because a group of waves as

envisaged by Lin propogates inwards from the co—rotation circle

(Toomre 1969) and decays at the inner Lindblad resonance (Mark 1971,

1974; see also Feldman and Lin 1973, Mark 1977). Although this pro-

blem and others are not yet fully understood (Toomre 1977), we

decided to apply the linear density-wave theory (Lin and Shu 1971)

to the galaxy MSI in order to compute a theoretical spiral pattern

(Section 4.3). In Section 4.2 we discuss the dispersion relation as

a function of four independent dimensionless parameters, and in

Section 4.4 the amplitude of the wave.

Theoretical spiral patterns for M81 have been published by Shu

et al. (1971) and by Roberts et al. (1975). Our motivation to com-

pute the stellar density wave again for this galaxy is twofold:

(i) The two earlier models are based on a rotation curve deriv-

ed from optical measurements of Munch (1959). Since only a few

points were measured, there is much freedom for the interpretation

of the data. Moreover, two data points were erronously quoted. The

high-resolution observations of M81 in the hydrogen line (Rots and

Shane 1975) yield a well-determined rotation curve, which, after

correction for density-wave motions, can serve as a basis for a

relatively reliable mass model. Comparison of the rotation curves

based on the Munch data and the HI observations shows that Shu et

al. and Roberts et al. put the turnover point near 7.5 kpc while

our rotation curve has its turnover point near 4.8 kpc. Since the

maximum rotational velocities are nearly the same, the mass surface
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density in our mass model is much lower in the region of interest,

giving tighter spiral arms for the same values of the pattern

speed and the other parameters;

(ii) Shu et al. and Roberts et al. adopted for the stability

index Q a value of 1 throughout the disk. We consider cases with

Q > 1 because for Q = 1 no reasonable model consistent with the

dispersion relation could be constructed. Furthermore, there are

indications that, for our Galaxy, Q may be higher than 1 (Toomre

1974).

4,2 The dispersion relation

If one adopts the linear density-wave theory of Lin and his

associates, the theoretical spiral pattern follows from the dis-

persion relation, which connects the intrinsic frequency v and the

radial wavenumber k. The parameter v is the frequency at which a

star or gas cloud encounters the periodic gravitational field per-

turbation in terms of the epicyclic frequency K,

(4.1)

where m is the number of arms, ÍÍ the pattern speed and £2 the angu-

lar velocity. The radial wavenumer k is connected with the local

pitch angle 1)1 of the spiral at a distance R from the centre by

tan 41 = gg.. (4.2)

In its general form the dispersion relation can be written as

^ (. - **> - Rg) Rg Fg Tg (4.3)

if gas is present and the effects of finite disk thickness are in-

corporated (Lin and Shu 1971). F # and F are the reduction factors

for the velocity dispersions in the radial direction of the stars

and the gas (Lin et al. 1969), and T and T the reduction factors

for the finite thickness of the stellar (Vandervoort 1970b) and

gaseous (Lin and Shu 1971) disks respectively. The other quanti-

ties have been defined in Chapter 3.

Apart from the various assumptions underlying (4.3) (see e.g.

Contopoulos 1972) the dispersion relation in this form holds only

for linear gas perturbations. As will be shown in Chapter 5 this

. & '
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is true only for rather small potential perturbations; for larger

perturbations the gas flow is nonlinear, with the galactic shock as

the most pronounced attribute. According to Toomre (1977) the use

of the dispersion relation becomes even questionable, if strong

shocks take place. In addition we would stress the point that, in

the neighbourhood of resonances (v = -1, 0, +1), the dispersion re-

lation is unreliable. Also for long waves with small wavenumber k it

cannot be trusted because the asymptotic approximation is not valid.

By analogy with the discussion in Section 3.3.1 it can easily

be shown that the reduction factors F#, T#, F , and T are functions

02

0.0

Ct=0.5 Rg = 0

LONG WAVES

SHORT WAVES

1.0 Q8 0.6 0.4 0.2 ivl 00

FIGURE 4.1 - The dispersion relation as a function of four dimen-

sionless parameters: the stability parameter Q, the ratio a of the

vertical to the radial velocity dispersion, the gas ratio R and the

ratio R2 of the thickness of the gaseous layer to the thickness of

the stellar layer. In all panels the dimensionless wavelength X/

where \^ is the Toomre wavelength, is given as a function of the

intrinsic frequency v. In panels b, c, and d only the short-wave-

length branch inside co-rotation is shown. For the precise defini-

tion of the various quantities see text.
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FIGURE 4.1 - (continued)
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FIGURE 4..1 - (continued)
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of the six dimensionless variables v, k T/k, Q, a, R ,and Rz-

Therefore, it is convenient to consider the dispersion relation,

i.e. the relation between v and k /k, as a function of Q, a, R ,

and R (defined in Chapter 3 ) . In Figure 4.1 we display, insteadz
of k T / k , the dimensionless wavelength X/X T (*/T> " 2 T r / k ^ ) as a

function of v for various cases. It is obvious that the gas, the

properties of which are represented by R and R z , play a minor

role unless the gas layer thickness is small compared to the

stellar layer (Fig. 4.1c,d). In the latter case the acoustic

speed of the gas is relatively small and we can expect a strong

response in the gas. The most dominant parameter is the stability

index Q. It not only limits the region where the waves can propa-

gate, but also allows much longer waves than if the disk is margin-

ally stable (Q = I) (Fig. 4.1a). The parameter a is rather un-

important for Q = 1, but has much more influence for Q > 1 (Fig.

4. 1 b ) . The case a = 0, R = 0 , and Q » 1 corresponds to the dis-

persion relation in its most simple form for the marginally stable

and infinitesimally thin disk without gas (Lin and Shu 1966).
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4.3 The theoretical spiral pattern for M81

Once the axisymmetric model has been determined, the theoretic-

al spiral pattern can be computed with the dispersion relation (ft.3)

if an estimate has been made either for the pattern speed ft or for

the co-rotation radius R (as usual, we restrict ourselves to short-

wave solutions; see Fig, 4.1a). The problem of observationally de-

termining a co-rotation radius is difficult. Roberts et al. (1975)

propose that the co-rotation radius is related to the maximum radial

extent of three observable tracers: i) the prominent spiral struc-

ture, ii) the easily visible disk, and iii) the distribution of HII

regions. He would like to comment on these points. The extent of

the easily visible disk strongly depends on the sensitivity of the

detector and is bounded merely by an arbitrary isophote of say an

exponential disk. Further, it is not clear why the co-rotation radi-

us should limit the easily visible disk (if it can be defined proper-

ly) . With criteria i) and iii) one assigns very much weight to the

regions with high surface density. For instance, if we put the co-

rotation radius in M81, according to these criteria, at 11 kpc, then

spiral structure can still be seen outside this radius in the hydro-

gen distribution; it cannot be excluded that only the drop in the

mean gas surface density beyond 10 kpc is responsible for the fact

that spiral structure is not prominent or that no HII regions are

formed. Further, the "exact" behaviour of the gas flow, even if the

stellar wave can be determined reliably, is still very unclear in

the neighbourhood of and outward the co-rotation radius.

In our models we adopted a pattern speed of 18 km s"1 kpc"1,

resulting in a co-rotation radius of 11.3 kpc and an inner Lindblad

resonance (ILR) at 2.5 kpc. Although this co-rotation radius is in

agreement with the criteria mentioned above, we primarily came to

this choice since it results in the best model. For lower pattern

speeds the ILR is so far from the centre that the gas perturbations

observed at 3.5 kpc cannot be ascribed to a density wave. Also the

spiral structure in the 21-cm continuum emission (Segalovitz 1977)

puts an upper limit to the ILR of about 3 kpc, if the spiral struc-

ture in the nonthermal radiation is the result of density-wave com-

pression. These arguments concerning the ILR must be considered

with caution since the position of the ILR strongly depends on the

model rotation curve in the central regions (R s 3 kpc), which is

4'
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in fact not very well known. A higher pattern speed restricts too

strongly the region where a solution for the nonlinear gas flow can

be found from the computation, and consequently prevents that use-

ful comparisons with the HI observations can be made. Of course, it

may well be that n's is more a computational than a physical con-

straint-

Figure 4.2 shows the pitch angles corresponding to model 1 and

model 2, the latter for various cases of gas content. The numerical

reliability of the solution according to the criteria of Shu et al,

(1971) is indicated by a single and double vertical line. In the

region inside the single vertical line the influence of the ILR is

not negligible. The double vertical line means that beyond this

point the amplitude of the wave, according to the principle of con-

servation of wave action (Toomre 1969, Shu 1970), no longer varies

slowly as function of R. On the other hand, if we compute the ampli-

tude according to an independent analysis using photometry (see

Section 4.4) the criterion is not violated. For instance, for curve

2 the theoretical spiral pattern may still be reliable up to 9 kpc.

8 R(kpc) 10

FIGURE 4.2 - The theoretical pitch angle f as a function of

radius R for model 1 with hydrogen gas (curve I), for model 2 with

hydrogen gas (curve 2), without gas (curve 2*) and with a constant

gas ratio R = 0.05 (dashed line). Single and double vertical lines

mark the reliability criteria of Shu et al. (1971) (see text).

4, *•
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In principal, these theoretical pitch angles must be compared

with the pitch angles of the spiral density wave in the old disk

population. Schweizer (1974, 1976) detected this spiral pattern

with surface photometry in the 0 light, but he did not determine

the pitch angles of this pattern. Therefore, we compare the theore-

tical spiral pattern with other spiral tracers: gas, dust, and HII

regions. Ã problem is that these tracers do not exactly represent

the potential perturbation, which is in phase with the density wave

in the disk. If the gas and dust flow in a nonlinear way with shocks,

the ridge lines of the gas and dust distribution are displaced with

respect to the minimum of the potential well by a certain phase

difference An (defined in Chapter 5). This phase difference must be

constant as a function of R in order for the pitch angle of the gas

and dust spiral to be the same as that of the potential perturba-

tion (see Fig. 6.5). Also the spiral patterns of the HII regions and

young stars are different from the spiral of the potential perturba-

tion. If we assume that star formation is triggered in the galactic

shock, the displacement with respect to the shock depends on the

time scale for star formation, on the characteristics of the flow of

the contracting clouds through the intercloud medium, and on the

relative rotational speed of these clouds with respect to the pat-

tern speed. For the gas and dust, as well as for the HII regions and

young stars, the tendency is that the observed spiral patterns are

tighter than the spiral of the potential perturbation. For the HI

and dust we estimate the difference in pitch angle of the order of

Io for the region 3 - 7.5 kpc, so this is rather small. For a quali-

tative comparison with the theoretical pitch angles we can there-

fore us the spiral patterns of these constituents for R < 7.5 kpc.

For the pattern of the HII regions and young stars the difference

in pitch angle with the potential perturbation is more difficult to

estimate, but is probably of the same order of magnitude.

The HI distribution shows an outstanding spiral pattern from

3 kpc to 10 kpc with a pitch angle of 15° (Rots 1975). The major

features of the spiral dust lanes lie inside 4 kpc and have a pitch

angle of about 10° (Connolly et al. 1972). Oort (1974) gives a

varying pitch angle for the optical spiral pattern from 11° at 4

kpc to about 17° at 9 kpc from the centre. Comparison of these

pitch angles with the theoretical ones in Fig. 4.2 shows that for
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Q = 1 (curve 1) no reasonable values for the pitch angle are achiev-

ed • This is also true if we vary the free parameters a and a over a

wide range of values. However, for model 2 where the random motions

of the stars are higher, we obtain pitch angles (curve 2) which com-

pare well with the observations, (We have chosen the decline of Q

in Fig, 3.8 deliberately in such a way that the spiral pattern ex-

tends at least to 9.5 kpc, otherwise there exists an appreciable

annulus around co-rotation where Lin-Shu waves cannot penetrate

according to the linear theory.)

We now discuss the influence of the gas and the parameter a.

If the amount of gas (represented by R ) equals the observed hydro-

gen content, the influence of the gas is negligible and the proper-

ties of the gas are unimportant (curve 2 for the case with hydrogen

gas and curve 2* for the case without gas). However, if R = 0.05

(constant), which would require a rapid increase of (molecular) gas

towards the centre, and given R is small, the influence of the gas
z

is much stronger (dashed curve; see also Fig. 4.Id). We emphasize

that in this approach the gas perturbations are supposed to occur

according to the linear theory. The influence of the parameter a

(= 0.6 in the present models) has been examined for the case R = 0in the following way (the limitation R •» 0 is not essential).

The function Q(R) for model 2 is given by

Q(R) tanh[0.412(R-6.65)]+ (Qmax+O/2, (4.4)

(= 3 for model 2) is the maximum value of Q in the cen-where

tral regions. If we allow to vary, we get a specific class of

spiral patterns. It appears that if a varies, we can get nearly the

same pitch angles as given by curve 2* by choosing Q in the pro-

per way. Fig. 4.3 shows Q as a function of a. Even for the case

max
a = 0, which corresponds to the infinitesimally thin disk, a large
portion of the disk must be hotter than required for marginal stabi-
lity.

The last important factor is the mass model since it defines
the length scale of the waves. If we adopt the thin-disk approxima-
tion for R ï .3 kpc, the uncertainty in mass surface density is of
the order of 20Z and the same spiral fit can be achieved by adjust-
ing Q by 15% at most. However, if the bulge-halo mass is also appre-
ciable outside 3 kpc, the uncertainties in mass surface density of

• • I



I
X S

63

i V

FIGURE 4.3 - Qn^x (the

maximum value of the sta-

bility parameter Q in the

central regions) as a

function of a (the ratio

of the vertical to radial

velocity dispersion),

giving about the same spi-

ral pattern of the poten-

tial perturbation as the

final model (case 2* in

Fig. 4.2).

the disk can be larger. We did not pursue this possibility further.

In conclusion we can say that the "hot" disk in the centre

(as in model 2) is the most favourable situation for a model con-

sistent with the dispersion relation and that for a marginally sta-

ble disk no acceptable theoretical spiral pattern is possible unless

we raise the pattern speed to 30 km s"1 kpc"1. Although the pattern

is then more or less satisfactory, the co-rotation radius is at 7.6

kpc, the region of supersonic flow with strong shocks extends to

about 5.5 kpc and no useful comparisons of a density-wave model with

the HI observations can be made. For the gasdynamical calculations

we used the spiral pattern according to curve 2* in Fig. 4.2, cor-

responding to model 2 described in Chapter 3, but without gas. This

theoretical spiral pattern is shown in Fig. 6.5.

4.4 The amplitude of the wave

The amplitude of the wave, which is required as an input para-

meter for the gasdynamical calculations, can be determined in two

ways.

In the first method the principle of conservation of wave

action (Toomre 1969, Shu 1970) gives the amplitude apart from an

arbitrary scale factor. The extension to a thick disk of this second-

order WKBJ analysis, originally derived for an infinitesimally thin

disk, has been given by Shu et al. (I971). The result is that the
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amplitude of the spiral gravitational force field, expressed as the

fraction of the local «asymmetric field,

F - m A / (R2 n2 sin i|i), (4,5)

where A is the amplitude of the spiral potential perturbation! tends

to infinity near the ILR and the co-rotation radius. However, A and

F tend to zero near the ILR when they are computed from Mark's (1974)

generalized conservation principle. It may be noted that in the dis-

crete spiral modes described by Mark (1977) and Bertin et al. (1977)

the infinite amplitude near the co-rotation radius has disappeared.

Also for these modes the amplitude is determined apart from an arbi-

trary scale factor.

We prefer the more direct, second, method in which the azimuthal

brightness variations determined from surface photometry are trans-

formed into amplitudes of the spiral gravitational force field. The

advantage of this method is that, in the asymptotic approximation, it

leads directly to the amplitude of the wave without complicated stel-

lar dynamics. There is only a weak dependence on the scale heights of

the stellar and gaseous disks.

In the following discussion we neglect the self-gravity of the

gas, so we assume that the potential perturbation is only supported

by the stars. The gasdynamical calculations in Chapter 5 and 6 have

been performed under the same conditions. Since most of the gas (also

in the nonlinear case) is in the potential minimum, the amplitude of

the wave computed as described below, is somewhat underestimated; but

since the gas content is small, this is probably not very serious.

For a stellar disk the spiral potential perturbation with ampli-

tude V}, which corresponds to a spiral surface-density perturbation

with amplitude a , is (Lin and Shu 1971)

Vi(R.z) exp(-|k||z-c|) de (4.6)

(see Chapter 3 for the definition of the various quantities). For the

calculation of the gas flow the mass-weighted average of this poten-

tial perturbation over the gas layer is important, so

+•» _n n a

'„„ » (4.7)
1

* , •<

A = -i- ƒ p Vi dz
O Ear —aj °

where the reduction factor T is given by
*6
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+ w P# (Ric)

*g
exp(-|k||z-c|) dzdc.

To compute this double integral we approximate p by

(R,z) (R) exp (-z

(4.8)

(4,9)

where z is given by (3.7), o = 1.13 and

0*0 = °* ' (irl a V • (4.10)

In this approximation T. can easily be computed after a rotation of

the co-ordinate axes over 45°. After some algebra we obtain an ex-

pression for T similar to the reduction factor T in (4.3) but with

a different argument:

T => exp y . erfc y with y =

If Rz < 1 the scale height of the stellar disk

R2/az) (4.11)
z

and the radial

wavenumber k are the dominant factors for T# . However, since T# is

a slowly varying function of y (see Fig. 4.4), A is weakly model-

dependent .

0.001 0.01

FIGURE 4.4 - The reduction factor T for the amplitude of the
*8

spiral potential perturbation as a function of y, the la'ter being

determined by the scale heights of the stellar and gaseous disks

and by the pitch angle of the spiral pattern.
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We have applied this latter method to M81 usirg the surface

photometry of Schweizer (1976). He estimated the amplitude of the

sinusoidal waves in the azimuthal Q-Ught profiles for 5.3 kpc $

R $ 9.8 kpc and concluded on several grounds that these waves are

caused by an enhancement of the disk light instead of reddening

by dust. One reason is that the colour index is rather uniform in

azimuth. Therefore we assumed also that the M/L- ratio is independ-

ent of azimuth for the (old) disk population. With this assumption

the amplitudes of the sinusoidal waves in Che 0-light profiles can

easily be converted into the amplitudes (a /a ) of the density

waves. For the computation we used the mean amplitude of the two

arms, the unperturbed surface density of the stars o # in the
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FIGURE 4.5 - The spiral gravitational forcing F as function of

radius R, as derived from the surface photometry of Schweizer

(1976) for the marginally stable disk (model I; squares) and the

"hot-centre" disk (model 2; dots). F is expressed as a percentage

of the axisymuetric force. Full and dashed lines show the adopted

forcings for the gas flow model 1 (F^ and models 2, 3, and f (F2).

The "error" bars iHit the possible variations in F for a class of

models with 2./.s? «4.2 and 0.4sas0.8 (see caption of Fig. 4.3).
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Toomre-disk model (Section 3.2) and the radial wavenumber k or

spiral pitch angle ty according to the spiral pattern used for the

gasdynamical calculations in Chapter 6. The resulting amplitudes

of F are shown in Fig. 4.5 for models 1 (squares) and 2 (dots).

(The amplitudes for model 3 and the final model are within 0.5%

of those for model 2.) As noted in Section 4.3 the same spiral

pattern can be obtained by varying Q and ot according to the
TQaX

curve in Fig. 4.3. If we constrain a to the interval 0.4 5 a s 0.8,

F is limited by the interval shown as "error" bars in Fig. 4.5. The

deviations of F are of the order of 15%. However, we have in addi-

tion to these possible variations of F, the uncertainties in the

mass model and in the amplitudes of the O-light profiles itself. If

we assume that the differences in the eastern and western arm are

due only to errors in the photometry, the standard error of the

mean is typically 15%. The amplitudes used for the gasdynamical

calculations are shown in Fig. 4.5 with the line F¿ for model ! and

the line F2 for models 2, 3, and the final model. The full lines

between 5 and 8.6 kpc are least-squares fits. For R < 5 kpc, where

no amplitudes from surface photometry are available, the amplitudes

given by the dashed lines have been adopted. These lines are rather

arbitrary but have been chosen in such a way that the amplitude at

the inner Lindblad resonance tends to zero (see e.g. Mark 1974) and

that the gas perturbations observed near 3.5 kpc can be ascribed to

the density wave.
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Chapter 5. GAS DYNAMICS

In this chapter we discuss various aspects of gas dynamics in

the density-wave theory. In the linear theory (Lin et al. 1969)

the gas perturbations are considered as sinusoidal. However, even

for small (spiral) potential perturbations, the gas behaves in a

nor.linear way owing to its low velocity disperaion. Shocks may

therefore occur in the gas, rendering a linear theory inadequate.

This problem has been discussed by many workers (Fujimoto 1968,

Roherts 1969a, Roberts and Yuan 1970, Vandervoort 1971, Shu at al.

1972, Shu et al. 1973, Saaf 1974, Woodward 1975; see also the

review article by Kaplan and Pikel'ner 1974). To compute the non-

linear gas flow in M81 (see Chapter 6) we adopted the approach of

Roberts (1969a) en Shu et al. (1973). To give a general idea of

this approach, we first recapitulate in Section 5.1 the basic con-

cepts and formulae. Within the same framework we then treat some

properties of the supersonic flow (Section 5.2; see also Toomre

(1977) for a critical discussion). Since linear density-wave

models for the gas are commonly in use, we shall make various com-

parisons of the linear flow with the nonlinear flow. We follow the

notation of Shu et al. C1973).

5.1 Basic concepts and formulae

We look for periodic solutions of the flow equations for the

interstellar gas, which is considered to be a one-component medium,

reacting to a spiral gravitational potential perturbation.-Shu et

al.(1972) showed that the solution of the gasdynamical equations

for a one- and a two-component model for the interstellar medium

are very similar on a large scale. Since we are mainly interested

in this large-scale flow, there is no need for us to use a two-

phase model (Pikel'ner 1967, Field et al. I969). We neglect the in-

fluence of an interstellar magnetic field. In this case the flow

equations read

and

fe * V.(pv) -

I T + (v.V)v

0, (continuity equation)

Vp - VV, (momentum equation)

(5.1)

(5.2)

í
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where v is the fluid velocity of the gas, p the gas density, V

the gravitational potential and p the gas pressure. We assume

that the gas is isothermal along a stream tube, i.e. the radia-

tive cooling is so quick that after a sudden compression (a

shock for instance) the region where the temperature of the gas

differs from the mean value is very small compared with (say)

the length of the stream tube. The pressure of the gas is then

given by

P a' (5.3)

where a is the effective velocity dispersion of the gas,

considered as a constant along the streamtube. He speak of

effective dispersion since the gas pressure is thought to con-

sist of kinetic gas pressure, cosmic-ray pressure, and a turbu-

lent pressure due to random cloud motions.

Suppose the gravitational potential in the plane of the

galaxy consists of an axisymmetric part V Q(R) and a spiral

potential perturbation which is stationary in a rotating

polar co-ordinate system (R.iji • 9 - ß t) where ß is the pattern

speed. The spiral potential is of the type described in the

linear density-wave theory for a stellar disk (Lin and Shu 1964,

Lin 1967, Lin et al. 1969); it can be written as

= -A(R) cos - $(R)), (5.4)

where A(R) is the slowly varying amplitude of the potential

perturbation, the integer m denotes the number of arms, and the

phase function $.(R) defines the geometry of the spiral arms.

Now we introduce a curvelinear co-ordinate system (n,£) in

such a way that n represents the spiral phase and the curve

n = 0 is coincident with the locus of the relative minimum of

the spiral potential, and the lines Ç = constant are the ortho-

gonal trajectories of the lines of constant phase.

If the spiral is a trailing logarithmic spiral, 4(R) is given by

oo

where iji is the pitch angle of the spiral and R is a scale
oo

factor. The transformation formulae read:

A...-
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(5.6)in <t> * *
and vice versa:

i V

R = R

s i n TJJ C O S <i¡
m

(5.7)

Non-logarithmic spirals can be represented by a slowly varying

function *(R) for the local pitch angle. Fig. 5.1 shows the co-

ordinate system for a logarithmic spiral with a pitch angle of 15°.

The unperturbed flow of the gas, confined to a thin layer, is

assumed to occur along circular orbits around the centre, in the

plane of the galaxy; its velocities are determined by the axisymme-

tric potential V Q ( R ) . In the rotating co-ordinate system the veloci-

ty components of the circular flow are

u R (SI - n ) c o s i|i,

uno = R (n - V s in ••

(5.8)

(5.9)

where ñ follows from -r=^- = Rft2. We assume that also for the

perturbed flow the gas remains confined to the same sheet.

The spiral gravitational field will cause velocity perturba-

tions u . and u ,, and a surface density perturbation Oi.superimpos-
s1 tu

ed on the unperturbed surface density oQ. If we assume that the

spiral is tightly wound (sin I|J « 1), we can write down the fluid

equations in asymptotic form (Roberts 1969a, Shu et al. 1973),

( a o

3u

(u

no

= ((— sin I|I) (u + u , )
m no ni

(2u - FRÍÍ s i n
* — TO

and

ni
(u + u )

no ni

(5.10)

(5.11)

( 5 . 1 2 )
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where K is the epicyclic frequency associated with the gravitation-

al potential V (R), F is the strength of the spiral gravitational

force field expressed as the fraction of the local axisymmetric

field (see eq. (4.5)). The two coupled one-dimensional differential

equations (5.11) and (5.12) can be solved by numerical integration.

Details of the method to find periodic solutions have been given by

Roberts (1969b), Shu et al. (1972), and Shu et al. (1973). If the

velocities u = u + u ,, and u. = u_ + u_, have been obtained,
n no ni 5 ço çi

the position along a streamline is determined by the differential

i- i '

1=11.72
T)=Tl

5=17.59

Tl=2Tt

5=23.«

1=2951 5=41.04

T1=3TT

5=35.17

FIGURE 5.1 - The (n.Ç) spiral co-ordinate system in the galactic

plane with a constant pitch angle of 15°, where n is the spiral-

phase co-ordinate. The heavy line is the minimum of the potential

well (n = 0 or n = 2ir). (R,<|>) is the polar co-ordinate system in

the same plane and Roo is a scaling factor. The sense of rotation

of the trailing spiral pattern is indicated by the arrow Si .

The dashed line is an arbitrary circle.
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equation

dn
(5.13)

In practice (5.13) is simultaneously solved with (5.11) and (5.12).

Shu et al. (1973) have pointed out the important roles of the para-

meters u and a, where u is the velocity component of the basic

rotation normal to a spiral arm (see also Roberts et al. 1975)

If u > a, the base flow is supersonic, and we can expect strong

shocks wich narrow regions of high gas compression if F is greater

than a critical value F . . If F is below this critical value, we

have a smooth flow without discontinuities. If u < a we have a

base flow that is subsonic. Although in this case the shock solu-

tions are numerically unstable, the solutions found so far indicate

that in this case only weak shocks are possible, with broad regions

of relatively low compression.

5.2 The supersonic flow

Ãs Shu et al. (1973) showed, three independent parameters v,

f, and x characterize the flow uniquely, where

v is the intrinsic frequency, v = m(Sl - S!)/K; 15.14)

f is the scaled field strength, f = (-)2( -n ,) F; (5.15)

x is the intrinsic sound-speed parameter, x = (-
s i n i)i

If we define the dimensionless velocity perturbations u and v by

(5.16)

u = uHi ' RK sin $ '

and

(5.17)

(5.18)

equations (5.11) and (5.12) become

'. t

(v " f n)

u)Z -x

and

(5.19)

(5.20)

These two differential equations contain only the three independent

parameters v, f, and x. The velocities u and a are transformed

by (5.17) into the u velocities -v and x'.
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The intrinsic frequency v is related to the mean distance RQ

to the galactic centre of a stream tube by the equation (5.14). The

special values v = -1 and v = +1 correspond to the inner (ILR) and

outer (OLR) Lindblad resonance respectively; v = 0 defines the co-

rotation radius, where the material speed f! equals the pattern speed

n . According to Shu et al. (1973) resonances for the gas occur if

v2 - x = ~z , (5.21)

where n is an integer (n is negative when v is negative and n is

positive when v is positive). The cases n = -1 and n = +1 correspond

to the ILR and OLR. Values of n with |n| > 1 define ultraharmonic

resonances, of which the second harmonic resonance (n = ±2) is the

most important one. Shu et al. (1973) analysed the flow, mainly as

a function of F, for three selected regions in our Galaxy inside co-

rotation (v < 0) to give examples of solutions where the base flow

is supersonic (-v > x ), subsonic (-v < x*), and where the second

harmonic resonance (v2 - x = i) occurs.

We shall now treat some properties of the supersonic flow as a

function of v, f, and x inside the co-rotation radius and inside the

second harmonic resonance (-1 < v < 0 and v2 - x > J). This region

is the most interesting one for galaxies with a strong differential

rotation because of the occurrence of galactic shocks and the forma-

tion of long, well-developed spiral arms (Roberts et al. 1975). In

this region Shu et al. V1973) considered the case v = -0.72 and

x = 0.19. We treat separately the critical forcing f .t, the com-

pletely supersonic flow, and the supersonic shocks.

a) f
c r£ t- Galactic shocks develop only when the amplitude of

the spiral gravitational force field, represented by the parameter

f, is greater than the threshold fcrit- In Fig. 5.2, f r i t is dis-

played as a function of v for a number of values of the intrinsic

sound-speed parameter x. For low x values relatively high values for

the field strength are required to produce galactic shocks, except

near the ILR. Near the second harmonic resonance, in Fig. 5.2 repre-

sented by the ticks a-e for x = 0.01 - 0.2 respectively, f . t

strongly decreases for all values of x. Since in this case -v is

slightly larger than x*, the flow tries for relatively small forc-

ings to cross the sonic line and to produce a shock (see Fig. 5.4b).

With the same reasoning one can imagine that for lower x values in
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-0.6 V -0.5

FIGURE 5.2 - The dimensionless critical forcing f . above

which galactic shocks develop, as a function of the sound-speed

parameter x and the intrinsic frequency v. The dashed lines a-e

show the locations of the second harmonic resonance for x = 0.01

- 0.2. The cross indicates the case considered by Shu et al.(1973).

I V

most cases the critical forcing increases.

b) Çom2!etely._sunersonic_flow. If the forcing is less than

the critical value, we get a smooth flow without shocks. A Fourier

analysis shows that for infinitesimally small f the nonlinear and

linear solutions become the same (Shu et al. 1973). For the linear

flow the solutions can be written in analytical form. The dimen-

sionless velocity perturbations read

and

f 1 - v* • x c o s *»

sin n>
1

1 - vz + x

and the density perturbation is given by

(5.22)

(5.23)

I
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^ - f 1
1 - vz + x

COS Tl- 15.24)

max
umin
v

max

(in the asymptotic approximation s in ty « I, so sin t|i ~ tg i|p i f one

wants to compare (5.22) - (5.24) with Lin et al . 1969 ) . Since i t

is too cumbersome to describe the flow in the complete parameter

space (v, f, x ) , we treat only a typical example, with y and x fixed

(v = -.7271, x = 0.0595; these values correspond to the point-R = 7

kpc in the final model of H81 (Chapter 6)) , For a comparison of the

nonlinear flow with the linear flow as a function of f, we choose

the following quantities:

the maximum and minimum value of the dimensionless

velocity perturbations in the n direction;

the maximum and minimum value of the dimensionless

velocity perturbations in the Ç direction; and

the maximum density perturbation relative to the mean

density.

Fig. 5.3a shows these quantities as functions of f for both solu-

tions. For small forcings the solutions are nearly the same. However,

if f approaches f - , the density perturbation for the nonlinear

solution is much higher, and the velocity perturbation u much low-

er than for the linear case. The differences in the other parameters

are not so pronounced. It is obvious that even for these relatively

low forcings without shocks considerable differences can occur.

Linear and nonlinear flow will be further discussed in paragraph c

on shock solutions, where we try to draw a more general conclusion.

c) §SEÊï52SïS_ai!2£t5* If the velocity component of the basic

rotation normal to a spiral arm u is greater than the effective
no ,

acoustic speed of the interstellar medium a (or -v > x1 in dimen-

sionless velocities), we can expect strong and narrow shocks for

field strengths f > f . . These galactic shocks are important for

the structure of spiral arms. Fujimoto (1968) made the important

point that the sharp dust lanes at the inside edges of spiral arms

can be explained by galactic shocks. Roberts (1969a) argued that the

sudden increase of the density of neutral hydrogen after a galactic

shock front can trigger star formation and give rise to narrow arms

delineated by bright young stars and HII regions. Observational
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-1.0 -

FIGURE 5.3a,b - Maximum and minimum values of the dimensionless

velocity perturbation in the n direction (u) and g direction (v)

and the maximum of the relative density perturbation (OJ/OQ) as

functions of the scaled field strength f; f is expressed in units

of critical forcing (f = b fcr£t)- The perturbations are shown for

the nonlinear and the linear case (labeled L). (The fixed intrin-

sic frequency v = -0.727 and sound speed parameter x = 0.0595

correspond to the point at radius R = 7 kpc in the final model of

M81.)
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support for the existence of spiral shocks came from the radio-

continuum observations by Mathewson et al, (1972) with the Wester-

bork Synthesis Radio Telescope (WSRT). They found a considerable

increase of synchrotron radiation just on top of the dust lanes in

the spiral galaxy M51. In Chapter 6 we shall discuss the occurrence

of galactic shocks in the spiral galaxy M81, also observed with the

WSRT (Rots and Shane 1975).

In order to describe the shock solutions of the flow equations

we characterize the shocks by the following parameters:

An : the phase shift of the shock front with respect to the

potential minimum (positive in the direction of the flow);

a : the maximum surface density after the shock divided by the
max

mean aQ, also called shock strength;

w : the width of the shock region, defined by the phase differ-

ence between the shock front and the point where the surface

density has dropped to a /e;

and the velocity extrema u , u . , v .and v . defined in para-
max m m max' m n

graph b. Figures 5.4a and 5.4b show the density and velocities of a

typical shock solution and the various parameters defined above.

Also in this case it is not convenient to investigate the properties

of the flow in the complete parameter space (v, f, x). Therefore we

treat only a few aspects of the shock solutions, i.e. those that are

relevant for the comparison of models with observations.

First we discuss the phase shift An as a function of v(-l < v

< -0.56} and f, for a fixed value of x (= 0.05). The forcing is ex-

pressed in units of critical forcing by the relation
fcrit(x.v) (5.25)

in which b takes the values 1.5, 2,and 3. The case b = 1 corresponds

to the critical solution. Fig. 5.5 shows An as a function of the

parameters in the specified subspace. We notice that the phase shift

not only takes negative values, meaning that the shock takes place

ahead of the potential minimum, but that also positive values are

possible, with a shock front after the minimum (in the direction of

the flow). Further, the phase shift decreases with increasing fre-

quency and becomes more and more negative. Near the second harmonic

resonance the phase shift varies considerably. This effect is rather

important since flows with shocks should satisfy the consistency
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V

270 T|(deg) 360

FIGUBE 5.4a - The relative surface density of the gas (o/a ) as

a function of spiral phase (n) for a typical shock solution. The

parameters a^^ and w. are the shock strength and shock width respect-

ively; An is the phase shift of the shock front with respect to the

potential minimum.
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0 - T-

-0.4

FIGURE 5.4b - The properties of a typical shock solution in the

velocity plane (u,v), where u is the dimensionless velocity pertur-

bation in the n direction and v in the Ç direction; umaj(, uffljni

v , and v . are the corresponding extrema. The unperturbed velo-

city is marked by a cross, and the flow proceeds counterclockwise.

The shock is called supersonic since the unperturbed velocity is

above the sonic line or -v > x', where v is the intrinsic frequency

and x the sound-speed parameter.
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relation that the shock front lies asymptotically close to an equi-

potential line (n = constant), otherwise the assumption under which

(5.10) - (5,12) have been derived are not fulfilled. Since this

effect is dependent an the forcing f, this has to be checked for

each individual galaxy (see Fig. 6.6 for M81).

Without presenting all the perturbations or parameters as func-

tions of v, we conclude from our analysis that the velocity perturba-

tions and the shock strength decrease with increasing frequency near

the second harmonic resonance and the the shock width increases (for

fixed values of f and x ) .

We shall now treat the shock solution as a function of the sound-

speed parameter x, for v fixed and a number of values of f. However,

in most cases it is difficult to compare the shock solutions in this

way, since the critical forcing £ c r ¿ t strongly depends on x (see

Fig. 5.2); therefore, shock solutions are not always possible for

relatively low forcings (f < 0.3) and every x. Fortunately, there is

one frequency where f ^ is nearly independent of x, v = -0.9415.

-¿o-

-1 -0.9 -0.B -0.6 V -0.5

FIGURE 5.5 - The phase shift An of the shock with respect to the

minimum of the potential well as a function of the intrinsic frequen-

cy \> and the scaled field strength f for a fixed value of the acoust-

ic-speed parameter x (= 0.05). The field strength is expressed in

units of critical forcing (f = b £Èr£t)» The location of the second

harmonic resonance is indicated by 2HR.



J-'

81

Therefore, we choose this particular frequency for our investiga-

tions. Fig. 5.6 shows all parameters as functions of x and f. It is

obvious that all perturbations decrease with increasing x (corres-

ponding to increasing velocity dispersion or decreasing pitch angle).

However, the velocity perturbations decrease rather slowly (roughly

a factor of 1.5 if x varies from 0.02 to 0.2), while the shock

strength a and shock width w are much more sensitive to x (rough-

ly a factor of 7 decrease and a factor of 16 increase, respectively).

The curve for c reflects the theory for an isothermal shock, where

the shock strength is proportional to —p (see e.g. Spitzer 1968).
a

The increasing shock width can be understood in terms of conservation

of mass. However, even though these differences are very large, it is

questionable whether they can be observed in the hydrogen gas. The

beam of the radio telescope must be very small to resolve these

narrow shocks. If the beam is larger than the shock width, the

observed density maximum is rather insensitive to x, since a _ and
-^^——^— max

w counterbalance in the smoothing process (see the discussion in

Section 6.2). On the other hand, if the number of HII regions is

directly coupled to the shock strength a , the acoustic-speed para-

meter can be very important. Since the star formation process as the

result of galactic shocks is still not very well understood, we do

not discuss this subject in more detail. We note that the phase shift

decreases with increasing x and becomes more and more negative.

To compare, for the frequency under consideration, the nonlinear

flow with the linear flow we show the relevant parameters for the

linear flow with dashed lines (f = 0.2). Also in this case there are

marked deviations. The linear velocity perturbations for small x

values are much larger, but since they decrease faster for increasing

x than the nonlinear ones the differences are less striking for large

x values. The linear density perturbations are always smaller. We

remark that, from our analysis for other frequencies, it appears that

for larger frequencies the discrepancy is not so pronounced since the

linear perturbations decrease faster with increasing frequency.

Finally, we compare the velocity perturbations as functions of

f for the linear and the shock solutions in the same parameter space

as considered in paragraph b (see Fig. 5.3b). The amplitudes of the

velocity perturbations umaJC and vm£n are similar in magnitude, but
umin an^ vmax a r e m u c n smaller in the nonlinear case for higher

ï
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Q02 Q05 0.1 0.2 x Q02 0.05 Q1 Q2 x

1.0 -

0.02 0.05 0.1 0.2 x 0.5

FIGURE 5.6 - The extrema of the ditnensionless velocity perturba-

tions in the n direction (u and u . ) and Ç direct ion (v and
max mm max

v . ) , the shock strength a , shock width w and the phase shift An
ulXn II13.X

as functions of the sound-speed parameter x and the scaled field

strength f for a fixed value of the in t r ins ic frequency <:

(= -0.9415). The curves are labeled according to the field strength.

The perturbations for the l inear case with f = 0.2 are shown with

dashed l ines (labeled L).
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forcings. Although it is difficult to give a precise rule for the

differences in general, it appears that in many cases the linear

velocity perturbations are higher, in particular for low frequencies

(-1 < v < -0.7), relatively high forcings and low values of the

sound speed parameter x. If £2 - •* is nearly independent of radius,

as is observed in many galaxies, and if the pattern speed il is not

much larger than fi - ~ , the region with the low frequencies (-1 <

\) < -0.7) extends over a much wider range in radius than the region

(-0.7 < v < -0.5); for M8I the regions are 2.6 - 7.3 kpc and 7.3 -

8.7 kpc respectively. Therefore, in interpreting observations with

linear density-wave models, one should be aware of the fact that

in an appreciable area the velocity perturbations can be overesti-

mated. It is obvious that the density perturbations in the linear

case are much lower than the densities attained in the shock. How-

ever, in the case of a shock, the observed density maximum depends

strongly on the smoothing effects of a telescope beam if, for

instance, neutral hydrogen is observed. Therefore it is even possi-

ble that the observed density maxima in the linear and nonlinear

cases are comparable. (We remark that for velocity perturbations

the smoothing effects of the beam are not so vital in determining

amplitudes since these can also be measured on a large scale as a

distortion of the rotation curve (see Section 6.4)).
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Chapter 6. THE GAS FLOW IN M81

In this chapter we make a detailed comparison of the gas flow

predicted by the nonlinear density-wave theory (Roberts 1969a, Shu

et al. 1973) with the high-resolution hydrogen-line observations of

M81 (Rots and Shane 1975). The main aspect of this comparison is:

Is the spiral potential perturbation with the shape and amplitude

as derived in Chapter 4 adequate to explain the observed density and

velocity fields? To answer this question it will be necessary to

discuss the occurrence and nature of galactic shocks. To keep the

approach relatively simple we consider the gas flow in four selected

cases. These cases are compared with several aspects of the observa-

tions, and on this basis the final model (denoted by the letter f)

is selected. After a discussion or the influence of a different

choice of the parameters the final model is compared with the obser-

vations in more detail.

In Section 6.1 we describe the relevant parameters for the gas

flow, and the scheme for the construction of unsmoothed gas density

and velocity fields; we discuss the dust lanes and the relative num-

ber of HII regions in relation to the galactic shocks. Since near

the shock fronts the properties of the gas flow change very quickly

as functions of spiral phase, a special smoothing technique has

li¡en developed to obtain a reliable comparison with the hydrogen-

line observations (Section 6.2). Not only beam smoothing (Subsection

6.2.1) but also the smoothing by the finite thickness of the gaseous

layer can be treated in this way (Subsection 6.2.2). Detailed compa-

risons of the theoretical gas flow with observed density and veloci-

ty fields at three angular resolutions (25", 50", and 2') are made

in Section 6.3. Finally, the effect of the density wave on the rota-

tion curve is discussed in Section 6.4.

6.1 The construction of the gas-flow models; dust lanes and HII

regions

In this section we discuss the relevant parameters for the gas

flow in M81 and outline the methods for the construction of the un-

smoothed theoretical gas-flow models. We compare the theoretical

shock front with the dust lanes, and relate the shock strength (i.e.

the maximum compression after the shock) to the relative number of

HII regions.

â"
Ar.
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The general idea is that the gas, confined to a thin sheet,

responds to a two-armed spiral potential perturbation; this pertur-

bation is supported by the stars and rotates with a pattern speed

n . We assumed that the large-scale gas notions are strictly two-

dimensional in the plane of the galaxy and therefore that the gas

remains confined to the same thin sheet. We followed the approach

of Roberts (1969a) and Shu et al. (1973) to compute the nonlinear

response of the gas to the spiral potential perturbation. The

approximations and methods of solution are identical to those of

Shu et al. (1973).

The gas flow is determined by five local parameters in addi-

tion to the pattern speed Q . The local parameters are: the angular

velocity 0(R), the epicyclic frequency K(R), the effective acoustic

speed a(R), the spiral gravitational forcing F(R), and the shape of

the spiral potential perturbation given by the pitch angle IJJ(R). W e

remark that these parameters are not independent because, as has

been discussed in Chapter 5, the gas flow is determined by three

independent parameters v, f, and x. Since the former parameters are

more directly related to the physical picture, we use them to

describe the flow.

The "axisymmetric" parameters £2, K, and a have been discussed

in Chapter 3, and the "spiral" parameters i|i, F, and ti in Chapter 4.

The parameters ft, K, and tjj are directly coupled to the observations

and are rather well established, even if we take into account the

model-dependent correction to the rotation curve. In Section 4.3 we

argued that the choice for J2 was limited by the extent of the re-

gion appropriate for the comparison of theoretical gas-flow models

with observations; however, this constraint can be questioned on

several grounds. The parameters a and F cannot be directly measured

and are therefore model-dependent. Related to this, we recall that

in Chapter 3 we constructed axisymmetric models on the basis of the

rotation curve n(R). These models have three independent parameters:

the stability parameter Q, the ratio a of the vertical to the radial

velocity dispersion of the stars, and either the effective acoustic

speed of the gas a or the half thickness of the gaseous layer z,.

The requirement that the theoretical pitch angle t|i(R), computed with

the linear stellar density-wave theory (Lin and Shu 1971, see Sec-

tion 4.3) be consistent with the pitch angle of the observed spiral
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patterni puts severe constraints on the relationship between Q and

a (see e.g. Fig. 4.3), but practically no constraint on a or z,.

However, the half thickness z, can vary only within specific limits

since the associated acoustic speed of the gas is expected to stay

between roughly 5 and 15 km/s. The amplitude F of the spiral gravi-

tational force field, which is derived from the waves in the azimuth-

ai Q-light profiles (Schweizer 1976, see Section 4.4), is only weakly

dependent on the three parameters mentioned above. The most uncertain

factor is the mass model. Fortunately, for the gas flow, only the

forcing F is (linearly) dependent on the mass surface density, but

the uncertainty can be as high as 40%. In Section 6.3 we discuss the

consequences of these uncertainties.

We have additional freedom if we drop the requirement that the

shape of the spiral be consistent with the stellar-dynamical part of

the Lin-Shu density-wave theory (or: consistent with the dispersion

relation). As already stated, there are many unresolved problems in

this analysis; therefore we consider also a case where Q and a have

values that do not imply a spiral potential consistent with the dis-

persion relation. With this in mind, we adopted the spiral pitch

angle i(i(R) and further constructed the model according to the methods

set out in Chapter 3. The amplitude F of the spiral gravitational

force field has been determined following Section 4.4.

At the outset we computed four theoretical gas-flow models.

Since three local parameters and the pattern speed can only vary be-

tween narrow limits, we considered them as fixed:

i) fi(R) and K(R) were chosen according to the model rotation

curve of ti:e Toomre-disk model;

ii) IJJ(R) was chosen according to case 2* described in Section

4.3; and

iii) a pattern speed Í2 of 18 km s""1 kpc"1 was adopted.

For the parameters a and F, which are less certain, we used the

values corresponding to the four special cases of the variables Q, a,

and a (or z,) specified in Chapter 3 (these cases define the gas-flow

modele; 1, 2, 3, and f in the same order as in Chapter 3). Models 2,

3, and f are, within the uncertainties of density-wave theory, con-

sistent with the dispersion relation. Model 1, which is not consist-

ent with the dispersion relation, permits us to investigate whether,

despite of this inconsistency, an acceptable gas-flow model is still

possible.
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We constructed the models in the following way. Since inside

3 kpc very little hydrogen has been measured (cf. Fig. 4 of Rots

1975), the gas flow has been computed from 3 kpc outward. Beyond

roughly 8.7 kpc the region of the higher harmonic resonances

occurs; no sslutions of the gas-flow equations could be found here.

In the computed region the base (i.e. unperturbed) flow is super-

sonic. As shown in Chapter 5 we can have three types of solutions,

namelys i) completely supersonic flow without shocks; ii) critical

solutions with shocks of zero strength; and iii) shock solutions.

To determine the type of solution we computed the critical forcing

F . , corresponding to the shocks of zero strength (see Fig. 6.1).

Since the forcings, which are partly derived and partly adopted in

Section 4,4, are higher than Fcr£t» galactic shocks occur over the

whole region computed in the models. Once the type of solution was

established, we constructed the density and velocity fields by

7 R(kpc)9

FIGURE 6.1 - The spiral gravitational forcing F as a function of

radius R for model 1 (line F ) and models 2, 3, and f (line F. , , ) .

The lines F .,. show the forcings above which galactic shocks

develop. The dot/dash line (FfI) shows the modification of the final

model. The dotted line (F.tl) is the adopted forcing for the adjusted

linear gas-flow model.
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Computing the properties of the flow (see Chapter 5) along stream-

lines with a step of 0.1 kpc in the mean distance RQ of a stream-

line to the galactic centre.

Because we deal with a spiral with a varying pitch angle (see

Fig. 4.2), we describe the flow in a local (n,S) co-ordinate system.

For a streamline with mean distance R this co-ordinate system has

its zero point at an azimuthal angle

Rn
= - ƒ 1/(R tg i|i(R)) dR , (6.1)

and is defined in a small ring around the circle with radius RQ. In

(6.1) R is the distance to the galactic centre of the intersec-

tion of the gravitational potential well with the line of nodes. In

this spiral co-ordinate system, which rotates trailing with an an-

gular velocity ß , we then can calculate for each streamline the

velocity components v£ (n) and v (n), the position Ç (n)» and the

surface density o (n)• The independent variable n represents the

¿piral phase with respect to the minimum of the potential well (see

Fi,-<. 6.2 for the orientation of the various quantities). With the

.T-information formulae (5.7) applied to the local (n,Ç) co-ordinatd

"-• t. j v-h obtain for the position and velocities of the gas along

rht> titreaml'.ne 'jith mean distance R ' in the non-rotating polar co-

ordínete y,sr.'2u\

? - ?j + [sin i()(Ro).cos i|)(Ro).Ç + sin
2 i

R = R expí-sin2d>(R ).£ + sin il)(R ).cos

v R = -v sin iKRo) + v eos i(/(Ro), and

v. = v cos ü)(R„) + v sin ii(R ) + R Í2 .

(6.2)

(6.3)

(6.4)

(6.5)

We remark that, for this method of solution, we assume that the

streamlines do not deviate too much £i.om a circle; in this case,

for instance, the spiral pitch angle iji can be considered as a con-

stant along the streamline. This assumption can be questioned with

respect to the outer streamlines where relatively large excursions

of ;he gas from i t s mean distance occur. However, we believe that

this has a minor effect on the main conclusions that can be drawn

from the analysis. Moreover, the solution i t se l f in these outer

regions is less reliable for other reasons (see below). If the

galaxy is t i l t ed by an angle i from i t s face-on position, we
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FIGURE, 6.2 - Orientation of the velocity components vn and vQ in

the (R,8) polar co-ordinate system, and v and v. in the (n,5)

spiral co-ordinate system (see also caption of Fig. 5.1). The ellip-

se with principal axes (x,y) centred at (nQ, Ç ) shows the beam of

the radio telescope projected onto the galactic plane. The (x', y')

co-ordinate system is aligned with the major and minor axes of the

galaxy; f is the local spiral pitch angle and a, a', ß are angles

between various co-ordinate axes. R is the distance to the galac-

tic centre of the intersection of the minimum of the spiral poten-

tial well (heavy line) with the major axis. R and 6 define the

intersection of the mean radius of a particular streamline with the

potential well.
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observe the radial velocity

v , = v„ sin 6 sin i + v„ cos 8 sin i + v_„_ (6.6)
ra& lx a Sys

where v is the radial velocity of the centre of the galaxy,
sys

Fig. 6.3 shows the streamlines of the final model face-on.

Note that the number of streamlines crossing a unit area is a

measure of the (unsmoothed) density perturbation. The width of the

region of high surface density after the shock front is quite small.

Each streamline has an oval shape with a kink at the position where

the shock takes place. Since the streamlines are not closed when

the gas completes one full cycle in phase, we have applied a small

correction (up to 1.5% in radius). To make a diagram of the radial-

velocity fields we interpolated the values of the iso-velocity con-

tours along the streamline. If nx> n¿ •••• correspond to the phases

of the "contour values"» the position of these points in the plane

of the galaxy can be computed with (6.1), (6.2), and (6.3), and

plotted in the diagram with an appropriate symbol (see Fig. 6.4).

The two-armed spiral shock front is delineated by the discontinui-

ties in radial velocity. Near the minor axis the jump in radial

velocity is of the order of 30 km/s. Since beam-smearing effects

are very important near these shock fronts, this radial-velocity

field cannot directly be compared with the hydrogen-line observa-

tions.

The shock front is shown in Fig. 6.5 with the spiral of the

potential perturbation superposed on an optical photograph of the

galaxy. At the shock front we may expect to find the principal dust

lanes. In M81 the dust lanes are rather complex. In the central

regions there is a multiple spiral pattern which can be traced in-

wards to 35" from the centre (Sandage 1961). In the outer regions

the dust lanes lie (also according to Sandage) at the inside edges

of the luminous spiral arms (difficult to see on the photograph).

In the southeastern part of the galaxy there is an intricate dust

pattern and in this region it is difficult to speak of one major

dust lane. Obviously we cannot account for the spiral pattern in

the very central regions since the inner Lindblad resonance (ILR)

in our models is near 2.6' (2.5 kpc) from the centre. Although the

exact location of the ILR is not well known because of the poorly

defined rotation curve in the central regions, we believe it is

nearly impossible to force the ILR to 35" from the centre with the
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f

_, 10 KPC

FIGURE 6.3 - Streamlines of the final model with an increment of

0.1 kpc in mean radial distance, seen face-on. Note that the number

of streamlines crossing a unit area is a measure of the (unsmoothed)

perturbed surface density of the gas. In the outer regions the

density enhancement due to the growing importance of the second har-

monic resonance can be seen. The line showing the length scale in

the plane of the galaxy is in the major-axis direction.
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FIGURE 6.4 - Unsmoothcd radial-velocity field of the gas for the

final model. Dashed lines show the discontinuity due to the galactic

shocks. Velocities are heliocentric (km/s). Large crosses denote

star positions or the position of the galactic centre.
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FIGUEiä 6.5 - The shock front in the gas (full line) and the

theoretical spiral pattern of the potential perturbation (dashed

line) of the final model superimposed on a 200 inch photograph

of M81 (Photo by Hale Observatories).
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same fl in order to explain these dust lanes in a (standard)
p

density-wave picture. Beyond 3 kpc, where the computed shock front

starts, the agreement of the model with the observed dust lanes is

good; as expected for a trailing spiral pattern, the shock front

lies mainly at the inside edges of the optical arms, but the complex

dust pattern in the southeastern part remains unexplained. For

these comparisons the aaimuthal angle of the spiral potential per-

turbation is important. In principle, this must be determined from

the broad spiral pattern in the light distribution (Schweizer I976).

However, this pattern is not well defined for the region of interest.

We chose the azimuth of the underlying spiral of the potential wave

in such a way as to optimize the agreement of the gas-flow models

with the observed velocity fields, since the phase of the velocity

perturbations is also important for the correction of the rotation

curve (Section 6.4). There is a small phase shift (An) of the shock

front with respect to the minimum of the potential well; the pitch

angles of the shock front and the well are nearly the same except in

-40-

7 R(kpc) 9
FIGURE 6.6 - The phase shift An of the shock with respect to the

minimum of the potential well as a function of radius R for the

models 1, 2, 3, and f (= final model).
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the outer regions, where there is a strong variation of the phase

shift-(see Fig.-6.6). In^this respect we note that one of the assump-

tions for the gas-flow calculations as described in Chapter S is

that the shock front lies asymptotically close to an equipotencial

line. Since this is not the case beyond about 8 kpc, the solution

itself can be questioned because one of the premises! is not fulfill-

ed. The only way to settle this problem is to perform two-dimension-

al gas-flow calculations in this region; however, this approach lies

outside the scope of this paper.

Fig, 6.7 shows the shock strength omxf
a
R
 a s a function of R,

where vmax is the surface density after the (isothermal) shock and

20 .

w/s/sm •

smoothed 25" beam + layer

4 6 8 R(kpc)

FIGURE 6.7 - The shock strength as a function of radius R (full

curves) for models 1, 2, 3, and f (= final model). The hatched

boxes show the extrema of the density contrast in these models, if

the density field is smoothed by a 25" beam (FWHP) and the finite

thickness of the gaseous layer is taken into account. The dots

show the observed density contrast at the same resolution. The

dashed line is the density contrast in the range 4 í R í 6 kpc if

the forcing is chosen according to line Ff, in Fig. 6.1.

i) Jr' X"
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a the mean surface density. It is clear that the shock strength

shows a considerable spread for the various models (up to a factor

2). This is caused by the strong dependency of the shock strength

on the sound-speed parameter x as discussed in Chapter 5. However,

it is difficult to relate the shock strength to observations; beam-

and layer-smearing effects play a dominating role in the comparison

with hydrogen-line observations (e.g. the observed maximum surface

density in the spiral arms is 5-10 times lower than the computed

<j ), It has been argued that the shock strength has a strong re-

lation with the star-formation process (Roberts 1969a). For the

ratio HII/HI, where HII is the number of HII regions per kpc2 and

HI the surface density of (atomic) hydrogen, Shu (1974) proposed

the following relation,

7 R(kpc) 9

FIGURE 6.8 - The rate of star formation induced by the galactic

shock. The histogram gives the number of HII regions per kpc2

(Connolly et al. 1972) relative to the surface density of atomic

hydrogen (Rots 1975). The curves show the same ratio for the non-

linear gas-flow models 3 and f (= final model); the star-formation

rate is assumed to be proportional to the shock strength squared.

Curve f* corresponds to the final model with a star-formation rate

proportional to the shock strength.
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(HU) (o - y (6.7)

with n = 2. This relation is based on the plausible assumption that

the relative number of HII regions is proportional to the frequency

2 (ft - B ) at which the gas is periodically compressed by the density

wave, and proportional to the shock strength to some power. With

this relation attempts have been made to explain the well known dis-

crepancy between the HI and HII distributions in our Galaxy (Shu

1974, Mark 1974; see also Burton 1976).

He applied this formula to M8I to predict the relative number

of HII regions. The HII distribution as a function of R has been

determined by Connolly et al. (1972); the HI distribution by Rots

(1975). It appears that the model with the isothermal gas layer

(model 3) predicts the relative number of HII regions very well

(see Fig. 6.8). For the other models the region where the theory

predicts the occurrence of HII regions is more or less in agreement

with the observations, but the maximum is not at the right place

(e.g. curve f for the final model). However, if the star-formation

rate is proportional to the shock strength (so n = 1), then for

model f the position of the maximum number of HII regions is also

predicted relatively well (curve f*). He believe that the star-

formation process is not well enough understood to reject one of the

proposed models on these grounds. On the other hand we remark that,

in this approach, the total extent of the region where the HII

regions are located is strongly dependent on the choice of the pat-

tern speed (18 km s"1 kpc"1 for all models). It is tempting to use

this as a criterion for the choice of the pattern speed; however,

the position of the ILR is not well determined and the behaviour of

the gas flow outside the second harmonic resonance region has not

been properly investigated. It is clear that more theoretical work

is needed before more definite conclusions can be drawn from dia-

grams like Fig. 6.8.

Before we compare the theoretical gas-flow models with the HI

observations we discuss the smoothing effects of the telescope beam

and of the integration along the line of sight on the density and

velocity fields; these effects play a dominating role in the compa-

risons.

,: i

X'
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6.2 Smoothing

The usual way of smoothing density and velocity fields is by

defining a rectangular grid of points upon .which the (surface)
r

density and (radial) velocity of the gas are calculated. The power

pattern of the beam is interpolated onto a grid with the same spac-

ing, after which the convolution can be done by a simple weighted

double summation. The distance between grid points should be defined

in such a way that the density and velocity vary slowly from point

to point. However, this method is difficult to apply for the model

density and velocity fields in M81; near the shock fronts the proper-

ties of the flow change so quickly as functions of spiral phase that

either the distance between grid points has to be so small that the

total number of points to be used for the region 3-9 kpc does not

fit into the computer available to us, or the grid becomes so coarse

that the density and velocity cannot be considered to vary slowly

from point to point (in other words: not all the information avail-

able in the unsmoothed density and velocity fields is used). In

addition to this dilemma a major problem is that the density and

velocity information is not yet available on a rectangular grid but

along the computed streamlines (see Fig. 6.3). The interpolation

procedure onto a rectangular grid encounters exactly the same pro-

blems as the smoothing procedure itself.

To overcome these problems, we designed a special smoothing '

technique, called "phase smoothing", in which the functions of

interest (density and velocity) are allowed to vary within the beam

quickly in one co-ordinate direction but slowly in the orthogonal

direction. In fact, this is precisely the condition used in the

asymptotic approximation of the density-wave theory for tightly-

wound spirals, where the functions are thought to vary quickly in

the spiral-phase direction (n direction in Figs. 5.1 and 6.2) but

slowly in the Ç direction. The phase-smoothing technique, further

discussed in Subsection 6.2.1, can also be used to compute the

smoothing effects of a gas sheet of finite thickness. Since we

observe the plane of M81 with an inclination of 59°, the line of

sight crosses several streamlines within a range AR determined by

the scale height z of the gaseous layer. This technique is

described in Subsection 6.2.2, where we also discuss the combined

effect of beam and layer smoothing.
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6.2.1 Beam_smearing_bjr_2hase_smoo thing

For phase smoothing we transform^ the beam power pattern given

in sky co-ordinates RA and Dec tò the (n,£) co-ordinate system as

defined in the plane of the galaxy, since the density and velocity

fields are given in the (n,ç) co-ordinate system. This transforma-

tion is done in two steps. First, we project the WSRT beam onto the

plane of the galaxy; second, the transformation to the (n,€) co-

ordinate system is done.

The half-power beam of the WSRT for a complete synthesis

observation is approximately an ellipse with the major axis along

the declination axis and an axial ratio sin 6, where 5 is the decli-

nation of the field centre. The projection of this ellipse onto the

plane of the galaxy is another ellipse, the shape of which can be

calculated by a simple principal-axes transformation. In Fig. 6.9

the axes x' and y' are in the plane of the galaxy aligned with the

major and minor axes respectively (see also Fig. 6.2); RÀ and Dec

are the sky co-ordinates, and $ is the position angle of the major

axis of the galaxy with respect to the North. If we define the

matrix A,

-sin2i(i + cos2<t>.sin?-fi,

sin if).cos <t>.cos i.cos25, and (6.8)

cos2(|>.cos2i+sinz<j>.sin26.cos2i,

then the angle ß between the major axis of the projected ellipse

and the line of nodes (major axis of the galaxy) is given by

an

a12

a12

a22

, with

an
a12

a22

i arctg (2a12 / ( a u - a22)) , (6.9)

or its complement, depending on the actual values of $, 6, and i.

If we represent the beam power pattern by

B(x,y) = exp(-Xix2 - X2y
2) , (6.10)

(6.11)

where the (x,y) co-ordinate system is aligned with the principal

axes of the projected beam, \l and X2 are given by

Xl = 2 In2 (tr A - ((tr A ) 2 - 4|A|)')/bz, and

X2 = 2 In2 (tr A + ((tr 4 )
2 - 4|A|)*)/b£,

. ,

with tr A + a22 and |A.j a22 - ai2. The half-power beam
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width of the WSRT at the North pole is represented by b (= 23'.'9

for the full resolution beam of the observations of Rots and Shane

1975)• For the conversion of angular measure into linear measure in

the galactic plane of M81 we used a distance of 3.25 Mpc (see also

Chapter 2). For M81, with an inclination of 59°, a position angle

of the major axis of 149°, and a declination of 69?3,the angle 6 is

87?5 and the axial ratio of the projected ellipse .is 1.89 (see Fig.

6.9). Since at the declination of M81 the beam in the plane of the

sky is almost circular, there is only a small difference between

the (x,y) and (x'.y1) co-ordinate systems.

The observed density a' and mean radial velocity v' at a cer-

tain position, which is determined by the phase n and the mean

DEC
projected beam

beam WSRT

FIGURE 6.9 - The beam of the WSRT in sky co-ordinates (RA and

Dec) and projected onto the galactic plane of M81; the (x'.y1) co-

ordinate system corresponds .to the major and minor axes in the

galactic plane, x and y are the principal axes of the projected

ellipse. The angle $ is the position angle of the major axis in

the sky plane.



102

distance R of the streanline to Che galactic centre, are given by

IS a(x,y)exp(-\1x
2 - A2y

2)dxdy

(6.12)

SS
—Oü

- x2y
2)dxdy

and

ff cr(x,y)vrad(x,y)exp(->ix
2 - Xzy

2)dxdy

ƒƒ a(x,y)exp(-?nx2 - X2y
2)dxdy

•(6.13)

Since the density and velocity are more easily described in the

(li O co-ordinate system, we transform the projected beam also to

this co-ordinate system. For this transformation the angle a is

important; this is the angle between the normal of the equipoten-

tial curve (ii direction) and the major axis of the projected beam

(see Fig. 6.2). It can be easily shown that

B - e - (6.14)

where 9 is the azimuth of the beam centre and i|i the local pitch

angle of the spiral. Within the bean the (n,Ç) co-ordinate system

can be considered as Cartesian, so the transformation formulae are

well approximated by

(-S. cos a) (Ç - sin a)(n - i,o) , and

(S, sin a)(Ç - Eo) + (J. eos a) (n -
(6.15)

where (no,CQ) are the co-ordinates of the beam centre and i is the

scale factor along the n and E axes. With (6.2) and (6.3) it can be

shown that

sin (6.16)

(For simplicity we assign a constant scale factor to all points of

a particular streamline). With (6.15) the numerator of (6.12)

becomes

í"
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•Ho

ff cos2a + X2Jl
z sin2ct)(ç -

2(K;Jl2 sin a cos a - \2¡.
2 sin a eos a)(n - nJ (5 - £„) -

- n0)
2] (6.17)

Xo evaluate this integral we demand in the first place that, if

there are important variations within in the beam, they are in the n

direction (asymptotic approximation). The second condition is that

the flow solution varies slowly within the beam as a function of R

(the mean distance of the streamline to the galactic centre). With

these conditions the density function a(n,Ç) can be considered as a

function of phase (n) only (hence phase smoothing). We can also say

that o(n,0 can be evaluated from the neighbouring points of (nQ,Ço)

along the streamline. Near the shock front, where the smoothing

effects are the most important, the first condition is certainly ful-

filled if the shock front lies asymptotically close to an equipoten-

tial line (see consistency check in Section 6.1)- Far away from the

shock front the density and velocity vary slowly within the (25" and

50" WSRX) beam; in practice it is not important then how the smooth-

ing is done, since either all values of density and velocity are

nearly equal or the functions are monotonie in Ç. Note that near the

major axis the radial velocity attains an extremum as a function of

£; for a relatively large beam (50" for M81) this can cause devia-

tions of the order of a few km/s. The second condition is largely

fulfilled for M81 with the 25" beam of the WSRT. Also for the 50"

beam the method still gives reliable results for R s 8 kpc. However,

for a 2' beam the variation within the beam is too large; in this

case the smoothed fields can be obtained by a rectangular-grid

smoothing of a 25" field constructed by phase smoothing. Near the

ultraharmonic resonances (starting roughly at 8 kpc) the method

gives less reliable results since the flow solution changes quickly

as a function of R ; however, in this region the solution of the gas

flow is itself questionable on the very same grounds.

Since the density can be considered as a function of only n,

the integration for Ç can be done analytically, and we are left with

a one-dimensional numerical integration for r\. The denominator in

(6.12) equals it// \\\2 and the expression for the observed density o'

4.'
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becomes

<i'(Ro,tio) [-e(n - no)z] dn (6.18)

with e (6.19)

where Xi and \2 are the beam parameters (constant for the whole

galaxy), the scale factor I depends on the mean distance to the

galactic centre of the considered streamline, and a varies from

place to place along the streamline according to (6.2), (6.9), and

(6.14). Along the streamline e attains the extrema A jit2 and XzH2,

in agreement with (6.10) if x and y are transformed into the (n»5)

co-ordinate system. Note that in (6.18) o(R ,n) represents the sur-

face density along t'tve line of sight. For a smooth Gaussian layer

where the face-on surface density a is independent of n and Ç,

o(R0,n) is given by a(RQ,n) = o /cos i. If o (Ro,n) is given by the

nonlinear shock solution, the situation is more complicated (see

Subsection 6.2.2). To compute the integral in (6.18) numerically we

determined the surface density o(R >n) for 200 equidistant values of

phase along the streamline. Then, for every point i\0 of a particular

streamline with mean distance R , the observed density o'CR.n) can

be calculated from its neighbouring points in phase by a simple

'weighted summation process up to the point where the power pattern

of the beam has dropped to (say) 0.01 of its central value.

By analogy with the derivation of a' it can be shown the t the

observed mean radial velocity v' equals

+«•>

J" u(Ro,n)vrad(R0,n)exp [-e(n - no)
2]dn

v'(R0,n0) = — , (6.20)

where C'(RO>T\O) is given by (6.18), and where (RQ>n) is calcu-

lated with (6.6) from vD (R ,n) and v. (R.n) for the azimuthal angle
K O o

6 corresponding to nQ (and not n). Contour plots of the smootbsd

density and velocity fields can be made in the same way as of the un-

smoQthed fields by computing the phases of the "contour values"

along the streamline.

Since the density function (also called arm profile) o(Ro,n)and radial-velocity function (R ,n) are not simple analytical
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functions, we are forced to compute Che integrals in (6.18) and

(6.20) numerically. However, near the shock front the arm profile

resembles more or less an exponential function (see Fig. 5.4a). To

give an analytical example of the phase-smoothing technique, we

smooth the idealized arm profile

, I

a(n) = s exp(-n/b) + (l-smaj(b/(2it)), for O 0, and

o(n) = (l-smaxb/(2ir)), for n < 0,
(6.21)

-1 -0.5 0 0.5 1
FIGURE 6.10 - The idealized arm profile o as a function of spiral

phase n (see eq. (6.21)). The profiles a', smoothed by the (analytic-

al) phase-smoothing technique, are labeled by the value of the smooth-

ing parameter e; nQ is the centre of the (Gaussian) beam.

t
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with the (normalised) Gaussian beam centred at no>

B(D,TI) <= /f" exp [-e(n - n ) 2 ] . (6.22)

The constant d^sity level (l-smaxb/(2it)) in (6,21) follows from

the conservation w'f mass if the unperturbed density is 1 in the

phase interval [-ir.+ir]. The observed density a' at nQ is then given

= S a(n)B(n.no)dn
—TO

(6.23)
e r f c

In Fig. 6,10 a(n) and O'(TIO) are shown for the case b 0.2,

7.5, and e = 20 and 5 respectively. For e = 20, where the full beam

width at half power (FWHP) is twice as large as b, the smoothed

profile is skew. If the beam is increased with a factor 2 (e = 5)

the smoothed profile is almost symmetric.

0.1 0.2 X

FIGURE 6.11 - Smoothed density contrast corresponding to the

shocks shown in Fig. 5.6 as a function of the scaled field strength

f and the sound-speed parameter x. The arm profiles are taken to be

exponential and they have been smoothed by analytical phase smooth-

ing (see cq. (6.23)). The smoothing parameters e • 5 and 1.25 are

typical values for the smoothing effects of the 25" and 50" WSRT

beam for M81.

J'
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To show the combined effect of the shock strength o and

shock width v in the smoothing process we applied (6.23) to the

shock computed in Chapter 5 as a function of the sound-speed para-

meter x and the forcing f, and for a fixed value of v. We chose

s and b in, (6,21) in auch a way that the resulting amax and w

corresponded with the values presented in Fig, 5.6. We emphasize

that the profiles computed in Chapter 5 are not exactly exponen-

tial as is the idealized arm profile in (6.21), but this does not

affect our conclusions. For the beam we used E = 5 and E = 1.25

as typical values for the 25" and 50" WSRT beam for M81. Note that

these beams have a FWEP that is at least a factor 2 larger than

the shock widths in Fig. 5.6. We determined the maximum °'_ax of

o'(n ) as a function of TIO (see Fig, 6.11). Despite the fact that

f varies wit>i a factor 2 and x with about a factor 10, the varia-

tion in o' is merely about 20% for the 25" and 15% for the 50"

beam. This example is indicative for the smoothed density fields

discussed in Section 6.3 where the density varies also slowly as a

function of a and F and is dominated by the beam itself. Note that

the o' determined with this simple analytical approach compares

reasonably well with the values computed more exactly in Section

6.3 with smoothing of "real" profiles by numerical integration.

6.2.2 laver sjjearing_by__ghase_smoo thing

The observed density and velocity fields are smeared not only

by the telescope beam; a gaseous layer of finite thickness can also

give a considerable smearing effect if there are important velocity

and/or density variations along the line of sight such as occur

near galactic shock fronts. As we shall show below, this layer

smearing can easily be computed with the phase-smoothing technique

after we have made some simplifying assumptions.

First we assume that the layer thickness of the gas remains

constant along the streamline. Near galactic shock fronts this

assumption can be questioned since the layer is expected to be thick-

er here than in the interarm regions because of the shock. However,

in our Galaxy the increase of the thickness near the main spiral

features inside 10 kpc is observationally not greater than 20%

(Jackson and Keilman 1974) and it is theoretically 35% (Tosa 1973),

so we believe that the assumption of a constant thickness alcng the

•*, Í

V'
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streamline is acceptable. Furthermore, we assume that the velocity

perturbations are independent of z, and that at every z the perturb-

ed space density of the gas p (a) is proportional to the unperturb-
r pg

ed space density of the gas P_(z)« T n e n

P-_(z) = p_(z) o la_ , (6.24)

where a and o are the perturbed and unperturbed face-on surface
pg 8

density of the gas respectively. Fig. 6.12 shows the geometry of a

line of sight with an inclination i. The y' axis is in the minor-

axis direction in the plane of the galaxy (see Fig. 6.2) at the sub-

central point yo corresponding to (no,E¡o). Provided that the radia-

tion comes from optically thin regions, the observed surface density

a' and mean radial velocity v* are given by

ƒ p (s)ds, and v'
o FS

f
o Ppg ( s ) v rad ( s ) d 8 / a I (6.25)

If the unperturbed gaseous layer is Gaussian with a scale height

z (see (3.8)), the expression for a' becomes, with (6.24) and some

trigonometry,

f Ppgo(y')exp(-y'/zgotg i)
2 dy'/sin i, (6.26)

FIGURE 6.12 - Geometry of a line of sight represented by the vec-

tor s with inclination i. The vector y' is in the galactic plane and

is oriented in the minor-axis direction. The function p (z) shows

the space density of the gaseous layer as a function of 2; z is the

scale height (see eq. (3.8)).

3..
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where p is the perturbed density of the gas at z = 0. To evalu-

ate this integral we again make use of the asymptotic approximation,

i.e. if there are important variations in the plane they take place

in the n direction. Further, the properties of the flow must vary

slowly as functions of RQ within the range AR corresponding to the

scale height z . For M81, this latter condition is certainly ful-

filled for the layers with z, ranging from 200 to 300 pc and for an

inclination of 59°. We can now evaluate Poao(y') from its projected

value on the T\ axis at the point y (or n ), Since

y' R sin i|i (n - no)/m cos a' (6.27)

where a' is the angle between the (local) n axis and the y' axis,

it can easily be shown that

°'(Ro-V - O 2 ] dn , (6.28)

where

[RQ sin \KRQ)/m cos a ' z tg i]

and a(n) is the perturbed face-on surface density.
For each point of the streamline o' equals

a' = IT/2 - e(Ro,no) - H%) -

(6.29}

(6.30)

If a' = TT/2 or 3ir/2, e' becomes infinite and no layer smearing takes
place since the projection of the line of sight on the galactic plane
is tangent to an equipotential l ine. If a(n) = a (constant) we
obtain the well-known expression a' = a /cos i . We emphasize that
(6.28) holds only if the gaseous layer is a smooth Gaussian layer
without cloud structure. If clouds are present, the layer smearing
depends also on the cloud statist ics concerning size, density, velo-
city, and space distribution. Inclusion of these effects is not
justified since for M8I the properties of the clouds are unknown.

In a similar way we can compute the mean radial velocity along
the line of sight. It reads

ƒ

V(Ro,no) =
rad(n)exp [-E'(n - nn)2] dn

(6.31)

where a' and E' are given by (6.28) and (6.29).
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Because of the Gaussian shape of the gaseous layer and of the

beam power pattern, the phase-smoothing technique gives exactly the

same expressions for the beam and layer smearing, apart from the

numerical value of the position dependent parameters e' and e.

Therefore the combined effect of beam and layer smearing can easily

be calculated. If at a position (Ro,n0) the parameters for beam and

layer smearing are e and e' respectively, convolution theory says

that the effective smearing e" equals

(6.32)

and beam and layer smearing can be done with one integration.

BE'
e+e'

6.3 Comparisons of gas-flow models with hydrogen-line observations

We have at our disposal the hydrogen density and velocity

fields at 25" and 50" resolution (Rots and Shane 1975, and this

work) and the velocity field at 2' resolution (Gottesman and

Weliachew 1975). For a quantitative comparison of smoothed model

fields with the observations, we select the following amplitudes of

the density and velocity perturbations at 25" and 50" resolution:

i) the maximum surface density in the spiral arms divided by

the mean density, called che density contrast. This density contrast

has been determined from plots of surface density against spiral

phase (arm profiles) averaged over the annuli A * R Í 6 kpc, 6 í R

£ 8 kpc,and 8 s R í 10 kpc (see Fig. 6.19).

ii) the extrema of the radial-velocity perturbations with res-

pect to the axisymmetric Toomre-disk model along the minor and major

axes, called the velocity amplitudes (see Fig. 6.17). In this way

we measure the two (perpendicular) velocity components v_ and v„

(nearly equal to v and v respectively).

In Subsection 6.3.1 we compare the theoretical amplitudes of

the four models, defined in Chapter 3, with the observed ones and

we select on this basis the final model. After a discussion of the

influence of the choice of the parameters (Subsection 6.3.2) we use

this final model for several other comparisons: the velocity fields

and the velocity perturbations along the minor and major axes in

Subsection 6.3.3; the density field and the arm profiles in Sub-

section 6.3.4. In Subsection 6.3.5 we discuss a further aspect of

the beam and layer smearing, and ask how a linear density-wave model
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for the gas (notions with the same parameters as the final model

compares with a nonlinear model, (The fields are, unless otherwise

stated, smoothed by combined beam and layer smoothing as described

in Section 6.2.)

6.3.1 The^aR2lit5ides_of_the_densit2;wave_Eerturbations

Xn this subsection we first treat the density contrasts and

possible optical-depth effects; we then discuss the velocity ampli-

tudes and select the final model.

The observed density contrasts at 25" and 50" resolution are

shown in Table 6.1 for the two arms separately. "East" denotes the

contrast in the spiral arm that is most prominent in the northeast-

ern part of the galaxy, "west" the contrast in the other prominent

spiral arm. The density contrast is different for the two arms. The

eastern arm attains higher values than the western arm for distances

greater than 6 kpc from the galactic centre. He remark that there

is also some asymmetry in the hydrogen content in the sense that the

part to the east of the major axis contains 50% more hydrogen than

that to the west (Rots and Shane 1975). Whether this plays a role in

the unequal contrasts is questionable; in the first approximation

the density contrast is independent of the mean gas surface density.

Asymmetrical potential perturbations may possibly cause this effect.

Since we constructed a symmetrical model, we use the mean contrast

of the two arms as the best estimate for the comparisons. The mean

contrast shows a slight increase for increasing distance from the

centre.

If we want to compare these values with the theoretical ones,

the comparison can only be done properly for the annuli 4 $ R $ 6

kpc and 6 i R « 8 kpc. For 8 $ R $ 10 kpc the solutions that have

been found are less reliable, as discussed in Section 6.1. Moreover,

the 50" beam is too large with respect to the small strip computed

in the model (8i R { 8.7 kpc). Therefore, in this region, we use

only the theoretical values at 25" resolution as a rough indication.

We stress that the observations have here been averaged over a wider

range in R than the numerical data of the model. The theoretical

density contrasts for the models 1, 2, and 3 are shown in Table 6.1.

Unlike the shock strengths the smoothed density contrasts show

little variation from model to model, since in most cases an in-

creasing shock strength goes with a decreasing shock width. In the

fe i

Ï.
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TABLE 6.1 Amplitudes of density-wave perturbations (model f' is a

modified final model; Ffx r means that in the final model the for-

cing is multiplied by r; lin.adj. denotes an adjusted linear model)

25"

observ.

mean

model 1

model 2

model 3

model f

model £'

Ffx 0.5

Ffx 0.8

Ffx 1.2

Ffx 1.5

linear

lin.adj

density contrasts

4$RJ?6 kpc

east west

1.7 1.8

1.75

2.2

2.2

2.2

2.0

1.8

1.5

1.85

2.1

2.25

1.75

1.4

6<Rí8 kpc

east west

2.3 1.8

2,05

2.25

2.3

2.1

2.1

2.1

1.55

1.9

2.2

2.45

1.65

1.5

8iR<?10 kpc

east west

2.6 1.85

2.2

2.3

2.35

1.95

2.15

2.15

1.8

2.0

2.35

2.6

1.65

1.55

velocity amplitudes (km/s)

minor axis

5.5 8 kpc

>15 -11

20 -10

17 -10

17 - 9

16 - 9

16 - 9

11 - 9

13 - 9

19 - 9

25 - 9

20 -13

15 - 9

major axis

4.5 6 kpc

8 -11

14 - 9

12 -10

13 - 9

11 - 9

10 - 9

8 - 6

10 - 8

12 - 9

14 -12

19 -16

12 -10

50"

observ.

mean

model 1

model 2

model 3

model f

1.45 1.45

1.45

1.65

1.7

1.65

1.6

1.9 1.6

1.75

1.8

1.8

1.7

1.7

2.2 1.6

1.9 15 - 8

16 - 8

15 - 8

15 - 7

13 - 7

7 - 9

9 - 9

9 - 9

10 - 9

9 - 8

smoothing process these two effects counterbalance and the observed

amplitudes are dominated by the beam (see Section 6.2). The theore-

tical contrasts compare reasonably well with the observed ones

(within 15%), except the density contrast at 25" resolution for

4 < R Í 6 kpc.which is 26% too high (see Fig. 6.7). However, this

latter fact may be partly due to a poorer definition of spiral

structure in the observed HI distribution in this region (see for

uncertainties in F Subsection 6.3.2). Since the theoretical

f.:

£>.'"

it
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contrasts for 4 kpc í R ,< 6 kpc are somewhat too high, none oí the

models shows the same increase of contrast as the observations.

For model 3, with a constant acoustic speed, there is even a de-

crease. The density contrasts at 50" resolution are roughly 22%

lower than at 25" resolution. This value is acceptable in compari-

son with the observations, which show a decrease of 16%. Since the

theoretical decrease is larger, we conclude that the shock width

in the models is somewhat too small (see also the arm profiles in

Fig. 6.19).

It is important to note that the density contrasts have been

calculated on the assumption that the neutral hydrogen along the

line of sight is optically thin. Because the surface densities

attain high values near galactic shock fronts, this assumption may

not be justified. We estimate the optical-depth effect in the

following way. For a Gaussian velocity profile with dispersion

a(km/s), the optical depth x(v) is given as a function of velocity

v by

T(V)
cT os

exp (-v2/2a2) , (6.33)

where NQ is the (true) number of hydrogen atoms in the line of

sight (expressed in 1018 cm"2), T is the spin temperature (assumed
s

constant along the line of sight) and c - 1.823. The observed num-

ber of hydrogen atoms N' , derived on the assumption that the gas

is optically thin, is then given by
+00
ƒ (1 - exp(-t)) dv . (6.34)

With (6.33), and after expansion of (1 - exp(-r(v))) in a power
series, we obtain for the ratio N"/N ,

o o

-N

n=l 1.823 T a /2T
s

(6.35)

In Fig. 6.13 (No/No) is shown as a function of A, defined by A =

No/(Ts<j). To apply this formula to M81 we face the problem that the

velocity distribution near galactic shock fronts is non-Gaussian.

However, we can make a rough estimate of the optical-depth effect

by using the standard deviation of the velocity distribution along

s>
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the line of sight. This can be calculated in a similar way as for

the computation of tha mean radial velocity along the line of sight

(see 6,2Q), but now we determine the second moment instead of the

first moment of the velocity distribution (with the spiral phase as

independent variable). For a spin temperature of 200 K we get for

the maximum surface densities at the major and minor axes (at about

5 and 7 kpc from the centre respectively) a reduction of the true

column densities by 6% and 7% respectively. If the gas behind the

shock front consists only of cold clouds with a temperature of 60 K,

the reduction factors are 17% and 20% respectively. We conclude that,

although the optical-depth effect can play a role, it docs not con-

siderably affect the trend (increase/decrease) of the density con-

trast as a function of radius. For the remainder of our investiga-

tion, we neglect the optical-depth effects.

To determine the velocity amplitudes, the observational data on

either side of the centre have been averaged together talcing due

account of the antisymmetry. We notice that the velocity field out-

side about 8 kpc is asymmetric. This is most clearly seen in the SO"

velocity field (see Fig. 2.2). Since we compare mainly the region

FIGURE 6.13 - The optical-depth effect as a function of the para-

meter A = No/{Ts.a), where NQ is the true number of hydrogen atoms

in the line of sight (expressed in 1018 cm"2), Tg the spin tempera-

ture of the hydrogen gas (in K) and o the dispersion of the Gaussian

velocity profile (in fcm/s). The observed number of hydrogen atoms N'

is derived on the assumption that the gas is optically thin.
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inside this radius where the velocity field is more symmetric, we

believe it is justified to take the average. The amplitude near

5,5 kpc along the minor axis (in the interarm region) is difficult

to determine at 25" resolution because of lack of sensitivity; we

can assign only a lower limit to the velocity amplitude in this

region. Comparing the observed with the theoretical amplitudes for

models 1, 2, and 3 it appears that all. agree reasonably well within

a few km/s,except for the amplitude near 4,5 kpc along the major

axis where the models predict a larger amplitude (see Table 6.1).

Since the density contrasts as well as the velocity amplitudes

for models 1, 2, and 3 in this region are too high, an improvement

can be made either by increasing the acoustic speed of the gas

within the constraints, or by decreasing the forcing F for R < 5

kpc where no optical data are available; both diminish the ampli-

tude of the density-wave perturbations.

Increasing the acoustic speed leads to model f (which is

identical to models 2 and 3, except for the acoustic speed of the

gas, which is taken to be the same as for model 1). The density

contrasts at 25" and 50" resolution for 4 í R $ 6 kpc are reduced

by 11% and 6Z respectively and also the velocity amplitude at 25"

resolution decreases although it is still somewhat too high in

comparison with the observations. The density contrasts and veloci-

ty amplitudes in the other regions are still reasonable (see Table

6.1).

If, in addition to the increased acoustic speed of model f,

we lower the forcing F according to the dot/dash line in Fig. 6.1,

we obtain model f'. For this model the density contrasts are almost

the same as the observed ones (see for contrast at 25" resolution

Fig. 6.7) and also the velocity amplitudes are acceptable. However,

this model has a major drawback; according to Fig. 6.1 the forcing

in the region R = 4-5 kpc is not high enough for galactic shocks to

occur. At R = 5 kpc the maximum compression of the gas drops from

6 in model f to less than 2 in model f'. In an optical picture of

the galaxy there are at R = 5 kpc many well-aligned HII regions in

both spiral arms. Although the relation of the detailed star-forma-

tion process to the galactic shocks in not yet well understood, we

believe that the galactic shock is the most important factor for

the formation of well-aligned HII regions in spiral arms; therefore



116

we discard model £'.

Considering the various models we have tried, we choose model

f as the final model. From the previous discussion it is clear that

the arguments for this choice are rather weak. With respect to the

hydrogen-line observations it is only marginally better than the

other models; in comparison with the relative number of HI! regions,

model 3 is even better. Because we attach more weight to the compa-

risons with the hydrogen-line observations, we believe that model f

is the best compromise with respect to all the observations. Further-

more, we notice that the amplitudes of model I, which is not consist-

ent with the dispersion relation, are still very reasonable when

compared with the observations. Also, the theoretical density and

velocity fields (not shown) compare almost as well with the observa-

tions as do the fields of the final model. Therefore, on the basis

of the gas flow and within the uncertainties of density-wave theory,

there is no_preference for a model that is consistent with the dis-

persion relation over a model that is not.

6.3.2 The_gas;|low_2§rameters

Before we compare the final model with the observations in more

detail, we discuss the dependence of the gas flow on the parameters.

Of the five local parameters that determine the gas flow, only the

acoustic speed a and the forcing F can vary within certain limits

(see Section 6.1).

i) For the acoustic speed we computed three possible cases with

a fixed forcing: models 2, 3, and f. It appears that the amplitudes

of the (smoothed) density and velocity perturbations are only weakly

dependent on a: for the density contrasts, beam smearing reduces the

different shock strengths to about the same value; for the velocity

amplitudes, these are themselves weakly dependent on a (see also Fig.

5.6).

ii) For the forcing we computed two cases with a fixed acoustic

speed: model 1 with a marginally stable disk, and model f with a

"hot-centre" disk. The differences in F, due to different scale

heigths of the stellar disk, are mainly in the inner regions (see

Fig. 6.1), and the resulting density and velocity perturbations do

not differ very much. As discussed in Chapter 4, a class of models

consistent with the dispersion relation can be constructed if we

i •— -

vary the parameters I and a according to the curve in Fig. 4.3.
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The resulting variation in F, due to variation in scale height of

the stellar disk, is of the order of 15% for the region 5 5 R $ 9

kpc (see Fig. 4.5). In addition, we have the uncertainty in the

mass surface density (up to 40%) and the amplitude of the wave in

the light distribution, which both enter linearly into the equa-

tion for the amplitude of the potential perturbation (see Section

4.4.). To estimate the constraints within which F can vary without

conflicting wich the observations, we computed four additional

models at 25" resolution in which the acoustic speed and other

parameters were chosen according to the final model; however, the

forcing of the final model F. was multiplied with an ad hoc factor

0.5, 0.8, 1.2, and 1.5 respectively. The resulting amplitudes are

shown in Table 6.1. In the models where F differs by 20% the ampli-

tudes of the perturbations are still reasonable. The models in

which Ff is multiplied by 1.5 or 0.5 are less satisfactory since

nearly all amplitudes are too high or too low respectively. An

additional drawback of the model with F = 0.5 x Ff is that the

forcing for R < 8 kpc is not high enough for galactic shocks. It

may be noted that the discrepancy of the model with F = 1.5 x F,

can be diminished by choosing the acoustic speed more favourably:

a = 15 km/s (constant); the resulting amplitudes are then marginal-

ly consistent with the observations. From this analysis we conclude

in the first place that the models that are consistent with the

dispersion relation (see Fig. 4.5) are also reasonable with respect

to the gas flow. Second, a 20% variation in F is allowable, due to

variation either in mass surface density, in optically determined

amplitudes, or in scale height of the stellar disk. A 50% higher

forcing is marginally consistent with the observations, but a 50%

lower forcing can be excluded. It is tempting to use this latter

fact as an argument that there is not much room for a massive halo,

since the amount of mass available according to model fitting to

the rotation curve is almost totally required for the disk to build

up a sufficiently large potential perturbation. However, in view of

the many and sometimes uncertain intermediate steps in the whole ana-

lysis, this result should be considered as tentative.

6.3.3 The_ ve loci tv_ fie Ids

The smoothed theoretical velocity field at 25" resolution is

shown together with the observations in Fig. 6.14. The underlying
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FIGURE 6.14 - The radial-velocity field of the final model (sym-

bols) together with the observed velocity field (full and dashed

lines) at an angular resolution of 25", superimposed on a radio-

graph of the density distribution of the atomic hydrogen gas at 25"

resolution (Rots 1974; photo courtesy of E.B. Jenkins). Also the

beam and linear scales in the plane of the galaxy are shown. Radial

velocities are heliocentric (km/s). Dashed lines do not represent

actually measured velocities, but indicate a possible continuation.
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FIGURE 6.15 - The radial-velocity field of the final model (sym-

bols) together with the observed velocity field (full and dashed

lines) at an angular resolution of 50", superimposed on a radio-

graph of the density distribution of the atomic hydrogen gas at 25"

resolution (Rots 1974; photo courtesy of E.B. Jenkins). Also the

beam and linear scales in the plane of the galaxy are shown. Radial

velocities are heliocentric (km/s). Dashed lines do not represent

actually measured velocities, but indicate a possible continuation.

I'
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picture represents the HI distribution at 25" resolution (Rots

1974). The kinks in consecutive contours at the inside edge of the

eastern spiral arm are an indication of the shock front. Since at

the western side the velocity field in the interarm region is not

measured because of the low signal-to-noise ratio, the kinks are

here less clear. The next important things to note are the second-

ary turnover points at 3.3 kpc from the centre along the major axis,

in the observations as well as in the model. These secondary turn-

overs are due entirely to the density wave because the unperturbed

velocity field (see Fig. 6.20a) shows only one turnover point at

4.8 kpc on either side of the galaxy. The existence of these second-

ary turnover points has been the main reason that we have chosen the

forcing F higher than about 3% in the region near R = 3.5 kpc, where

no amplitude is given by Schweizer (1976). At 50" resolution (Fig.

6.15), corresponding to about 1/3 of the arm spacing of the theore-

tical spiral pattern on the minor axis, there are no indications of

the shock front; the velocity contours have a nearly sinusoidal

shape. We stress the difference in slope of the contours at the in-

side edges of the spiral arms at 25" and 50" resolution. Although

the agreement of the model with the observations is good at both

resolutions (in particular at the eastern arm), there is a notable

discrepancy: for the western arm the turning points of the observed

iso-velocity contours are located well outside the theoretical turn-

ing points (and also well outside the observed hydrogen ridge line);

for the eastern arm the theoretical turning points agree reasonably

well with the observed ones (located on top or just outside the

observed ridge line), although in the outer regions (R > 8 kpc) the

same phenomenon as in the western arm is visible. He remark that for

model density and velocity fields the turning points always coincide

with the model ridge line (see also the discussion on the phase

shift between densities and velocities below). It is not yet clear

if this anomalous behaviour of the western arm and the outer regions

of the eastern arm can be attributed to tidal interaction with compa-

nion galaxies. There is also the possibility that in M81 more than

one wave is acting at the same time; the existence of more than one

wave has been postulated on theoretical grounds (Mark 1977). If this

additional wave becomes more important in the outer regions and main-

ly at the western arm, the anomalous turning points in the velocity

contours can possibly be explained.
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69*25'
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9h52m

FIGURE 6.16 - Radial-velocity field of the final model smoothed

to a be .im of 2' (dashed lines), together with the observations of

Gottesman and Weliachew (1975) (full lines). The theoretical velo-

city field is bounded by the innermost and outermost streamline

computed. The hatched circle showc the beam (full width half power).

Large crosses denote star positions or the position of the galactic

centre.

*
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MINOR AXIS

-60

MAJOR AXIS
Vrad

(km/s)
-220

-240

-260 •

6 8
R(kpc)

¿ 6 8
R(kpc) i

FIGURE 6.I7 - The radial velocities along the minor and major

axes at 25" and 50" resolution for the model (full lines) and the

observations (dots). The radial velocities of the observations

have been averaged on either side of the centre ti ing due account

of the antisymmetry. The velocities are correct for the eastern

minor axis and southern major axis. Dashed lines represent the

radial velocities of the axisymmetric model.
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I£ we increase the beam to 2', very little remains of density-

wave effects (Fig. 6.16). This theoretical velocity field has not

been computed with the phase-smoothing technique because the beam

is so large that the conditions for phase smoothing are not fulfill-

ed. Therefore, we interpolated the 25" velocity and density fields

onto a rectangular grid and smoothed these fields by simple rectan-

gular-grid smoothing to the beam of 2'. We compare the model with

the independent measurements of Gottesman and Weliachew (1975); the

observations also do not show clear density-wave motions. We remark

that even for smaller beams (about 2/3 of the arm spacing near the

minor axis) density-wave effects have almost disappeared.

Further we have analysed the velocity perturbations along the

minor and major axes at 25" and 50" resolution (Fig. 6.17) (the

extrema have already been discussed in Subsection 6.3.1). The model

velocities are in good general agreement with the observations, al-

though there are indeed differences in detail such as the location

of the minimum near 8 kpc along the minor axis. This latter fact

stresses the need for a reliable computation of the gas flow in the

region of the ultraharmonic resonances. Note the difference in slope

at the two resolutions near 7 kpc along the minor axis. The theore-

tical slope at 25" resolution is somewhat steeper than the observed

one; this can be attributed to the fact that the interstellar clouds,

embedded in the intercloud medium, do not instantly follow the

(intercloud) shock but show some inertia when they are braked by

intercloud gas.

6.3.4 The_dens i ty_f ields

For a qualitative comparison the model density field at 25"

resolution is shown in Fig. 6.18a and the observations in Fig. 6.18b

(Rots and Shane 1975). Note that in these pictures densities below

4 M@ pc~
2 are represented as blank. Both pictures show the outstand-

ing spiral pattern. In the outer regions of the model the density

enhancement due to the growing importance of the second harmonic

resonance can be seen. In the picture of the streamlines (Fig. 6.3)

this secondary compression is also obvious. Related to this we be-

lieve there are indications in the HI density field of a bifurcation

of the main arm northwest of the centre of the galaxy and a double

arm structure in the eastern arm. Moreover, in the optical picture
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FIGURE 6.18a - Gas density field of the final model at 25" reso-

lution (see caption Fig. 6.18b for the representation of the densi-

ties). Note that the densities outside the last computed streamline

are zero. The width of the arm in the outer regions can therefore

not be compared with the observations.
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M81
observations

i-'S-

3 «"HS?H ;:«?!«":::.- ''

69°1(H

FIGURE 6.18b - The observed hydrogen distribution at 25"

resolution (Rots and Shane 1975). Densities below 4 M pc"2 are

represented as blank, densities higher than 12 MQ pc"
2 as a

black square, intermediate densities as a more or less filled

square (linear scale).
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of the galaxy (Fig. 6.5) there is in the northwestern part also a

bifurcation of the main arm. However, we remark that the other side

of the galaxy does not show the bifurcation, perhaps because of

interactioa with the close companion (DDO 66) observed there. Al-

though this explanation of these features is rather speculative, it

is interesting since the location of an ultraharmonic resonance is

connected with the pattern speed and this could be an argument in

favour of the chosen value of 18 km s"1 kpc"1. The second, also

speculative, comparison concerns the ring structure that appears in

the model field and in the observations at a radius of about 4.5

kpc (see also Fig. 3 of Rots and Shane 1975). The relatively dense

regions outside the main arm near 3 kpc merge into the preshock

regions further out where the mean surface density is higher than

at 3 kpc. However, we stress that in the model field this- feature

is very weak and its visibility strongly depends on the chosen cut-

off level in the picture. Another possible explanation for the ring

structure is that it is associated with the ILR which then would

require a lower pattern speed (about 15 km s"1 kpc"1). However, in

that case the secondary turnover points in the velocity fields can-

not be attributed to the density wave. A radiograph of the observa-

tions shows in the northern part outside 10 kpc a second spiral arm,

branching off from the main arm. This arm is probably not caused by

density waves, but is perhaps a relic of tidal interaction with the

companion galaxy NGC 3077. Model calculations by van der Hulst (1977)

show that this interaction may cause not only a bridge between NGC

3077 and M81, but also a tail in the northern part of M81, although

the position is not exactly coincident with the HI arm.

For a more quantitative comparison of the density fields we have

analysed the HI surface density as a function of spiral phase (arm

profiles). Fig. 6.19a,b shows, for different ranges in radial distan-

ce, the observed arm profiles at 25" (Rots 1975) and 50" resolution,

and the corresponding model curves (the maxima have already been dis-

cussed in Subsection 6.3.1). The dashed lines in the panels 6 í R s

8 kpc represent/a typical unsmoothed shock profile. The phase is

taken with respect to a logarithmic spiral of 15° crossing the major

axis at 5.04 kpc. Note the difference in slope at the inside edges

of the spiral arms (negative phase with respect to the maxima); this

slope is dominated by the beam. We emphasize that in the 8 s R s 10
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kpc panel the observations have been averaged over a wider range
in R than the numerical data of the model» since no solution could
be found outside 8.7 kpc. To obtain the best fit of the density
profiles with the model, phase shifts of -15°, -18°, and +7° have
been applied to the theoretical profiles in the panels 4 í R < 6
kpc, 6 í R $ 8 kpc, and 8 í R « 10 kpc respectively.

10

-180 180

SPIRAL PHASE

FIGURE 6.19a - The arm profiles (HI surface density as a func-

tion of spiral phase) for the observations at 25" resolution

(dots) and for the final model (full lines). The dashed line

shows a typical unsmoothed shock profile. The data have been

averaged over spiral sectors 4° wide in spiral phase and stretch-

ing over 2 kpc in radius.
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These phase shifts show in the first place that the ridge line

in the HI distribution is not exactly coincident with the model

ridge line. The positive phase shift (in the direction of the rota-

tion) required in the panel 8 ̂  R ç 10 kpc is mainly caused by the

considerable decrease in phase shift of the galactic shock front

with respect to the minimum of the potential well (see Fig. 6.6).

It appears that in these outer regions the HI ridge line follows

the minimum of the potential well. More theoretical work, in parti-

cular a two-dimensional gas-flow calculation! is needed for this

resonance region to confirm or refute the ridge line computed in

this'work. Furthermore, the phase shifts show that the model is not

as perfect as it seems. We cannot cure the problem by choosing a

different azimuth of the underlying spiral potential since then the

fits to the velocity field become less satisfactory and we cannot

properly correct for the distortion of the rotation curve.
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FIGURE 6.19b - The arm profiles (HI surface density as a func-

tion of spiral phase) for the observations at 50" resolution

(dots) and for the final model (full lines). The dashed line

Shows a typical unsmoothed shock profile. The data have been

averaged over spiral sectors 4° wide in spiral phase and stretch-

ing over 2 kpc in radius.
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The snail internal phase shift of. the densities with respect to the

velocities inside 8 kpc remains: we have no satisfactory explanation

for this and we consider this as a drawback of the model. For larger

radii the internal phase shift is more difficult to estimate and may

be (much) larger; we recall here the discrepancy between the turning

points of the observed iso-velocity contours and the observed hydro-

gen ridge line near the western.arm and the outer regions of the

eastern arm.

Since we constructed a symmetrical density-wave model, we also

cannot account for the observed differences in the two arms. In

general the eastern arm shows a better agreement with the model. In

particular the asymmetry of the profiles for R s 6 kpc is well re-

presented, lhe secondary compression at phase 60° for 8 s R s 10 kpc

may be an indication of the second harmonic resonance. The agreement

of the profiles for the region 4 ? R s< 6 kpc is less satisfactory;

in the observations the spiral structure is less well defined with

even a double maximum near phase 270 . This nay also effect the

amplitudes already discussed.

6.3.5 SSSS_ÏSSSuS_Ia2SE_5mSaïi5Si_ïiSêSE_SaSzf

We now treat the importance of the layer smearing in relation

to the beam smearing. As discussed in Section 6.2 the smearing by a

(Gaussian) layer can be handled in the same way as the smearing by a

(Gaussian) beam. For the final model, ?t the crossing of the spiral

arm with the minor axis (about 7 kpc from the galactic centre), the

smearing of the 25" beam is equivalent to that of a gaseous layer

with thickness z, = 450 pc. This is illustrated in Fig. 6.20b,c,

which shows velocity fields smoothed first only with a 25" beam, and

then only with a 450 pc layer. Near the minor axis no difference can

be seen, as expected. Near the crossing of the spiral arm with the

major axis the layer smearing is negligible, resulting in more kinked

contours than those computed with beam smearing. However, the differ-

ences are so small that they are expected to disappear in a "noisy"

velocity map like Fig. 2.1. Since the actual gas layer at 7 kpc is

about 280 pc in the final model, beam smearing at 25" resolution is

still dominant; if the angular resolution of the telescope is improv-

ed by a factor 2, layer smearing will be comparable to or even domi-

nant over beam smearing.

H i
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UNPERTURBED

-. ¡

FIGURE 6.20 - Field ¿ shows the unperturbed radial-velocity

field of the Toomre-disk model fitted to M81. Field b_ shows the

nonlinearly perturbed radial-velocity fieid of Fig. 6.4 smoothed

with a Gaussian beam with a fuil width half power of 25". Field

£ shows the same intrinsic radiai-velocity fieid as in field b,

but smoothed with a Gaussian layer with a thickness of 450 pc

between half-density points. Field cl shows the adjusted linear

gas-flow model. The two-armed spiral is the gravitational poten-

tial well. Note that in field d the spiral is rotated 15° count-

erclockwise with respect to the spirals in fields a, b, and c.

In all velocity fields the contour interval is 20 km/s. The

linear scales are in the plane of the galaxy and the large cross

shows the major and minor axes of the galaxy.
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PERTURBED (NONLINEAR)
A50 PC LAYER
IFWHD)
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PERTURBED (LINEAR)

FIGURE 6.20 - (continued)

To test the density-wave theory several models have been con-

structed in which the gas flow has been computed according to the

linear theory (Yuan 1970, Burton 1972, and for M81 Rots 1975). To

see how a linear model compares with a nonlinear model we computed

a linear gas-flow model with the same parameters as the final model.

The resulting density contrasts and velocity amplitudes are shown

in Table 6.1. The density contrasts of this linear model are, except

for the region 4 N< R í 6 kpc, too low (20-25%), while the velocity

amplitudes with one exception are much too high. (In Chapter 5 we

came to the same conclusion for special points in parameter space.)

Therefore, it is impossible to get a better correspondence by vary-

ing parameters since the density contrast as well as the velocity
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amplitudes both increase or decrease if we vary a certain para-

meter. We tried to improve the correspondence with the observed

velocity field at 25" resolution by arbitrarily choosing the forc-

ing according to the dotted line in Fig. 6.1 (marked Ff)1). This

forcing differs from the forcing of the final model (by up to 40%)

and lies outside the "error" bars of most points for which a model

consistent with the dispersion relation can be constructed in the

specified parameter space (see Section 4.4). However, because of

the additional uncertainties in the axisymmetric model and the

surface photometry, and since the largest deviations occur in the

rf^ion where no amplitudes from surface photometry are available,

this forcing can not be rejected on the basis of the available

material. The velocity amplitudes are almost the same as in the

final model and are in good agreement with the observations; how-

ever, the density contrasts do not agree with the data and are

even lower than on the SO" map. To bring the phases of the velocity

perturbations in agreement with the observations an additional

phase shift of the potential perturbation of +30° is required (Rots

1975 found +40°). The density maxima are then up to 50° out of

phase (about 20° in the nonlinear case). The corresponding velocity

field is shown in Fig. 6.20d. Since a linear model does not include

shocks, this field is quite different from the nonlinear one and

also different from che observed velocity field at 25". This can be

seen most clearly at the inside edges of the main arms. In fact,

the linear gas-flow field is similar to the 50" nonlinear field

(see Fig. 6.15). The last point to note with respect to the linear

gas-flow models is that, because of the smooth (sinusoidal) arm

profiles, ti. i density contrasts at 25" and 50" resolution are near-

ly equal; in the nonlinear case the density contrast at 50" resolu-

tion is markedly lower than at 25" resolution (about 20%).

6.4 The distortion of the rotation curve

In this section we discuss the effects of density-wave motions

on the rotation curve. A rotation curve determined from the velocity

fields shown in Figs. 6.14-16 in some standard way (e.g. Warner et

al. 1973, Rots 1974), in which the radial velocity of every grid

point of the velocity field is converted into a circular velocity

and supplied with an appropriate weighting factor, differs consider-
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275

5 R(kpc) 10

FIGURE 6.21 - The distortion oC the rotation curve at three

angular resolutions. Full lines are the curves corresponding to

the final model. The observations are represented by filled

circles, and the "axisymmetric" rotation curve is indicated by a

dashed line. The dotted curves show the way in 'Jhli'l! |||U "inil-

synsnetric" rotation curve would be iií:;l:nrted by die Immun II no

density wave was present.

3,



134

ably from the rotation curve used for the axisymmetric model. This

is demonstrated in Fig. 6.21, which shows the rotation curve re-

presenting the axisymmetric mass distribution and the observed and

model curves at three angular resolutions (25", 50", and 2'). The

correspondence between model and observations is good. For the rota-

tion curve at 25" resolution this is not surprising since we deter-

mined the "axisymmetric" rotation curve in such a way that the

correspondence at this resolution was as good as possible (see be-

low). The points of the rotation curve at 2' resolution are based

on the independent measurements of Gottesman and Weliachew (1975).

Since they used the "cut-off method" for the reduction of the hydro-

gen-line data, the radial velocities may be biased towards the sys-

temic velocity (see Chapter 2 and Bosma 1978). Therefore we attach

more weight to the radius at which the maximum of the rotation curve

occurs than to the precise height of the measured points. The shift

of the maximum of the rotation curve to larger distances from the

centre is also present at 2' resolution without a density wave, but

not as pronounced as when the density wave is present. At 25" and

50" resolution these effects are negligible (see dotted curves in

Fig. 6.21).

However, the rotation curve representing the axisymmetric mass

distribution is. not known a priori. We determined the "axisymmetric"

rotation curve in an iterative way, starting with the rotation curve

of the 25" observed velocity field as the first guess. With the

amplitudes of the potential perturbation as derived in Section 4.4

for a mass model fitted to that rotation curve, we computed the dis-

tortion of the rota ion due to the density-wave motions; this distor-

tion at each R is the difference of the perturbed and the "axisymme-

tric" rotation curve. With these differences we corrected the rota-

tion curve that we started with, and iterated until the distorted

rotation curve corresponded as well as possible with the observed

one. In practice this iteration converged rather quickly; for M81

only two iterations were required. The importance of a correction

for this effect with respect to M/L ratios has already been discuss-

ed in Subsection 3.2.3.

Fig. 6.22 shows a compilation of model rotation curves together

with the observations at 25" resolution. Since we used the para-

meters of the final model for the iteration described above, this

i
•i. A-
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FIGURE 6.22 - Compilation of model rotation curves (full lines)

together with the observed rotation curve at 25" resolution (dots).

The "axisymmetric" rotation curve is indicated by a dashed line.

The panels I, 2, 3, and f correspond to models 1, 2, 3, and f

(= final model). The panels F, x r show the curves for the models

that are identical to the final model except for the forcing, which

is multiplied by the factor r. The panel LIN.F£ shows the curve for

the linear gas-flow model with the same parameters as the final

model and panel LIN.Fad- the curve for the adjusted linear model.
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rotation curve is expected to show the best correspondence with

the observations. Nevertheless, good results are also obtained with

model 1, which differs from model f in the amount of forcing, and

also with models 2 and 3, which differ in acoustic speed. The rota-

tion curves of the models in which the forcing of the final model

(Ff) is arbitrarily multiplied by the factors 0.5, 0.8, 1.2, and

1.5 respectively show that a 20% variation in F gives reasonable

model curves, but the rotation curves with 50% variation in F are

less satisfactory. Conversely, if we use the velocity perturbations

corresponding to 1,5 or 0,5 x Ff to correct the observed rotation

curve and disregard the difference between the resulting density

contrasts and the observations, we obtain a rotation curve which

requires a mass model with a more complicated disk component. It is

common practice to use the additional complication as a reason to

reject such a case. The rotation curve of the linear gas-flow model

with the forcing of the final model (F_) clearly shows that velocity

perturbations in the inner regions are overestimated with respect to

a nonlinear model. The adjusted linear model, in which the forcing F

is much lower in the inner region (up to 40%) and an additional

phase shift of 30° is applied, gives a much better correspondence.



137

ft

•1

Chapter 7. SYNOPSIS

In the Introduction we outlined a threefold confrontation of

density-wave theory with the observations of the spiral galaxy M81

(see Section 1.2). In this chapter we first draw the most important,

general conclusions with respect to these three tests; then we

enumerate the results in more detail.

In the first place, we conclude that the gas flow inside about

9 kpc from the centre of M81, as observed in the hydrogen line by

Rots and Shane (1975), is consistent with the presence of a spiral

potential perturbation; the gas flow can satisfactorily be described

by the nonlinear density-wave theory as formulated by Roberts (1969a)

and Shu et al. (1973). The gas density perturbations are consistent

with the velocity perturbations, although there is evidence for a

small phase shift between these. The western arm shows in some res-

pects an anomalous behaviour. The strong gradients in the velocity

field at the inside edges of the spiral arms at the highest angular

resolution (25") are consistent with the occurrence of galactic

shocks.

In the second place, we conclude that the amplitude of the stel-

lar density wave required for the observed density and velocity per-

turbations in the gas is consistent with the observed amplitude as

derived from surface photometry (Schweizer 1976) in combination with

the constructed mass model. Although the constraints on the required

amplitude are not very strict, we regard this result as evidence that

Schweizer's observations do indeed refer to density waves in the disk.

In the third place, we conclude that the free parameters can be

chosen in such a way that, in addition to the requirements for the

gas flow, the shape of the stellar density wave is consistent with

the dispersion relation of linear stellar density-wave theory (Lin

and Shu 1971). Since this consistency is not a necessary condition

for an acceptable gas-flow model and, in our calculations, the gas

flow is independent of the way in which the stellar density wave is

maintained; we can not say that linear stellar density-wave theory is

right or that all its approximations are justified. Correlatively,

if one is able to design an other or better theory for the stellar

density wave with the same shape, our gas-flow calculations are not

invalidated, provided that in this theory about the same pattern

i Ë
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speed is required and that the vertical velocity dispersions of

the stars are of the same order of magnitude (this requirement is

related to the scale height of the stellar disk and the correspond-

ing reduction of wave amplitude).

We now summarize the more specific results (numbers in paren-

theses refer to the corresponding (sub)sections).

Dust lanes:

1) The location of the computed shock front compares reasonably

well with the observed dust lanes; however, dust lanes in the

very central regions cannot be accounted for (6.1).

Velocity fields;

2) Indications for the existence of shocks can be recognized as

strong gradients in the velocity field if the beam of the radio

telescope is of the order of 1/6 of the arm spacing on the

minor axis (6.3.3).

3) Density-wave motions can still be clearly detected if the beam

is 1/3 of the arm spacing (6.3.3).

4) With a beam greater than 2/3 of the arm spacing (small-scale)

density-wave motions have almost disappeared (6.3.3).

5) The "wiggles" in the iso-velocity contours at the eastern arm

and the secondary turnover points on the major axis can entirely

be ascribed to density-wave motions (6.3.3).

6) Density-wave motions can cause considerable distortions of the

rotation curve representing the mass distribution; correction

for this effect is required for the construction of mass models

(6.4).

7) On the basis of the (corrected) rotation curve of M81 two mass

models have been constructed. The first is an exponential-disk

model with a constant mass-to-light ratio, and the second a

Toomre-disk model with a mass-to-light ratio which increases

with distance from the centre (3.2.2; 3.2.3).

Gas density distribution:

8) The arm profiles (gas density distribution across a spiral arm)

are reasonably consistent with the nonlinear density-wave theory

after considering the smoothing effects of the beam (6.3.4).

9) Optical-depth effects can play a role in the observed density-

contrast but are not expected to affect the trend of density

contrast as a function of radius considerably (6.1).
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Nonlinear gas flow in general:

10) Smoothed density and velocity fields are,very weakly dependent

on the (three) free parameters of the axisymmetric model; these

parameters define the velocity dispersions of the stars and the

gas and the scale heights of the stellar and gaseous disks

(6,3,2).

11) The model agrees best wit', the eastern arm; the western arm

shows an anomalous behaviour in two respects; the turning

points of the iso-velocity contours are located well outside

(instead of on top of) the hydrogen ridge line, and the arm

profiles are less satisfactory (6,3,3; 6.3,4).

12) In the model a phase shift of about 20° is required to bring

.inside 8 kpc radius, the density perturbations in phase with

the velocity perturbations; for larger radii the phase shift

maybe (much) larger (6.3.4).

Amplitudes of density-wave perturbations;

13) The observed perturbations in the gas permit a variation of

20% in the amplitude of the wave; a 50% higher amplitude is

marginally consistent with the observations, but a 50% lower

amplitude can fairly certainly be excluded (6.3.2).

14) The size of the potential perturbation requires that most of

the mass in the model, derived from the rotation curve,

resides in the disk; in other words: there is not much room

for a massive halo with the same disk component. However, in

view of the uncertainties, this result should be considered

as tentative (6.3.2).

Linear gas-flow model:

15) In a linear gas-flow model the amplitudes of density and veloc-

ity perturbations are not consistent with each other. Velocity

perturbations are overestimated and a larger phase shift is

required than in a nonlinear model (see 12). The required

amplitude differs from the amplitude as derived straightfor-

wardly from the surface photometry, but cannot be considered

as inconsistent with the observations (6.3.SI.

Theoretical spiral pattern:

16) For an acceptable spiral pattern, computed with the dispersion

relation of linear stellar density-wave theory, the velocity

dispersions of the stars must be highpr thain required for a
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marginally stable disk in the more central regions, provided

that the present choice of the pattern speed (18 km s"1 kpc""1)

is justified (4.3).

17) If the gas content equals the observed neutral hydrogen, the

properties of the gas have almost no influence on the computed

spiral pattern; however, if considerably more (molecular) gas

is present, this may cause a tighter spiral pattern for the

same values of the other parameters (4.3).

18) For a reasonable fit of the theoretical pattern with the ob-

servations, the parameters defining the random mc<:ions of the

stars in the R and z directions, must be chosen carefully. In

this way a class of models can be defined, in which also the

theoretic.*! gas flow compares reasonably well with the obser-

vations (4.3; 6.3.2),

19) A model, in which the shape of the spiral pattern is not con-

sistent with the dispersion relation, can still be an accept-

able gas-flow model (6.3.1).

In retrospect we conclude that the advocated model, based on

the density-wave theory in the asymptotic approximation, is rather

successful in explaining many observed features inside 9 kpc,

although the western arm and the phase shift pose some problems.

Two-dimensional gas-flow calculations, preferably extending to

larger distances from the centre and possibly to the region at and

outside the co-rotation radius, would be very desirable to confirm

or refute the results that we found in the inner regions (R < 8 kpc)

and clarify the uncertainties in the outer regions. Possibly, tidal

interaction with the companion galaxies has to be taken into account

for a realistic model of M81. Also the dynamics in the central

region (R < 3 kpc) with the still unexplained dust lanes deserves

more theoretical and observational attention. In any case, irrespec-

tive of how much theoretical work is done or will be done, a real

galaxy will always remain much more complicated than the most real-

istic galaxy model.
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