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ABSTRACT 

The dynamical mass determination of galaxies and systems of galaxies 

shows a large excess of mass above what one observes directly. This excess of mass 

indicates the presence of dark matter. The nature of this dark matter is still 

unknown and dark matter in the outer parts of large stellar structures such as 

clusters of galaxies might provide enough the matter to close the universe. In this 

dissertation we investigate in detail the mass distribution of the Coma cluster. We 

show that optical data alone are unable to distinguish between a wide range of 

possible mass distributions for the Coma cluster. Low-mass models must have larger 

central density than high-mass models and require that the galaxies move on near

circular orbits. whereas high-mass models require the galaxy orbits to be 

predominantly radial. The optical data constrain the amount of dark matter very 

poorly. The X-ray data can also be used for a mass determination of the Coma 

cluster. These data may require the mass of the cluster to be more concentrated to 

the core than a light-traces-mass model if the central temperature of the gas is high. 

However. they do not put any constraint on the mass distribution beyond a Mpc or 

two. 

The above analysis. and most other approaches. assume the existence of 

dark matter. An alternative approach has been proposed by Milgrom (1983a.b.c): in 

his theory. the Newtonian law of motion breaks down in a weak field. and must be 

modified. The present analysis shows that this model is also consistent with optical 

and X-ray data on the Coma cluster. although a good fit requires values for 

Milgrom's "universal" parameter ao to be 2h1.5 (Ho=50 h km/s/Mpc) higher than 
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those inferred from the rotation curves of spiral galaxies. 

Finally. we investigate whether the model of an expanding cluster 

dominated by a massive binary galaxy. first suggested by Valtonen and Byrd (1979). 

is consistent with optical data on the surface density and velocity dispersion of the 

Coma cluster. We simulate the evolution of this model for a wide variety of initial 

conditions. We find that galaxy counts in the model can be made to agree with 

observation. but that the observed velocity dispersion profile cannot be reproduced. 

A number of other arguments suggest that the central galaxies in Coma cannot be 

as massive as required by the model. This model is not a viable representation of 

the Coma cluster. 

/ 
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CHAPTER 1 

INTRODUCTION 

Since the discovery of dark matter in the Coma cluster by Zwicky (1933), 

there has been a lot of evidence showing that most of the matter in the universe is 

dark; i.e., the visible matter within a galaxy may account for less than 10% of the 

galaxy's actual mass. Zwicky found that galaxies in the Coma cluster were moving 

so quickly that the cluster as a whole would tend to fly apart unless there was 

much more mass than the luminous mass alone to hold it together. Other evidence 

indicated the cluster was stable, and Zwicky concluded that the cluster must contain 

nonluminous matter. In recent years, investigators have indirectly detected the 

presence of dark matter in systems ranging from the immediate solar neighborhood 

through galaxies and clusters of galaxies to superclusters. The best documented 

evidence for the presence of dark matter is based on the velocities of rotation in 

spiral galaxies (Faber and Gallagher 1979). Knowing the amount of dark matter in 

any stellar structure became more important once the consequences of the 

observation that the universe is expanding were appreciated. The total amount of 

matter in the universe determines the fate of the universe: whether it is static (a 

steady state universe with critical density Pc =4. 70x 10-30 h2 g cm-3 and Hubble 

constant Ho=50 h km/sec/Mpc), will expand forever (an open universe with P<Pc)' or 

will expand then collapse (a closed universe with P>Pc)' 

Recently, with the success of the inflationary model in explaining the 

cosmological horizon and flatness problems and the initial fluctuations required for 

galaxy formation, the emerging consensus is that the density of the universe is close 
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to the critical density. Davis and Peebles (1983a.b). Efstathiou and Silk (1983). 

Harms et al. (1981). and Yang et al. (1984) have calculated from luminosity and 

dynamical mass measurements that the density parameter (fl=p/pc) of the universe 

associated with galaxies gives at most a value of 0.2. However. it has been shown 

that stellar structures of different size scales have different mass-to-light ratios. and 

larger stellar structures tend to have larger mass-to-light ratios. Thus. very large 

structures such as cluster of galaxies may contain large amounts of dark matter. It 

is possible that the total mass in outer parts of clusters and superclusters of galaxies 

could be adequate to bring fl up to one. Since the dark matter and the galaxy 

distributions can be different. it is important to know whether the dark matter has 

a more extended distribution than the galaxies. thereby containing a very large total 

mass. 

Since the Coma cluster is one of the richest. best-observed. and most 

regular galaxy clusters. we decided to study its mass in detail. Almost 300 red shifts 

have been measured (Tifft and Gregory 1976; Kent and Gunn 1982) and a 

considerable body of photographic photometry is available (Demler 1974; Godwin 

and Peach 1977; Abell 1977; Godwin. Metcalfe. and Peach 1983). Mass 

determinations for the Coma cluster have been carried out by various methods; 

theoretical equilibrium models (Rood et al. 1972; Kent and Gunn 1982) and the N

body calculations (Peebles 1970; White 1976) are in relatively good agreement. 

However. these determinationc; all assumed that the mass and the galaxies are 

distributed similarly. In this dissertation (Chapter 3). we relax that assumption and 

do not require that the mass distribution parallel the observed galaxy distribution. 

Rather. we investigate the range of mass distributions that is compatible with the 

optical data on the Coma cluster. 
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The Coma cluster of galaxies is also one of the most intensively studied 

X-ray clusters. Recently. X-ray data on the Coma cluster have been analyzed by 

Abramopoulos et al. (1980. Henriksen and Mushotzky (1986). Cowie. Henriksen. and 

Mushotzky (1987. hereafter referred to as CHM). The and White (1988a). and 

Hughes et al. (1989). The X-ray surface brightness profile of the Coma cluster has 

been obtained by the IPC on the Einstein Observatory (Abramopoulos. Chanan. and 

Ku 1981; Hughes 1989). as well as from earlier rocket data (Gorenstein et al. 1979). 

and has resulted in a fairly well-defined profile for the gas density. The integrated 

X-ray spectrum of Coma has also been obtained from observations using UHURU 

(Kellogg. Baldwin. and Koch 1975). Ariel 5 (Mitchell et al. 1976). OSO-8 (Seriemitsos 

et aI. 1971; Mushotzky et aI. 1978). and HEAO 1 A-2 (Henriksen and Mushotzky 

1985. 1986). The X-ray analysis suggested that the cluster temperature distribution 

is far from isothermal and suggested that the mass distribution may be more 

concentrated than the galaxy distribution (Henriksen and Mushotzky 1985. CHM). 

All of the above analyses assume the existence of dark matter and the 

validity of the Newtonian theory of gravity in the hydrostatic equilibrium equation. 

An alternative to the dark matter hypothesis has been suggested by Milgrom 

(I 983a.b.c). He proposes that the Newtonian gravity breaks down in weak fields and 

introduces a certain modified form of nonrelativistic dynamics (MONO). We show in 

Chapter 5 that a consistent model of optical and X-ray data on the Coma cluster 

can be constructed in this theory. 

Another possible explanation for part of the apparent mass excess in 

clusters of galaxies may be the expansion of the outer region of the clusters: an 

application of the Virial theorem would then give a very large and spurious virial 

mass. VaItonen et aI. (1985) and Saarinen and VaItonen (1985) have performed 
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simulations of clusters of galaxies based on this view; they assumed that clusters of 

galaxies have very massive galaxy binaries in their cores which are surrounded by 

small halo galaxies that can be ejected by the binary. However, they did not 

compare their model in detail with th~ available data on well-observed clusters. The 

MIL ratio it implies for the central regions of clusters (Valtonen and Byrd 1979; 

Valtonen et al. 1985; Saarinen and Valtonen 1985) is comparable to the values 

usually quoted for rich clusters as a whole, so it seems that dark maHer cannot be 

avoided. In the final chapter of this dissertation, we investigate whether a cluster 

model with a massive binary core galaxy, as suggested by Saarinen and Valtonen 

(1985), is consistent with optical data on the Coma duster. 

Our various analyses will require data on the galaxy position and 

velocity distributions in Coma and on the distribution of hot gas. In Chapter 2 we 

review the optical and X-ray data. An analysis examining how the position and 

velocity of galaxies in Coma constrain the mass distribution is given in Chapter 3. 

In Chapter 4 we investigate how the mass distribution and the mass-to-light ratio of 

the Coma cluster are constrained by the joint optical and X-ray data sets. A 

MONO model of the Coma cluster is constructed and shown in Chapter 5 to be 

consistent with all available data; on the other hand, simulations of binary massive 

core clusters (Chapter 6) are unable to produce the projected velocity distribution of 

the Coma cluster. Finally, in Chapter 7 we conclude that a cluster model with dark 

matter still seems to be the best candidate for the Coma cluster, and is preferable to 

the alternative hypothesis to dark matter suggested by Milgrom (1983a,b,c). 
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CHAPTER 2 

DATA ON THE COMA CLUSTER 

We assume throughout this dissertation that the Coma cluster is 

spherically symmetric so that the density profile of galaxies. the velocity dispersion 

of galaxies. and the X-ray surface brightness can be characterized as functions of 

radial distance from the center of the cluster. The optical data on the galaxy 

distribution and velocity dispersions are taken from papers by Tifft and Gregory 

(1976) and Kent and Gunn (1982. hereafter referred to as KG). while the X-ray 

surface brightness profile of the Coma cluster in the 0.5-4.0 keY band is given by 

Abramopoulos et al. (1981) and Hughes (1989). To represent the data of the 

integrated X-ray spectrum we take the best fit of Cowie. Henriksen. and 

Mushotzky's polytropic model (1987. hereafter referred to as CHM) and which we 

represent by the bolometric X-ray flux emitted by gas in each temperature range. 

2.1. Optical Data 

2.1.1. Density Profile of Galaxies 

KG derived the surface density profile from data to several different 

magnitude limits. In the central regions. the profile is determined from counts to a 

faint limiting magnitude. because background contamination is not a serious 

problem. At larger radii. they restrict the data to a sample to magnitude 

mZwicky~15.7 for which radial velocities are available (Table I1I(b) of KG). and they 

define membership on the basis of these radial velocities. However. the binned data 
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in KG are incorrect (Kent. private communication) because of a programming error 

in their analysis. For our analysis we derive the projected density distribution the 

same way as KG. Within a radius of 28.5' we use the counts of galaxies with 

mv~16.5 given in Table I1I(a) of KG (187 galaxies within 28.5'). At large radii. 

from 28.5' to 30 • the profile is determined from the complete sample radial velocity. 

The relative normalization of the two samples is then determined to be 2.56 from 

members of the radial velocity sample within 28.5'. In order to avoid contamination 

from the Coma supercluster. we discard data outside 133' and take this radius to be 

the effective boundary radius of the Coma cluster. The resulting profile is shown in 

Table 2. I and Fig. 2. I (a). 

For our analysis we fit these data with the analytic form 

(2. I) 

The profile is fit very well by this form for the counts of galaxies inside 133'. The 

X2 contours for this fit in the 'Y* - r c,* plane are shown in Fig. 2. I. The best fit is 

plotted in Fig. 2.2(a) on top of the data and has Lo = I 176 galaxies deg-2, r c,* = 298 

h- I kpc. and 'Y* = 2.72. with a X2 of 4.92 for 12 degrees of freedom. (Here and 

below we adopt Ho = 50 h- I km/s/Mpc). The spatial density of galaxies 

corresponding to this surface density is 

(2.2) 

For the purpose of obtaining the value of mass-to-light ratio, M/L. we 

analyze the photographic photometry of Godwin and Peach (1977). In the square of 

side 2.95h-1 Mpc that Godwin and Peach studied, the summed V25 magnitude of the 
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Table 2.1. The Surface density profile of the Coma cluster. We use the counts of 
galaxies in Table III of KG; within a radius of 28.5' we use the counts of galaxies 
with mv~16.5. The profile from 28.5' to 30 is from the complete redshift sample 
with mZwjcky~15.7. The density profile is normalized to the sample with mv~16.5. 

radius 

(arcmin) 

2.50 

6.30 

8.85 

11.35 

13.90 

16.65 

19.75 

23.20 

27.00 

31.30 

33.90 

46.45 

63.20 

85.70 

115.80 

density 

(galaxies deg-2
) 

1100 ± 229 

693 ± 155 

498 ± 114 

417 ± 91 

378 ± 76 

191 ± 46 

152 ± 37 

141 ± 31 

137 ± 26 

102 ± 20 

87.8 ± 19 

46.1 ± 10 

31.2 ± 6.1 

17.2 ± 3.4 

9.7 ± 1.9 
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galaxies is 8.60 after correction for background objects. The photoelectric map of 

Melnick et aI. (1977) contains about half the light from this square. For this 

subregion the total photoelectric V magnitude is 0.19 magnitude brighter than the 

summed V25 magnitudes of the sample galaxies. Therefore the total V magnitude of 

the square area is 8.41, giving a visual luminosity of 7.13xI012 h- I Le;) if 

obscuration at the galactic pole is assumed negligible. For a light distribution of the 

form Eq. (2.1), the total luminosity within a sphere of radius 2h-1 Mpc is then 

6.42xI012 h- I Le;). CHM who also based their luminosities on the photometry of 

Godwin and Peach find a value 36% larger within the same radius. This is a result 

of the indirect route they use to infer a luminosity from the data. 

2.1.2. Velocity Dispersion Data 

We take data for the global velocity dispersion of the Coma cluster from 

the complete sample of Tifft and Gregory (1976) (mp~15.7 within a radius of 3°) in 

order to get an unbiased value. The data of KG has a deeper magnitude limit near 

the cluster center that leads to a bias favoring the center. Adopting the redshift 

boundaries of KG to determine the membership of the cluster, we in addition 

restrict our samples to the region within 133' to avoid significant contamination 

from the surrounding supercluster. We then find a mean cluster redshift of 6932 

km/s and a velocity dispersion Utot = 907 km/s from a sample of 206 galaxies. 

KG published a velocity dispersion profile for the Coma cluster, but 

there wass a coding error in their analysis (Kent, private communication). We 

therefore calculate a velocity dispersion profile directly from Table I of KG; we 

bin the 280 galaxies within to 133' into 14 bins each containing 20 galaxies. We 

calculate dispersions about the mean cluster velocity defined above. The results are 
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Table 2.2. The projected velocity dispersion profile. We bin the velocities of the 
280 galaxies in Table I of KG. Each bin contains 20 galaxies. 

radius Velocity Dispersion 
(arcmin) (km/sec) 

2.34 1038 ± 168 

5.86 1066 ± 173 

8.58 1722 ± 279 

11.98 972 ± 158 

15.30 1122 ± 182 

19.04 1001 ± 162 

24.05 915 ± 149 

32.70 1013 ± 164 

41.64 847 ± 137 

52.12 925 ± 150 

65.55 625 ± 101 

79.58 677±11O 

100.60 835 ± 135 

121.02 755 ± 122 
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tabulated in Table II and the profile is shown in Fig. 2.2(b). The uncertainty in the 

velocity dispersion (Fig. 2.2(b» is larger than that in the surface :;tensity, due to the 

smaller number of galaxies with velocities, and because velocity dispersion is the 

second moment of the distribution. The discordant point at 9' deviates from the 

mean trend at the 2a level, and we consider it a statistical fluke, but include it in 

all subsequent analysis. 

2.2. The X-ray Data 

2.2.1. X-ray Surface Brightness 

The most extensive X-ray imaging data for the Coma cluster were those 

taken by the imaging proportional counter (IPC) on the Einstein Observatory. The 

X-ray surface-brightness profile of the Coma cluster in the 0.5-4 keY band has 

been studied by many observers (Abramopoulos, Chanan, and Ku 1981; Jones and 

Forman 1984; Henriksen and Mushotzky 1985) and is well represented out to 726h-1 

kpc by the analytic form 

(2.3) 

with core radius r C,x = 390h-1 kpc (TWII) and central surface brightness So = 

13.9h2 IPC counts/s/Mpc2• However, observations off the center of the cluster 

analysed by Hughes, Gorenstein, and Fabricant (1988) and Hughes (1989) show X

ray emission to extend to at least twice this radius. Abramopoulos and Ku (1983) 

give the luminosity within 1.5h-1 Mpc, and Henriksen and Mushotzky (1985), from 

comparison of the total fluxes observed by the Einstein and HEAO-l detectors, infer 

that the cluster emission may extend to 3h-1 Mpc. The functional form of Eq. (2.3) 
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was originally derived for the case of an isothermal gas in an isothermal cluster 

(Cavaliere and Fusco-Femiano 19?6). but this interpretation is not consistent with the 

optical velocity dispersions. optical size properties. and the X-ray spectral data 

(Mushotzky 1984); however this form serves as an adequate parametrization of the 

surface brightness profile. 

With an Abel inversion. Eq. (2.3) can be inverted under the assumption 

of spherical symmetry. to give the emission per unit volume in the 0.5-4.0 keY 

band as a function of radius r 

4(r) = ne (r)2€[T(r)] 

= 0.67 So (1 + (r/rcx)2t2.14 
rc,x ' 

(2.4) 

with ne (r) is the electron density and €(T) is the emissivity of the gas convolved 

through the Einstein IPC passband. The spectral data from first generation satellite 

experiments determined that X-rays are produced by thermal bremsstrahlung in a 

gas at roughly a hundred million degrees Kelvin (Seriemitsos et at. 1977). For 

simplicity. we model a bremsstrahlung spectrum convolved the IPC passband by the 

emissivity as €ocT-o.35 (e.g.. Fabricant. Lecar. and Gorenstein 1980; Fabian et at. 

1981. CHM). It is worth noting that according to Eq. (2.4). 50% of the cluster 

emission comes from the inner 0.7h- i Mpc. and 80% from the inner 1.7h-i Mpc. 

2.2.2. X-ray Temperature 

The mass of a cluster of galaxies can also be determined using the gas 

distribution through the hydrostatic equilibrium equation (see Eq. (4.1». For this we 

need the temperature profile of the intracluster gas in the Coma cluster. 
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Unfortunately, the limited spectral response of the Einstein X-ray Observatory has 

prevented the direct determination of a temperature profile for the intrac1uster gas. 

Integrated X-ray spectra for the cluster as a whole have been obtained by the 

HEAO-I detectors, and are not well fit by a single temperature model (CHM, TWII, 

Hughes et al. 1988). 

CHM find a reasonable fit to the HEAO-I data for a model X-ray 

spectrum which can be characterized by the bolometric X-ray flux emitted by gas 

in each temperature range (T,T +dn: 

(2.5) 

where To is the central temperature of the gas. The emission per unit volume 

corresponding to Eq. (2.4) was derived assuming the gas to obey a polytropic 

equation of state T /To = (n/no)'Y- 1, with n the electron density of the intracluster 

gas. According to CHM, the 95% confidence limits on To and "( imposed by the 

HEAO-I data are 15.3<To<20 keY, and 1.38<,,«1.6. The parameters for Eq. (2.5) 

were taken as the best polytropic representation of the HEAO-I data with "(= 1.4 

and To=16 keY. 

Finally, assuming the gas density has a profile 

(2.6) 

and using the rough conversion of Abramopoulos et al. (1981) that I IPC 

count/cm2/s is equivalent to a 0.5-4.0 keY flux of 3.3xlO- ll erg/cm2/s, we can 

predict the central density. The value for the central surface density So in (2.3) 
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with a central temperature To = 16 ke V and 'Y= 1.4 in (2.4) gives us the central 

electron density 2.81xlO- 3 Icm3 and the central gas density Pg,o=8.2IxlO13 Mc/Mpc3
• 



CHAPTER 3 

COSNTRAINTS ON THE MASS OF THE COMA CLUSTER FROM 
OPTICAL DATA 

27 

The standard method of dynamical mass determination for clusters 

assumes that the distribution of mass in follows the distribution of galaxies (Rood et 

al. 1972; Kent and Gunn 1982; Peebles 1970; White 1976). Although these different 

analyses led to a relatively good agreement for the Coma cluster. this underlying 

assumption has little justification other than simplicity. Moreover. a recent analysis 

of Coma X-ray data shows that the distribution of mass in the core may be more 

concentrated than the galaxy distribution. and the total mass can be lower than the 

standard model (Henriksen and Mushotzky 1985). This result is consistent with 

Bailey's (1982) demonstration. that a low mass model can be constructed to fit 

observation if the mass distribution is more concentrated than the galaxy 

distribution. 

In this chapter we let the mass distribution differ from the galaxy 

distribution. and we investigate the range of mass distributions which are consistent 

with the observed positions and velocities of galaxies. In their own analysis Kent 

and Gunn (1982) found using self-consistent. equilibrium phase-space distributions. 

and assuming parallel mass and galaxy distributions that galaxy orbits in Coma 

cannot be primarily radial. otherwise a steeper velocity dispersion is required than 

is observed. 

In the first section of this chapter we present an appropriate 

generalization of the virial theorem for our problem. and we demonstrate how large 
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the range of allowed mass distributions is if we use only the surface density profile 

and the global velocity dispersion in our analysis. However the mass is pretty well 

determined when we assumed that the mass follows light. In the second section we 

make use of our velocity dispersion profile to narrow the allowed range of mass 

distributions. In the last section of this chapter we discuss our results and draw our 

conclusions. A recent similar analysis by Meritt (1987) using a different technique is 

in good agreement with our results. 

3.1 Virial Constraints on Cluster Mass 

In this section, we study how the total mass of the Coma cluster is 

constrained by an appropriate generalization of the virial theorem. The hydrostatic 

equilibrium equation for the galaxy distribution in the potential well of the cluster 

is 

(3.1) 

where crt (r) and crt (r) are the radial and tangential velocity dispersions of the 

galaxies at radius r, and Mdr) is the total mass interior to r. This is the Jeans 

formula for a spherical cluster in which a galaxy population with density profile 

P* (r) moves under the influence of a smooth potential due to the total mass 

distribution Mt (r). Multiplying this equation by 41Tr3 and integrating it from the 

cluster center to the outer radius r 0' we obtain 

(3.2) 
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where M. (r) is the total mass of the galaxies interior to r 0 and T. is the total 

kinetic energy of the galaxies within roo If we set Mt,o == Mt(ro)' M.,o = M.(ro)' 

written 

(v2) _ GMt,o I = dlnf. I 2() 
ro dlnx x-I ut ro ' (3.3) 

where 

(3.4) 

This is very similar to the standard virial theorem. The term on the right hand side 

of Eq. (3.3) is the surface term which contains the information about the outside of 

an observed sample that may not be included in the observation. To determine the 

mass Mt,o' it is necessary to know the value of the three dimensional velocity 

dispersion (v2
) , the form of the total mass distribution ft, and the radial dispersion 

U r 2 at the boundary. Below we show how to estimate all these values and their 

uncertainties. 

Provided the samples of data cover most of the radial extent of the 

system, the three dimensional velocity dispersion can be given by (v2) = 3utot 2 to 

good accuracy. Using the density profiles of Eq. (2.1) and (2.2) it is easy to show 

that the mass actually contained within radius r 0 is about 9% smaller than that 

projected within ro' For realistic dispersion profiles we thus estimate a systematic 

error of less than 10% when estimating (v2) as three times Utot 2. On top of this, 

there is a random-sampling error of 10% because the samples we use contain only 

206 galaxies. Therefore we estimate the uncertainty in (v2) as 14%. Notice that the 
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anisotropy of the velocity distribution within the cluster does not effect estimates of 

the mass in using Eq. (3.3). 

To estimate the maximum possible value of the surface term in Eq. (3.3). 

we need to estimate the largest value of U r 2(r 0) consistent with the observational 

data. These values will obviously correspond to a model In which motions are 

purely radial and decrease as rapidly as possible with radius. Galaxies outside r 0 

then contribute as little as possible to the observed dispersions. For galaxies on 

radial orbits with p. ocr-'Y· and u/ocr-1 the line-of-sight velocity dispersion at any 

projected radius R is 0.45ur (R). If we fit the outermost four data points in Fig. 

2.2(b) to line-of-sight dispersions proportional to R-l/2. we find that the line-of

sight dispersion at 133' is less than 621 km/s with 90% confidence. Using Eq. (2.2) 

to define f •• this implies that the surface term in Eq. (3.3) must be less than 42% of 

our estimate of (v2). In the remainder of this section. we adopt a value of 0.21 (v2) 

for the surface term. Therefore. the maximum error in our mass estimate due to the 

surface term and to uncertainties in three-dimensional velocity dispersion is ±27%. 

The main uncertainty in estimating the value of the mass in Eq. (3.3) 

comes from the fact that the value of the dimensionless integral in Eq. (3.4) depends 

on the unknown ft. the a priori form of the total mass distribution. However we 

can estimate the mass if we assume that the galaxies trace the mass. then f t =f •• and 

we find by direct integration using Eq. (2.2) that 1=1.28. This result is only 

approximate because uncertainties in the fit to the galaxy profile Fig. (2.1). By 

experimenting with other acceptable fits we estimate the error in I to be about 9%. 

Thus if galaxies trace the mass. the overall uncertainty in the mass within 5.4h-
1 

Mpc of the center of Coma is about 30%. Treating the surface term as discussed 

above we find this mass to be 1.9 1015 h-l MQ> a slightly smaller than that obtained 
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by White (1976) and KG when fitting more complex but less general models to the 

Coma data. 

Unfortunately. when we relax the assumption that mass traces light the 

value of the coefficient I becomes very uncertain. However. there are two extreme 

cases that limit the value of the mass in Eq. (3.3). First is the case for the greatest 

mass concentration which is achieved if all the mass is concentrated at the cluster 

center. In this case f t =1 for all x. and evaluation of Eq. (3.4) for our preferred f. 

gives 1=5.3. corresponding to a total mass estimate a factor of 4.2 smaller than the 

standard value. The other extreme case is for the least concentrated mass 

distribution. For example. if the mass distribution has a uniform density throughout 

the cluster. ft =x3 and 1=0.24; the total mass within 5.4h-
1 

MQ is then inferred to be 

5.4 times larger than the standard value. These extreme assumptions produce virial 

masses for the observed part of the cluster which differ by a factor 23. an 

uncertainty which clearly dwarfs all the others discussed above. Fortunately we 

know that for a system with a very concentrated mass distribution we expect the 

velocity dipsersion to fall in roughly Keplerian fashion. Thus it seems likely that 

our constraints on the cluster mass can be refined by using the extra information 

contained in the mildly declining observed velocity dispersion profile of Fig. 2.2(b). 

We study this in the next section. 

3.2. Constraints From The Hydrostatic Equilibrium Equation 

Additional constraints on the total mass distribution come from the 

information in the velocity dispersion profile. The equation of hydrostatic 

equilibrium (3.1) relates the mass profile of the cluster to the galaxy density profile 

and to the radial and tangential velocity dispersion profiles. The total mass of 
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cluster can be calculated from Eq. (3.1) if we know the galaxy distribution p. and 

the two velocity dispersion O"r 2 and O"t 2. The galaxy distribution has been determined 

from the observed density profile Fig. 2.2(a) fairly accurately, but only the rather 

noisy line-of-sight dispersion profile of Fig. 2.2(b) is available to constrain the two 

functions O"r 2 and O"t 2. Therefore, many physically acceptable pairs of functions, and 

so many different mass distributions will be consistent with these data. In this 

section we constrain the mass distribution so that the velocity dispersions are 

statistically acceptable fit to the data of Fig. 2.2(b). This is where our method 

differs from Merritt (1987). Merritt fits an analytic form to the dispersion data, 

chooses an analytic form of the mass distribution and then inverts Eq. (3.1) to solve 

for O"r 2 and O"t 2. Acceptable mass distributions are taken to be those for which both 

these dispersions remain positive at all radii. Our approach is more general in that 

we require only statistical agreement with Fig. 2.2(b), but less general in that we 

require a particular functional form for 0"/ in the implementation described below. 

The two sets of results agree well. 

In our approach we first choose a functional form of ft(r/ro) for the total 

mass distribution, 

(3.5) 

characterized by a core radius at r/ro=xc and a power law exponent 'Yt. To 

calculate the line-of-sight velocity dispersion of this mass model we assume a radial 

dispersion profile, of the form 
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(3.6) 

For each such profile we derive u2
t from Eq. (3.1). Provided ut 2(r) is everywhere 

positive. we then calculate the line-of-sight dispersion profile. 

(3.7) 

and derive the X2 corresponding to its fit to the data in Fig. 2.1 (b). We minimize 

the X2 over three parameters defining Ur 2 in Eq. (3.6) and see if the best fit can be 

rejected with 99% confidence. If it can we claim the mass distribution with the 

form ft and mass Mt •Q is inconsistent with velocity data. When a mass distribution 

model is accept~d. we obtain the total mass in the cluster and the orbits of galaxies. 

Notice that this procedure may underestimate the range of massses consistent with 

observation. because the assumed forms (3.5) and (3.6) are not general enough to 

cover all possibilities. 

In our search to find which of our models of the mass distribution fit 

observation. we surveyed the Xc -1t parameter space by picking a value of Xc 

between xc=O.25rc .• /ro and xc=IOrc .• /ro and then delineating the range of 1t for 

which acceptable velocity distributions could be found. As shown also by Merritt 

(1987) and Fig. 3. I (a.b). for each Xc the largest mass corresponds to the smallest 

acceptable value of 1t. and the smallest mass to the largest acceptable value of 1t. 

The maximum and the minimum mass are about 5x1015h-1 Mg and 6xI014h-1 Mg 

respectively. and they are only weakly dependent on xc' The largest acceptable 

mass decreases somewhat for the largest values of xc' 
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The velocity-dispersion data do not agree with a model that has all the 

mass concentrated at the cluster center. As a result. the minimum mass found here 

is slightly larger than the minimum mass derived in the last section. The velocity 

data is also consistent with a mass distribution in which Mt asymptotically increases 

as fast as r1.67 • For such a distribution. most of the mass is at large radii; the 

integral in Eq. (3.4) is then quite insensitive to the value of the core radius until it 

begins to approach r o' We find that models as weakly concentrated as a constant 

density sphere are not consistent with the dispersion data. As a result. the 

maximum allowable mass here is smaller by a factor 2 than that quoted in the last 

section. 

It is of interest to study the structure of the cluster in these different 

mass models. To illustrate this. we consider models with xc=O.2Src, .. /ro and with 

xc=lOrc, .. /ro' For each core radius we show results for the maximum mass model. 

the minimum mass model. and the model which produces the best fit to the velocity 

data. Figures 3.1-3.3 give the mass distribution. the velocity dispersions. and the fit 

to the observed data for each of these models. For xc=rc, .. /ro. results differ only 

slightly from those shown for the small core radius case. 

Besides the low and high mass limit models. we also obtain the best fit 

models for the velocity data which give masses in the range of 1.3-2.2xlO15h-1 M@. 

It is quite surprising that almost all the best fit models are very close to xc=rc .• /ro 

and 'Yt ='Y*. Thus a model in which mass traces light seems preferred. Moreover. the 

velocity dispersions for these models are almost isotropic (ut ~ur) everywhere. It is 

unclear whether any significance should be attached to this result in view of the 

wide range of models allowed by the statistical uncertainties. 
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The line-of-sight velocity dispersion is shown in Fig. 3.3 for the low and 

high mass models. The line-of-sight velocity dispersion of the low mass models falls 

systematically below the data in the outer regions of the cluster and tends to fall 

high near the center. As we would expect. the converse is true for the high mass 

models. When the core radius of the mass distribution is large. it shows up as a 

clear feature in the line-of-sight dispersion curves. However. this behavior is 

probably due to the particular functional form we adopted for the radial velocity 

dispersion profile. 

3.3. Conclusion 

The mass of the Coma cluster has been calculated from optical data on 

the position and velocity of galaxies assuming the cluster to be in eqUilibrium and 

spherically symmetric. We find in general that our results agree very well with 

those of Merritt (1987). For the standard model which assumes that the mass 

distribution follows the galaxy distribution. we find that the mass of the Coma 

cluster within 5.4h-1 Mpc is 1.9xIQ15h-1 Me,) with total uncertainty of order 30%. 

This mass together with the analysis of the photometry of Godwin and Peach (1977) 

and Melnick et al. (1977) in chapter 2 leads to a visual mass-to-light ratio of 157h 

for the Coma cluster. However when we drop the assumption that mass follows 

light we find that the mass can range from 6 to 50xIQ14h-1 M(,)' From our analysis 

we determine the orbits of galaxies. The low mass models with higher central 

density have galaxies which move in near-circular orbits throughout most of the 

cluster. High-mass models with most of the mass at large radii have galaxies in 

primarily radial orbits. It is somewhat surprising that our best fit models have mass 

distributions very close to the galaxy distribution and they have almost isotropic 
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velocity distributions almost everywhere. It seems the mass-trace-light models are 

preferred. 

Our analysis show that the distribution of mass and the orbits of galaxies 

in the Coma cluster are very uncertain. It seems unlikely that any foreseeable 

expansion of the available sample of galaxy positions and velocities can make a 

large improvement. Therefore we expect progress in the understanding of the mass 

distribution in the Coma cluster to come from X-ray studies. We study this 

possibility in our analysis in chapter 4. Some progress in X-ray studies has already 

been made by Mushotzky and Henriksen (1985). who found that the dark matter 

distribution in the Coma cluster core may be more concentrated than the galaxy 

distribution. 



CHAPTER 4 

THE JOINT CONSTRAINTS FROM X-RAY AND OPTICAL DATA 
ON THE MASS OF THE COMA CLUSTER 

40 

In a recent paper. Cowie. Henriksen. and Mushotzky (1987. hereafter 

referred to as CHM) ask whether the virial mass of clusters are smaller than we 

think. They address this question by constructing equilibrium models for the 

intracluster medium for several clusters. These are constrained to fit both the 

surface-brightness profile and the integrated spectrum of the x-ray emission. CHM 

find that in the models that best fit the data. the temperature drops substantially 

outside the central regions. These models imply cluster mass distributions that are 

more centrally concentrated than the galaxy distributions. and extrapolate to give a 

surprisingly small total mass. CHM conclude that the x-ray data require cluster 

masses that are 2 or 3 times smaller than those usually inferred from optical data. 

In this chapter. we explore in more detail the constraints on the mass 

distribution in Coma implied by the combined optical and x-ray data. In the first 

section. we present the constant MIL model of chapter 3 (TWI) which we denote as 

the TW model. and we review the best fit model of CHM. We note that the CHM 

model actually has the larger mass in the regions of the cluster that dominate the 

total x-ray flux. After that we explain our analysis and compare CHM model with 

the TW model. We then use the TW model to check CHM's conclusion that a 

constant MIL model is inconsistent with their interpretation of the HEAO-l data. 

Rather. the predicted spectrum is almost isothermal with a temperature equal to that 

of a single-temperature model force fit to the data. Next we investigate a mass 
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distribution that interpolates smoothly between that of CHM for r(1h-
1 

Mpc. and 

that of chapter 3 for r)2h-
1 

Mpc. We find the x-ray spectrum predicted by this 

hybrid model differs only slightly from that of the original CHM model. Finally. we 

use the techniques of chapter 3 to compare the CHM and hybrid models with the 

optical data. We find that the CHM model requires galaxy orbits to be 

predominantly circular. whereas the hybrid model is consistent with an isotropic 

velocity distribution. 

4.1. The Constant MIL model. The CHM Model. and The Hybrid Model 

In chapter 3 we showed that optical data on galaxy counts and velocity 

dispersions require the Coma cluster density profile to be 

(4.1) 

where the core radius is rc.*=298h-
1 

kpc and the central density is p*.o=1.39xlO15h2 

MJMpc3 with a maximal error of 30%. In what follows we refer to this mass 

distribution as the TW model. 

The CHM mass distribution model is based on the model that has x-ray 

spectrum that can fit the bolometric x-ray flux emitted by the gas in the Coma 

cluster with Eq. (2.5). For gas in equilibrium in a spherical potential. the equation 

of hydrostatic equilibrium may be written as (e.g. Silk and White 1980. Fabricant. 

Lecar. and Gorenstein 1981) 

dIn nT 
dIn r = - .QJ!:.. M(r) 

kTr 
(4.2) 
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where n is the density profile and p. is the mass per gas particle (:!:0.62 mp )' If the 

gas density profile is 

(4.3) 

then CHM show that the distribution of mass required to keep the gas (with 

assumed polytropic equation of state T/To=(n/no)'Y-I) in hydrostatic equilibrium is 

(4.4) 

with x=r/rc•x and rc•x=390h-
1 

kpc. In Eq. (4.4) we use the best polytropic 

representation of data. that is 'Y=1.4. 5=1.15. and To=16 keY. and this gives us the 

central mass density p'o=2.86xl015 McJMpc3• As we show in chapter 2 this predicts 

the density of gas as a function of radius to be 

(4.5) 

where the central gas density is Pg,o=8.21xI013 h2 McJMpc3
• We show in Fig. 4.1 

the density profiles and mass distribution for constant M/L of the TW model. for 

the polytropic CHM model. and for the gas distribution inferred from the x-ray 

data. It is important to bear in mind that the published x-ray profile extends only 

to 0.73h-1 Mpc. and that there is no clear detection of flux beyond twice this 

distance. An extrapolation of the model of Eq. (2.4) implies that 50% and 80% of the 

total flux comes from within the radii marked by arrows. Fig. 4.1 show that 
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throughout most of the x-ray emitting region the CHM model actually predicts a 

higher mass for the cluster than the standard TW model. Within small radii. the x-

ray data implies a higher MIL value than the standard optical model. Their mass 

dil~dbution crosses at about 1.3h-1 Mpc. Beyond this radius. the CHM model 

implies a lower mean MIL. but has weaker observational support. In the x-ray 

emitting regions the hot gas itself is inferred to contribute a fairly small fraction of 

the total mass. In order to check the sensitivity of the spectral data to the mass 

distribution at large radii. we consider a hybrid model which interpolates between 

the CHM model at small radii and the TW model at large radii. This interpolation 

is indicated by the dotted line in Fig. 4.1. 

4.2. Temperature Profile and Bolometric X-ray Flux 

To compare the bolometric x-ray flux L(n of each model in Fig. 4.1. we 

need to obtain the temperature distribution of each model. For this we solve the 

equation of hydrostatic equilibrium for gas in a spherical potential in the form 

given by White and Silk (1980). 

(1- din €) dT = -0 62 Om M(r) _ 1 din £ 
din T dr . P kTr 2 dIn r • (4.6) 

where mp is the mass of the proton. and £(r) is the volume emissivity of Eq. (2.4). 

This equation specifies the temperature distribution of the gas in the cluster in 

terms of a single parameter which can either be the central temperature or the 

boundary temperature at a finite radius. There are two types of solution. the first 

is the hot solution where temperature increases monotonically with radius. However. 
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it is not a physical solution for the x-ray gas in the Coma cluster. The other one. 

the working solution has zero temperature at a finite radius. We integrate inwards 

this type of solution from any desired boundary condition at large radius for T(r). 

then we calculate L(n. Next we determine the emissivity d$ from an element 

volume between rand r+dr using Eq. (2.4) which corresponds to gas temperature 

between T(r) and T(r)+dT to obtain L(n. Here L(n is appropriately normalized so 

that the total emissivity from all various models gives the same luminosity. as 

shown in Fig. 4.2. The CHM model requires the temperature of the gas to vanish at 

large radius and to drop rapidly from the center. with the integrated spectrum 

containing contributions from gas at a wide range of temperature. Its L(n in Fig. 

4.2(b) can be represented by Eq. (2.5) as we expect. On the other hand. if the TW 

model is used with the same boundary condition. a much shallower central 

temperature is predicted as CHM also obtained in their constant MIL models. The 

luminosity is dominated from gas of temperature around 8 keY; the spectrum 

essentially is of an isothermal gas at T=8 keY. This matches the best single

temperature fit to the HEAO-I data; the disagreement between this data and the 

traditional model thus arises purely from the fact that a multi temperature gas seems 

required. For the hybrid model. we find the best fit to the x-ray spectrum is for 

the boundary condition of T(2.3h-1 Mpc)=O. The gas distribution thas a finite extent. 

The resulting temperature profile is very close to that of the CHM in the region 

that emits most of the x-ray flux. and the difference in the predicted L(T) curves 

seems too small to be observable. We find that thermal bremsstrahlung spectra 

computed from these two curves can be normalized to coincide within 4% over the 

energy range 2 keV<E<16 keY and to within 3% for 4 keV<E<16 keY. Comparison 

with Figs.4 and 6 of Henriksen and Mushotzky (1926) shows such effects to be too 
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small to be detected reliably in the data. It thus seems that the x-ray data cannot 

distinguish the polytropic model from one in which M(r)/L(r) is at least as large as 

the traditional value at all radii(cf. Fig. 4. I (b)). 

Finally. we use the methods of chapter 3 to check that the CHM and 

hybrid mass distribution are indeed consistent with the optical data on Coma. The 

CHM model is quite similar to the low-mass models in chapter 3. We find its mass 

distribution to be consistent with the observed galaxy counts and velocity 

dispersions only if the galaxies outside the central lh- I Mpc are on near-circular 

orbits. The requirements on galaxy orbits are considerably less stringent for the 

hybrid model. and an isotropic distribution gives a good fit to the optical data. 

Figure 4.3 compares the line-of-sight velocity dispersion data of Kent and Gunn 

(1982) with the predictions of the two models. Each prediction assumes the galaxy 

distribution to have the density profile of Eq. (4.1) and to be in equilibrium with 

an isotropic velocity distribution in the appropriate potential well. For isotropic 

orbits. the low mass of the CHM model is clearly inconsistent with the observed 

dispersion in the outer parts of the cluster. 

4.3. Conclusion 

We have shown that the standard model with the observed x-ray profile 

predicts an almost isothermal gas distribution of temperature 8 ke V. This is indeed 

the best single-temperature fit to the HEAO-l data. However. CHM find that the 

observed spectrmti requjre~ that the gas has a wide temperature range up to at least 

15 keY. If we accept their interpretation of the spectrum. we find: 

1) that the MIL ratio of the inner lh- I Mpc of the cluster must be larger than 

the standard value in ordp.r to produce a high central temperature; 
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2) that the structure of the mass model beyond I or 2h-1 Mpc has little effect on 

the observable x-ray properties and can be modified to resemble the standard model 

without conflict the data; 

3) that although the original model requires most galaxies to be on near-circular 

orbits, the modified model is consistent with an isotropic velocity dispersion. 

Thus we conclude that the x-ray data on Coma does not require the 

cluster to have a smaller mass than is inferred from standard virial arguments. 

Rather, they suggest that there may be more dark matter in the central part of the 

cluster than has previously been thought. Therefore, the mass-to-light ratio increases 

towards the cluster center (Hughes, 1989). The gas distribution is only a rather 

small fraction of the total mass in the region where the x-ray data places significant 

constraint on its distribution. The most recent analysis by Hughes (1989) using the 

combined optical data and x-ray data from IPC, Tenma, and EXOSA T finds that 

the virial mass within Sh-I Mpc for the best fit is (1.8S±0.24)xl015h-1 Me;). This 

result is different from ours in that Hughes uses the Tenma spectrum of the cluster 

reinforced by the EXOSA T study to measure temperature at two positions, thus 

putting constraints on the temperature distribution. The ratio of mass to blue light 

lies in the range 140 to 190 h MJLe;). For more general mass distributions he finds 

the cluster mass within Sh-I Mpc lies in the range (1.1-3.0)xI015h-1 Me;). Further 

significant improvement for the Coma cluster requires X-ray surface brightness data 

beyond "'2 Mpc and spatially resolved temperature information. 
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CHAPTER 5 

MODIFIED NEWTONIAN DYNAMICS 

It has long been known that rich clusters of galaxies appear to contain 

large amounts of unseen material (Zwicky 1933; Smith 1936). The basic concept in 

a dynamical mass determination with the application of the Vi rial theorem is the 

Newtonian theory of gravity. We have reevaluated this problem in chapter 3 and 4 

in the best observed of rich clusters. the Coma cluster. The studies show the total 

amount and the distribution of dark matter to be very uncertain; however. all 

previous work agrees that the observed galaxies and intergalactic gas are 

insufficient to bind the inner regions of the cluster by at least a factor of 3. 

Since the dark matter has not been detected. Milgrom (1983 a.b.c) 

proposes an alternative for one who does not believe in the existence of dark 

matter. In his theory which he calls modified Newtonian dynamics (MONO). 

Newtonian gravity breaks down in weak fields in such a way that the acceleration 

of a test particle in the outer parts of a spherical mass distribution is 

(5.1) 

Applying his theory to different galactic objects and analyzing the M-V relation 

and the Tully-Fisher correlation. Milgrom determines the universal constant ao to be 

roughly 2.10-8h2 cm/s2. This theory provides a good description of a variety of 

objects where Newtonian gravity requires dark matter. For a spherical galaxy 
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cluster MONO predicts that the erroneous use of Newtonian gravity will lead to an 

inferred mass profile related to the true profile by 

(5.2) 

In this chapter. we use the techniques of chapters 3 and 4 to test whether an 

effective profile of this form is consistent with detailed optical and X-ray data on 

the Coma cluster. We conclude that a consistent model with no dark matter can 

indeed be constructed. although it requires a larger value of ao than is suggested by 

recent data on the rotation of spiral galaxies (Milgrom 1987). 

In the first section we describe our procedures and the mass distributions 

we use in our analysis. In the second section we give an example of a MONO 

model which is consistent with the optical and X-ray data on Coma. and we 

explore the constraints from MONO on ao and on the properties of the galaxies and 

the gas. In the last section we conclude that models consistent with MONO require 

an extensive gaseous atmosphere through which galaxies move in near-radial orbits. 

The gas temperature is predicted to have a shallow minimum near the cluster 

center. In addition. those models require values for Milgrom's "universal" parameter. 

ao • to be 22h 1.5 times larger than those which give good fits to spiral rotation 

curves. 

5.1 MONO and The Mass distribution Models 

The most well known demonstration of the necessity of dark matter are 

the rotation curves of spiral galaxies. Although the simplest modification of 

Newtonian theory of gravity is to modify the distance dependence of the 
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gravitational force, Milgrom (l983a) showed that the Tully-Fisher relation can rule 

out such a modification as the sole explanation of the mass discrepancy. Instead, 

with MONO it is easy to produce a flat rotation curve for a finite massive body 

without assuming the exixtence of dark matter. The acceleration of galaxies in the 

Coma cluster is much smaller than ao (Milgrom, 1 983c), therefore Coma cluster 

provides an excellent test for MONO. 

For our analysis using the methods in chapter 3 and 4, (in the hydrostatic 

equilibrium equation) we need to replace the potential by 

(5.3) 

where M(r) in Eq.(5.2) is the true mass of the cluster within radius r made up of 

galaxies and X-ray gas. For mass profiles we adopt the observed galaxy population 

of Eq. (2.2) and then convert it to a mass profile using mass-to-light ratios in the 

range 2h«M/Ly )<20h.This range seems generous enough to include all likely values; 

Faber and Gallagher (1979) concluded that (M/Ly )~:Oh for early type galaxies of the 

kind which dominate the cluster light in Coma. The mass in gas is represented by 

Eq.(4.5) and it extends to radii exceeding about 2h-1 Mpc where the gas 

temperature may drop to zero. In Figure 5.1 we show a plot of enclosed mass 

against radius for the gas, for the galaxies using (M/Ly)=2, 7, and 20, and for the 

effective mass defined by equation (5.2) for ao=2 10-8 cm/s2 and (M/Ly )=7. This 

plot assumes h=l and shows the total mass of the cluster to be dominated by the 

gas even for (M/Ly )=20. Note, however, that the mass of gas scales as h -2.5 whereas 

the total stellar mass scales as h-I. For comparison we also plot the mass-radius 

curve for the total gravitating mass in the conventional, "light-traces-mass" model of 
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chapter 3 which has (M/Ly )=157. Notice that the effective mass in the MOND 

model is significantly less centrally concentrated than the dark matter in the 

Newtonian model. 

5.2. Results for MOND models of Coma 

In this section. we examine the possible range of ao for which the mass 

distribution of the Coma cluster in MOND can produce the observed line-of-sight 

velocity dispersion to within 99% confidence following the technique in chapter 3. 

Also since the best isothermal fit of the X-ray spectrum of the Coma cluster is for 

a temperature of 8 kev. then applying the method of chapter 4 to this model. we 

require that the temperature range of the gas must at least include 8 keY. In 

making models we allowed ourselves to adjust three parameters. These were the 

value of ao • the mass-to-light ratio of the galaxies (constrained to lie in 

2«M/Ly )<20) and the outer truncation radius. rt. of gas distribution. Results are not 

sensitive to (M/Ly ) because the cluster mass is dominated by the gas. Unfortunately. 

they are sensitive to rt since the gas mass increases roughly as rt 0.7. Observational 

constraints would seem to require rt >2 Mpc. but an upper bound can only be 

established by theoretical arguments. Below we set such bounds by requiring the 

period of a circular orbit at rt to be less than some plausible value. say I or 2 1010 

years. This period approximates the shortest time on which it is feasible to establish 

hydrostatic equilibrium at a given radius. It is difficult to give a precise bound 

because we do not know how to calculate the age of the universe from its 

expansion rate in a MOND model. Throughout this section we adopt h= I; we 

discuss the effect of modifying this value in the next section. 



-u • • "II 
~ 
C 
D .. • Ii 
D • .. 
o 
>u .. 
u 
a .... • > 
'II • .. 
u • 
a 
.t 

2100. • 

900 I 
600 I 

(.) 

300 
2 3 

log (Pro,ected Redlus(kpc)) 

-u • • 
~ 
.! 
c 
o .. 
• L • 11 • .. 
o 
>.. .. 
u 
o ..... 
• ~ 
D 
o 
-.J 

3 

(b) 

2 
2 

r 

3 

Log(RadluaCkpc.' 

.. 

Fig. 5.2. Velucity disIJer~ion~ for a cluster model with the effective mass distribution of fi

gure 5.1. 'l'he ri.l<..lial dud tc.lIlgeutia1 dispersions are shown as a function of radius ill (a), whi le 

(b) compares the 1 iw:!-of-sight dispersion with the data of Kent and Gwm (1982). 

lJ\ 
lJ\ 



56 

In Fig. 5.2 we show the result of using the technique in chapter 3 on 

model that might has the ideal parameters for MONO. Its parameters are ao =2 10-8 

cm/s2, (M/Lv )=7, and r t =5 Mpc. With these parameters we then determine the mass 

of gas, the mass of galaxies, and the effective mass distributions by using equations 

(4.1), (4.2), and (5.2) respectively. Following the technique in Chapter 3 we 

substitute the effective mass for Mt in the hydrostatic equilibrium equation (3.0. 

The tangential dispersion profile is solved by adopting a radial veloctiy dispersion 

profile of the form in Eq. (3.6), and then comparing the predicted line-of-sight 

dispersion profile from Eq. (3.7) with observation we obtain its X2. A best fit model 

is obtained by minimising X2 over values of the three parameters defining ur(r). The 

best fit is judged acceptable if X2 lies below the appropriate 99% upper confidence 

limit. Figure (5.2) shows the behavior of the velocity dispersion in the best fit to 

the above MOND model. This model has an acceptable X2 and so is a viable 

description of the optical data on the cluster. Note that the galaxy orbits are 

strongly radially biased (ut is much less than ur over most of the cluster). This was 

to be expected from the low concentration of the effective mass in Fig. (5.1) and 

the results of Chapter 3. 

The temperature profile and the bolometric luminosity of X-ray gas in 

MOND model can be obtained following the method in sec. (4.2). First we obtain 

the temperature structure T(r) of the model by requiring the X-ray gas to be in 

hydrostatic equilibrium with the X-ray observed surface brightness. Then we 

combine T(r) with volume emissivity $(r) to obtain the bolometric luminosity L(n. 

For boundary condition used in solving Eq. (4.6), we force the temperature to drop 

to zero at boundary radii rt • For an illustration, we show in Fig. (5.3) the 

temperature structure and the bolometric luminosity of the same model as in Fig 
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(5.2). The temperature rises with increasing radius over most of the inner part of 

the cluster. In MOND this behavior always occurs for gas with a power law 

density profile in equilibrium within an extended mass distribution. The maximum 

temperature occurs at a finite radius determined by rt. For this particular model 

the central temperature is 5.2 keY and the maximum temperature is 7.2 keY. As 

shown in figure 5.3b almost all the emitted flux comes from gas in this temperature 

range. Thus the cluster spectrum is predicted to be almost isothermal. in 

contradiction with the conclusions of CHM. The temperature range of significant 

emission does not include 8 keY. the best single temperature fit to the observed 

spectrum. and so we do not consider this an acceptable model. For comparison we 

also show in Figure 3 the temperature structure predicted by the conventional. 

constant (MIL) model of Chapter 3 and by CHM's polytropic model. The model of 

Chapter 3 has the correct mean temperature. but does not have the range of 

temperatures which seems required by the HEAO-I data. The mean temperature of 

the MOND model can be raised by increasing (M/Lv) for the galaxies. by 

increasing r t. or by increasing ao ' 

We now explore parameter space to identify which regions can satisfy all 

our observational and theoretical constraints. Figure (5.4) gives plots of rt against ao 

for (M/Ly)=2. 7. and 20. In each diagram an upper limit on ao at fixed r t is given 

by the requirement that the central temperature of the gas should be less than 8 

keY. while a lower limit is obtained by requiring the maximum temperature to 

exceed 8 keY. These limits are shown as two solid lines in Fig. 5.4. For fixed rt 

and (M/Ly ). both these temperatures scale as ao 1/2. For r t ~2 Mpc the two 

temperatures coincide because the temperature is maximum in the center. However. 

such small cutoff radii are probably not compatible with X-ray data on the extent 
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of the gas. For given ao and (M/Lv) we put an upper limit on f t by requiring the 

period of a circular orbit at r t to be less than some specified value. For the models 

of Figs 5.2 and 5.3 this period is 1.6 1010 years, and so is already uncomfortably 

long. The dashed curves in Fig. 5.4 correspond to choosing a limit at I and 2 1010 

years. For each (M/Lv) and r t upper and lower limits can also be placed on ao by 

requiring consistency with the velocity dispersion data. We find that the lower 

limits are always much less stringent than those shown in Figure 5.4, but the upper 

limits are generally stronger than those obtained from the spectral data. We plot 

these upper limits in Figure 5.4 as dash-dot curves. 

It is clear from Figure 5.4 that either rt or ao must be large for 

temperature in a MOND model to rise as high as 8 keY. Remember that there is no 

direct evidence for X-ray emission from gas at such large radii, but that the total 

flux observed in large beam telescope suggests that such gas may be present 

(Henriksen and Mushotzky 1985). On the other hand, the long sound crossing times 

involved make it unlikely that the gaseous atmosphere extends in equilibrium much 

outside 5 Mpc. Temperatures as high as the 15 keY suggested by CHM would 

require at least ao "'10-7 cm/s2; this appears inconsistent with the other constraints 

discussed by Milgrom, and such a model would, in any case, produce most of its 

emission at "'15 keY, thus conflicting with the observed spectrum. Perhaps the most 

important point to be made from Fig. 5.4 is that even for the preferred (M/Lv )=7 

there is a range of parameter space which produces models consistent with all the 

observed data except CHM's multitemperature interpretation of the X-ray spectrum. 



61 

5.3. Discussion 

Applying the techniques of chapter 3 and 4. we found that it is possible 

to construct MONO models for Coma which are at least in fair agreement with 

observation. The X-ray data on the Coma cluster put quite strong constraints on 

MONO. The rms uncertainty in the mean temperature of the cluster is roughly 10%. 

implying a 20% uncertainty in ao for any assumed mass distribution. The mass-to

light ratio of the galaxies almost certainly lies in the range 2«M/Ly )<20 that we 

have examined. and the density normalisation that we have adopted for the gas 

based on the X-ray data is unlikely to be in error by more than 20%. implying a 

slightly smaller uncertainty in ao ' Thus the bounds on ao in Fig. 5.4 have an 

uncertainty of about 30%. We can therefore ask whether these bounds are consistent 

with data on other kinds of system. 

The most detailed discussion of MOND models for spiral galaxies is by 

Milgrom (1987). This work follows up on an earlier analysis by Kent (1987) of his 

extensive photometric and kinematic data set. Milgrom shows that MONO gives a 

reasonably good fit to all the spiral rotation curves for the single value. ao "'1.5 10-8 

cm/s2 (using h=1.5). This is a remarkable success for the model since it has 

considerably fewer free parameters than the conventional dark halo models which 

are otherwise required. This procedure appears to determine ao with an uncertainty 

of about 30%. For comparison with Fig. 5.4. ao must be scaled to the value 

appropriate for h=l. This gives ao "'1.0 10-8 cm/s2 which is a factor of ~2 smaller 

than than required by the arguments of this paper. This discrepancy is clearly 

uncomfortable for MONO since ao is supposed to be a universal constant. The value 

of ao required for consistency with the spiral data scales as h. whereas that 

required by the cluster data scales approximately as h2.5 . (This scaling would be 
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exact if the total galaxy mass were negligible.) Thus the discrepancy could be 

eliminated by reducing the Hubble constant to h"'O.5, but it would be made 

considerably worse by raising it to values as large as that used by Kent and 

Milgrom. 

We conclude that MOND can indeed produce models which are consistent 

with the X-ray and optical data on Coma. These models require the galaxies in the 

cluster to be on primarily radial orbits in order to fit the velocity data. This results 

is contrary to the constant (MIL) model of Chapter 3 that requires galaxies move in 

isotropic orbits and the CHM's polytropic model which requires that most galaxies 

are in circular orbits. In addition, the MOND models require the X-ray gas to 

extend beyond 2 Mpc and to have a temperature profile with a shallow local 

minimum near the center. This temperature structure is not consistent with the 

conclusion of Cowie, Henriksen, and Mushotzky (1987) that the observed spectrum 

requires emission from gas with a wide range of temperatures. A further difficulty 

is that these models require values of Milgrom's parameter ao which are ~2h1.5 

larger than those implied by spiral galaxy rotation curves. 



63 

CHAPTER 6 

IS THE COMA CLUSTER BINARY DOMINATED? 

Dynamical mass determinations for galaxies and systems of galaxies based 

on the assumption that they are in virial equilibrium show a large excess of mass 

as compared to that observed directly. An alternative interpretation of the dynamical 

state of clusters of galaxies has been proposed by Valtonen and his collaborators 

(Valtonen and Byrd 1979. 1986; Valtonen et al. 1985; Saarinen and Valtonen 1985). 

These authors claim that many galaxies in the outer regions of large clusters of 

galaxies may be escaping the cluster. Hence an application of the virial theorem 

will give a very large and spurious mass. In their model almost all the cluster mass 

is contained in a few objects. usually a binary. in the core of the cluster; many of 

the cluster galaxies have been ejected from this core by the superelastic 

gravitational encounters (the gravitational slingshot). These authors carry out 

simulations to investigate their model and claim reasonable agreement with real data. 

They show that the M/L ratio the model requires for the cluster core is comparable 

to or larger than the values usually quoted for clusters as as whole. Thus the need 

for dark matter cannot be avoided. 

Since the Coma cluster is one of the best observed and most analyzed 

galaxy systems (e.g. Peebles 1970; Rood et al. 1972; White 1976; Kent and Gunn 

1982; The and White 1986.1988a; Merritt 1987; Hughes 1989). we decided to test 

the model in greater detail on this cluster. Coma cluster seems' a good candidate for 

the slingshot model because of its high central density and the well known pair of 

supergiant galaxies NGe 4874/4889 at its center. The velocities of these two 
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galaxies are consistent with a binary orbit centered on the cluster mean velocity 

(Valtonen and Byrd 1986). In our analysis in chapter 3 using optical data (The and 

White 1986; Merritt 1987) we concluded that for equilibrium models the total mass 

within 5 Mpc is about 2xl015 h- i M@ if mass follows light. and must lie between 

6xl014 h- i M@ and 5xlO15 h- i M@ if the shape of mass density profile is allowed to 

vary freely. For comparison. the core mass obtained by scaling the slingshot model 

to Coma is '" 5xl014 h- i M@. according to Valtonen and Byrd (1979. 1986) and 

Valtonen et al. (1985). X-ray data on Coma may suggest an even larger mass than 

the optical data in the inner 1.0 h- i Mpc. However. this conclusion depends 

critically on the interpretation of the X-ray spectrum of the cluster (CHM; TW; 

Hughes 1989). At the present the X-ray and optical data seem remarkably consistent 

with the simplest conventional virialised model in which MIL is constant throughout 

the cluster and galaxy velocities are isotropic. 

In this chapter. we carry out simulations of the slingshot model closely 

patterned on those of the original authors. We compare the resulting surface density 

and velocity dispersion profiles with observational data on Coma. We improve on 

the earlier work by using numerical models with enough particles that counting 

noise in the model can be neglected. and by making quantitative statistical 

comparisons of the data with the best available optical data. In section 6.1 we 

describe the parameters of the models. the code we use to simulate them. and the 

optical data with which we compare the results. In section 6.2 we present these 

results and show that none of the models is an acceptable fit to Coma. Finally we 

present a variety of supporting arguments which also suggest that the slingshot 

model is not a viable representation of the Coma cluster. 
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6.1. THE MODEL 

The slingshot model for clusters of galaxies consists of a dynamically 

dominant core surrounded by an extended halo. The core mass is concentrated in a 

few supermassive galaxies which eject halo objects through three-body interactions. 

In the simplest and most stable version of the model the core is dominated by a 

single massive binary. This also seems the most appropriate model for Coma. Most 

of the galaxies in the cluster are assumed to be part of the halo but to have small 

total mass in comparison to the core. The relatively large velocity dispersion in the 

outer cluster. which reflects either an extended dark matter distribution or near

circular orbits in the conventional virialised model. is here ascribed to unbound 

galaxies escaping the cluster. 

In Valtonen and Byrd (1979) and Valtonen et al. (1985) simulations of the 

slingshot model were carried out by allowing massless test particles to fall onto a 

central binary. In the first paper the particles were initially distributed quasi

uniformly within a relatively thin spherical shell. while in the second they were 

placed in a thick planar annulus. Saarinen and Valtonen (1985; SV) considered 

initial halo distributions which were uniform within thick spherical shells. within 

planar annuli. and within a specified distance range along the coordinate axes of a 

cartesian system centred on the binary ("lattice" initial conditions). This paper 

allowed the halo galaxies to have small but finite masses. studied some models 

where the core contained four. rather than two massive galaxies. implemented a 

schematic treatment of galaxy merging. and considered initial conditions with a 

uniform. "Hubble" expansion in addition to initially static models. The models of 

SV followed only 100 halo galaxies. whereas the test particle models of the earlier 

papers were able to treat considerably larger numbers. None of these initial 
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conditions seems very plausible, and, in the case of disk and lattice initial 

conditions, the geometry leads to systems which look quite peculiar until almost all 

particles have had time to fall onto the binary for the first time. However, the 

motivation for these choices was a desire to try a variety of simple cases with the 

implicit assumption that once significant evolution has taken place much of the 

arbitrariness of the initial conditions will be forgotten. Both our own and the earlier 

experiments tend to bear this out. 

We have run simulations from the shell, disk, and lattice initial conditions 

described by Valtonen et al. (1985) and SV. Our system of units is defined by 

setting the mass and initial separation of the binary and Newtons's constant G, to 

one. For the SV models the particles are then distributed initially over I <r<6.8, 

measured from the center of mass of the binary. The binary initially has a circular 

orbits and its components have mass 0.5-0.5, 0.7-0.3, or 0.9-0.1. The total halo mass 

is always 0.1, split equally among 5000 particles, which are initially either at rest 

or expanding with one of the two velocity-distance relations specified in Eq. (4) of 

SV. (A small Gaussian "thermal" velocity of one-dimensional dispersion 0.05 is also 

included.) We have effectively repeated all the binary models of Valtonen et al. and 

most of those SV; indeed, unlike SV we have an expanding model corresponding to 

each static model, and a model with mass 0.7-0.3 corresponding to each model with 

masses 0.5-0.5. We have not attempted to treat galaxy merging, to study clusters 

with more than two supermassive objects, or to vary the total mass of the halo. 

None of these effects seems likely to change the overall behavior of the model (SV), 

as judged from the experiments of SV. In fact the number of models we have is 

overkill for the problem, since at late times they all look similar. 
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These models could undoubtedly be followed with very little error using 

a restricted three-body code as was done by Valtonen and Byrd (1979) and 

Valtonen et al. (1985). However; we decided to follow SV and include the masses 

of the halo galaxies because this can be done at very little extra computational cost. 

In our code the forces between the binary members and between each binary 

member and each halo galaxy are evaluated ·explicitly. However the forces between 

halo galaxies are only evaluated to quadrupole order in an expansion about the 

center of mass of the binary (see White 1983 for details). This approximation 

eliminates relaxation effects between halo galaxies; these are, in any case, expected 

to be negligible. The direct gravitational interactions have the standard softened 

form, ¢ Ol (r2+e2)-1/2, with €=0.1. We take the softening which appears in the 

quadrupole expansion to be much smaller. The equations of motion are integrated 

with a fourth order predictor-corrector scheme, and energy, linear, and angular 

momentum were all conserved to better than I % over 100 time units. For 

comparison the initial orbital period of the binary is 6.3, and the time for the 

outermost halo galaxies to fall onto the binary is about 20 for the nonexpanding and 

about 50 for the "Hubble" models. 

For detailed comparison with the models we use the binning of data 

shown in Fig. 2.1 of chapter 2. This gives us number counts in 15 bins and 

velocity dispersions in 14 bins over the radial range 0-5 Mpc. The bins were 

chosen so as to get approximately equal uncertainties at all radii. For a slingshot 

model to be a viable description of the cluster it must be statistically consistent 

with these two distributions for some scaling of its size, galaxy number, and mass 

at some time during its evolution. In fact, we find in the next section that no 

projection of any of our models is consistent with the observational data for any 
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time or scaling. This occurs because the models give good fits to the number count 

data only at relatively late times. However. at these times the model velocity 

dispersion profiles drop much more rapidly with radius than is allowed by the data. 

6.2. RESULTS 

In each of our simulations we stored positions and velocities every 5 time 

units for analysis. Figure 6.1 shows the evolution of the model in which a static. 

spherical shell of particles collapses onto an equal mass binary. At time 10 only the 

innermost halo particles have interacted with the binary. the outer particles have 

fallen in by a small amount. However. by time 20 almost all the particles have 

passed through the central region. and the particles seen near the edge of the 

cluster are expanding rapidly outwards. many of them on unbound orbits. At time 

30 the system already has a smooth density profile which thereafter gradually 

evolves to lower and lower densities as more and more particles are ejected. As 

noted in earlier work this ejection occurs primarily in the orbital plane of the 

binary. This induces a flattening of the outer cluster. also noted by VaItonen and 

Byrd (1979). which can be seen clearly in the last frame of Fig. 6.1. The only 

significant exception is that the disk models remember their two-dimensional 

beginning and remain significantly flatter than the other models. 

Figure 6.2 shows surface density profiles for the model of Fig. 6.2 in 

projection perpendicular to the angular momentum vector of the binary. We 

constructed these profiles using 20 circular annuli with boundaries chosen at each 

time so that every bin contained an equal number of particles. As the model 

evolves its central surface density drops and its outer boundary expands. All 

particles seen beyond r=6.8 have gained energy through interaction with the central 
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binary and many of them. particularly at large radii. are escapers. We demonstrate 

this explicitly in Fig. 6.2 by showing the surface density of bound particles at the 

final time as a dashed curve. The figure also shows as points with error bars the 

count data for the Coma cluster taken from figure 2.2 of chapter 2. We have scaled 

these counts in radius and number to give the best possible fit (in a X2 sense) to the 

final density profile shown. The observations show approximately power law 

behavior over about a factor of 20 in radius. The model only shows such behavior 

over a sufficient radial range at late times. At these times the effective power law 

slope of the model is noticeably shallower than that of the data. Nevertheless. with 

a X2 of 7.30 for 13 degrees of freedom the fit shown should be considered very 

good. Very similar fits can be achieved at late time with most of our models. We 

thus verify one of the major claims of Valtonen and Byrd (1979) and subsequent 

papers; the density profile of Coma can be modeled by a dynamical system in 

which the outer regions contain many escaping galaxies. Note. nevertheless. that 

most of the particles in the "observed" region of the model are in fact bound. 

The rate at which escapers are generated is quite similar in most of our 

models. We illustrate this in Fig. 6.3 by plotting the number of escaping particles as 

a function of time for variety of cases. For initially static models up to 20% of the 

halo particles are ejected between time 10 and 25 as they pass through the binary 

for the first time. Initially expanding models do not have this early burst but 

produce a very similar number of escapers by late times. After time 40 escapers 

are created steadily and for most models about 50% of all particles are unbound at 

the final time. Binary cores with equal mass components eject particles at the same 

rate as binaries with masses 0.7 and 0.3. However. as might be expected. the model 

with a binary mass ratio of 9: I is significantly less efficient at creating escapers. 
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As a result, the contribution of unbound particles to the density profile of this 

model is smaller than in the other models and so the profile relaxes less rapidly to 

power law form. 

A second major observational constraint on the models comes from their 

line-of-sight dispersion profiles. These are shown in Fig. 6.4 for the models for 

which surface densities are plotted in Fig. 6.2. In the inner halo the velocity 

dispersion drops off rapidly with radius in a roughly "Keplerian" fashion. At larger 

radii escapers dominate and the profile levels off at a value of about 0.2 model 

units. For comparison, one model unit is the initial relative velocity of the binary, 

and it is also close to the line-of-sight dispersion of halo particles in the model 

core. Figure 6.4 also shows the dispersion profile obtained at the final time when 

the model is viewed perpendicular to the binary orbital plane. It is similar to the 

other projection at small radii, but drops to lower values in the outer regions. This 

is because particles are ejected preferentially in the orbital plane as earlier workers 

have pointed out. Data for Coma from Fig. 2.2 of chapter 2 are plotted as points 

with error bars in Fig. 6.4. Once again we have adjusted the radius and velocity 

scales to get as good a fit as possible to the last time plotted. However, this fit has 

a X2 of 67.22 for 12 degress of freedom which can be rejected with very high 

confidence. The problem is that the observed drop in velocity dispersion is much 

smaller than that predicted. The predicted outer value is effectively determined by 

the rms ejection energy from the binary, while the core value is simply related to 

the escape velocity from the binary center-of-mass. Thus there is almost no freedom 

within the slingshot model to adjust their ratio. This proves to be the downfall of 

the model. 
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We have investigated the extent of this disagreement for all our models. 

At each output time we obtain positions and velocities projected onto the binary 

orbital plane and onto two other mutually orthogonal planes. We must then 

determine an optimal scaling for comparison with the real data. We choose a large 

number of possible radial scalings for testing. For each we bin the model density 

and velocity dispersion data separately, choosing bin boundaries which correspond 

exactly to those used for the real data. This gives us 15 model density estimates 

and 14 model velocity dispersion estimates with associated Poisson errors. We then 

determine the best normalisation of the density and velocity profiles by minimising 

X2 for the difference between observation and model. In so doing we combine the 

errors in the data and in the model; however counting errors in the real data 

almost always dominate because of the large number of particles in our simulations. 

These two values of X2 measure the probability that the observed points are drawn 

from the surface density and velocity dispersion profiles predicted by the model. 

We take the smaller of the two probabilities as a measure of the overall level of 

agreement. By trying a closely spaced grid of scalings and choosing the one which 

gives the largest value of this measure, we find the optimal scaling; the value of 

the measure of agreement for this best fit (hearafter P) is an estimate of the 

probability that the observations correspond to this projection of the model for any 

scaling. The range of radial scalings we try is limited at the small end by the 

requirement that the true separation of the model binary should exceed 296 h- I kpc, 

the projected separation of NGC4874 and NGC4889, and at the large end by 

requiring that the age of the model be less than 2 1010 years. 

Even after all this, we still have 3 different projections of each 

simulation at each of' 18 different times. (We do not consider times earlier than 15 
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which correspond to fewer than two orbits of the central binary.) We take the best 

overall fit of the model to the Coma cluster to be the particular projection and time 

with the largest value of P. Table 4.1 summarises the properties of these best fits 

for each of our models. We list its age in simulation and in physical units. the true 

and projected binary separations in kpc. the binary relative velocity in km/s. the 

total mass of the model in MQ' and the value of P. The best fit is never for a 

projection onto the binary orbital plane because of the problem with velocity 

dispersions illustrated in Fig. 6.4. In almost all cases the velocity dispersion is the 

hardest of the two distributions to fit and determines the value of P for the "best 

fit" model. Most of these best fit models do not correspond to the kind of situation 

advocated by Valtonen and his collaborators in which the observed counts in the 

outer part of the Coma cluster are dominated by escaping galaxies. The "cluster 

masses" we find range from 5.6 to 17 1014 h- I MQ and so are very similar to those 

found in the earlier work. However. none of the models we have tested is an 

acceptable fit to the data. Although one of the lattice cases gives a moderately large 

value of P. this is a result of its extremely artificial initial conditions and the 

special direction from which it is viewed. ( In each projection 1/3 of the particles 

are initially superposed on the central point.) We demonstrate that this is responsible 

for the good apparent fit by attempting to fit the data for the lattice models in 

projections well away from their principal axes. As shown by the last few entries 

in Table 6.1. no acceptable fit is then possible. Within our whole survey we have 

found no model for Coma which can be rejected with less than 99% confidence. We 

conclude that the slingshot model is not a viable representation of this cluster. 

Valtonen and Byrd (1979) and subsequent papers make the interesting 

observation that the application of the virial theorem to a binary dominated cluster 
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(1) (2) (3) (4) (5) (6) 

SPHERE 0.~.5 no no 25 x 
0.7-0.3 80 y 
0.0-0.1 15 x 
0.6-0.6 ye. no 85 x 
0.7-0.3 80 y 
0.0-0.1 20 y 
0.5-0.5 yes yes 35 x 

DISK 0.6-0.5' no no 20 x 
0.75-0.25' 20 y 

0.5-0.5 20 y 
0.7-0.3 20 y 
0.5-0.5 yes no 80 y 
0.7-0.3 80 x 
0.5-0.5 yes yea 25 x 

LATTICE 0.5-0.5 no no 20 y 
0.7-0.3 30 Y 
0.5-{).5 yea no 15 y 
0.7-0.3 15 Y 
0.5-0.5 yea yea 30 x 
0.7-0.3 25 Y 
Q.5-{).5 no no 30 r 
0.7-{).3 100 r 
0.5-0.5 yea no 65 r 
0.7-0.3 15 r 
0.50.5 yes yes 25 r 
0.7-0.3 15 r 

-_._------ ----------- --- -----. - - -

Table 6.1 

-(7) (8) (0) (10) 

0.92 770 280 2200 
1.08 550 380 2GOO 
1.73 1600 1400 1200 
1.90 570 150 2500 
1.08 400 300 2400 
1.48 1300 1100 1700 
1.08 1100 150 1000 
1.04 1500 1100 1500 
1.02 1600 1400 1500 
1.93 1800 1000 1800 
1.92 1600 300 1500 
1.93 450 440 2400 
1.98 460 eo 2100 
1.81 1300 370 1800 
1.77 1400 270 1700 
1.70 970 250 2000 
1.73 2000 1600 1800 
1.97 2200 2100 1700 
1.93 1200 250 2000 
1.51 1000 420 1800 
1.75 1000 340 1000 
1.00 3t1O 88 2800 
1.06 590 150 2200 
1.96 1800 370 1500 
1.75 1200 050 1800 
1.87 1600 83 1400 

(11) (12) (13) 

0.3 34.57 40.76 
0.8 23.28 47.36 
8.2 77.70 82.57 
0.6 23.33 41.07 
7.0 20.08 51.87 
0.8 83.32 86.66 

10.2 33.89 40.21 
8.8 30.27 39.85 
8.0 40.83 41.81 
0.8 26.76 31.18 
8.0 33.89 38.04 
8.6 11.82 45.58 
5.8 8.09 40.88 

10.2 10.57 28.00 
10.6 33.75 35.34 
10.2 18.07 31U2 
17.1 18.84 18.28 
17.3 24.33 32.28 
13.0 22.08 zg.58 

8.0 26.85 43.83 
0.5 18.14 40.08 
8.2 8.38 40.27 
7.8 8.81 31.78 
0.0 39.06 42.47 

10.0 16.42 ".86 
1.7 44.00 42.34 

(14) 

0.00013 
0.00001 

<0.00001 
0.00008 

<0.00001 
<0.00001 

0.00013 
0.00016 
0.00007 
0.00320 
0.00020 
0.00001 
0.00011 
0.00681 
0.00076 
0.00019 
0.11815 
0.00217 
0.00552 
0.00003 
0.00014 
0.00013 
0.00034 
0.00005 
0.00000 
0.00005 

--
--.I 
00 
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Note on Table 6.1. 

The columns in this table include the following information: 

Column (1) gives the initial configuration of the halo galaxies. (2) gives the masses 

of the binary components; an asterisk means the initial conditions correspond to a 

model from Valtonen et al. (1985). all others correspond to a model from SV. (3) 

states whether an expansion field was included and (4) whether it was retarded by 

a quadratic term as discussed by SV. (5) and (6) ar the model time and the 

projection axis of the best fit scaling. (The binary orbits in the x-y plane.) An "r" 

in column (6) means a projection well away from the principal axes of the initial 

configuration. For the best fit time. scaling and projection. columns (7). (8). (9). (l0). 

and (11) contain respectively the age (in 1010 yr units). the true and projected 

. separations of the binary (in kpc). the binary relative velocity (in km/s) and the 

total mass (in 1014 M). (12) and (13) give the X2 values for the fits to the surface 

density and velocity dispersion data respectively. Finally column (14) gives the 

measure of fit P. defined in the text. 
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can lead to gross overestimates of the mass of the system. We have tested this 

possibility on our models and present results in Fig. 6.5. We applied two standard 

virial mass estimators to three projections of the simulation shown in Figs. 6.1. 6.2, 

and 6.4. The first is the "classical" projected virial estimate, 

(6.1) 

where Rh is the harmonic mean projected separation of particle pairs and (J is the 

rms line-of-sight velocity dispersion. Both quantities are number weighted. The 

second is the projected mass estimator of Heisler et al. (1985), 

MpM = (64/110) (rv2
) , (6.2) 

where r and v are the projected separation and velocity difference of each particle 

from the cluster center. The coefficient is the one which Heisler et al. suggest as 

appropriate for systems dominated by radial orbits which is the case here. We see 

from Fig. 6.5 that the standard virial mass estimator actually works quite well in 

this case because it is not sensitive to the escaping outliers. It is never in error by 

more than a factor of 1.7 in our simulations. The projected mass estimator, on the 

other hand, is very sensitive to escapers, and is increasing almost linearly at the end 

of our simulations. In this model it overstimates the true mass by a factor 

approaching 30 at the latest times. Notice that both methods give lower masses for 

the projection onto the binary orbital plane. This is yet another symptom of 

anisotropic ejection. For slingshot models the old mass determination methods clearly 

work best. 

6.3. DISCUSSION 

The slingshot models that we have tested do not fit the Coma cluster. 

Well after the initial collapse they have halos extending as far as that or the real 
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cluster. although with a somewhat shallower density profile. At this time the 

velocity dispersion of the outer regions has a substantial contribution from escaping 

particles. but it is too small compared to that of the cluster core to be compatible 

with observation. These discrepancies appear to be generic to this kind of model. 

However. we cannot rule out that some choice of initial conditions other than those 

which we and previous investigators have studied. might mask this behavior 

sufficiently to produce a model consistent with the data. 

When slingshot models are force fit to the Coma cluster. we find 

estimates of the core mass of "'1Q15h- i Me;). It is interesting that in chapter 3 we 

found equilibrium models which fit the cluster data and are dominated by a 

massive core of similar size. These models were able to fit the velocity dispersion 

data because we assumed galaxies in the outer part of the cluster to be on near

circular orbits. With this assumption substantially larger line-of-sight velocity 

dispersions are predicted in the outer cluster than under the opposing. and perhaps 

more realistic assumption of near-radial orbits. In the slingshot model orbits are 

indeed almost radial. and the predicted velocity dispersion in the outer regions 

remains quite low despite the substantial contribution from unbound objects. 

In addition to the fact that the slingshot model does not fit the structure 

of the cluster. there are a number of other reasons why it seems implausible. 

Perhaps the simplest is the fact that the two supergiant galaxies NGC 4874 and 

4889 contain less than 1 % of the light of the Coma cluster (c.r. Godwin and Peach 

1977); it thus seems perverse to assume that they are associated with most of its 

mass. Direct evidence that the galaxies do not have anything like the mass required 

is provided by the Einstein Observatory map of the cluster. Emission from the hot 

gas is found to be very smooth with a constant surface brightness plateau covering 
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most of the cluster core (Hughes 1989). There is no evidence for enhanced emission 

associated with either bright galaxy (Forman and Jones 1982; Bechtold et al. 1983). 

The surface brightness distribution and spectrum of the intracluster medium suggests 

a total core mass at least as large as that required by the slingshot model (CHM; 

TW; Hughes 1989). but the morphology of the emission suggests strongly that the 

mass is in a single rather diffuse structure rather than in two separately 

concentrated supergalaxies. This conflicts with the conclusion of Fitchett and 

Webster (1987) that the galaxy distribution in the core of Coma has definite 

subcomponents associated with the two supergiants. 

A final objection to very large masses for the two dominant galaxies in 

Coma comes from their internal dynamical properties which are quite similar to 

those of other galaxies in the cluster. Thus for NGC 4889 Davies et al. (1988) 

measure an internal velocity dispersion of 381 km/s. approximately that expected 

from the standard Faber-Jackson relation for a galaxy of this luminosity. while for 

NGC 4874. the object often considered most cD-like. they find the rather low value 

of 245 km/s. This is much larger than the typical orbital velocity inferred for a 

sample of dumbbel systems by Valentijn and Casertano (1988). In order to explain a 

velocity dispersion exceeding 600 km/s in the outer parts of Coma. the slingshot 

model requires a binary with relative velocity exceeding 3000 km/s (see Fig. 6.4). In 

order to achieve such a large relative velocity the internal dispersion of the material 

wihtin each binary component must exceed roughly 3000/21
/

2 
'" 2000 km/s; this is 

more than 5 times the observed stellar dispersions. a very large increase compared 

to those observed in the envelopes of dumbbel galaxies and cD's (Carter et at. 1981. 

1985; Dressler 1979). 
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The slingshot model was originally proposed as an alternative to 

"conventional" virialised models which imply the presence of large amounts of dark 

matter in galaxy clusters. However, as Valtonen and his collaborators realised, very 

large masses must be assigned to the core binary in this model in order to fit it to 

the data. The need for some dominant, unidentified and dark form for most of the 

dynamically inferred mass is thus not avoided. The model gives a substantially 

poorer fit to the data on the Coma cluster than equilibrium models with 

approximately the same radial distribution of mass. Furthermore, there is direct 

observational evidence against the idea that the cluster mass has two dominant 

centers of concentration. Finally, there appears to be no reason why most of the 

mass of the cluster should end up associated with two apparently normal galaxies 

which contain very little of the total cluster light. For these reasons we feel that 

although the slingshot model is considerable intrinsic interest, it cannot be 

considered a viable model for the Coma cluster or, by extension, other similar rich 

clusters. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

In this dissertation. we have studied the mass distribution of the Coma 

cluster as constrained by the optical and X-ray data. We have made a more general 

analysis of the optical data than has to date appeared for in constrast to most 

previous workers. we do not require the mass distribution to parallel that of the 

galaxies. The joint constraints from the X-ray and optical data on the mass of the 

Coma cluster were examined in chapter 4. In addition. two proposed alternatives to 

the dark matter for explaining the dynamical state of clusters of galaxies were 

investigated. In chapter 5 we checked the consistency of Milgrom's theory of 

Modified Newtonian Dynamics against optical and X-ray data for the Coma cluster 

of galaxies. Finally the slingshot model proposed by Valtonen and his collaborators 

(Valtonen and Byrd 1979; Valtonen et al. 1985; Saarinen and Valtonen 1985) was 

simulated to test whether a cluster with a massive binary core surrounded by an 

extended halo can produce the surface density and velocity dispersion of the Coma 

cluster. 

Analyses in chapter 3 of optical data in virial theorem form (The and 

White 1986; Merritt 1987) indicated that. for equilibrium models. the total mass of 

the Coma cluster within 5.4h-
i 

Mpc is about 1.9xlOi5 h- i Me;) if mass follows light 

(for an assumed Hubble constant of 50 h km/s/Mpc). The value we obtain is 

slightly smaller than that obtained by White (1976) and KG when fitting more 

complex. but less general. models to the Coma data. However. as we have shown in 

chapter 3. the uncertainty of this mass is of order 30%. This mass. together with 

the analysis of the photometry of Godwin and Peach (1977) and Melnick et al. 
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(1977) leads to a visual mass-to-light ratio of 157 h. When an additional constraint 

from the velocity dispersion data is used and the assumption that galaxies trace the 

mass is dropped, models with masses between 6 and 50 XlO14 h- I MQ are found to 

be consistent with the available optical data. Our approach in determining the 

cluster mass is quite general, but not totally general in that we adopt a particular 

functional form for the radial velocity dispersion profile. However, Merritt (1987), 

using a different approach (explained in chapter 3), obtains a result close to ours. 

The models with radial galaxy orbits are consistent with a nearly uniform dark 

matter distribution, and have the largest total mass. The models with circular galaxy 

orbits imply a low total mass, with the mass concentrated in the cluster core. 

Analysis of the temperature and density distribution of the X-ray 

emitting intracluster gas is potentially the most precise method for 

determining the distribution of the binding mass within clusters of galaxies. 

Unfortunately, the limited spectral response of X-ray observatories has prevented the 

direct determination of temperature profiles for the intracluster gas. At present only 

the gas density profiles are available from the Einstein imaging data (Jones and 

Forman 1984). In a recent paper, Cowie, Henriksen, and Mushotzky (1987) approach 

the problem by using the integrated X-ray spectrum to constrain the cluster 

temperature distribution of their polytropic models. They find that these models 

require cluster masses that are 2 or 3 times smaller than those usually inferred 

from optical data. However, we find that the X-ray data on Coma do not in fact, 

require the cluster to have a smaller mass than is inferred from standard virial 

arguments. Rather, they suggest that there may be more dark matter in the central 

part of the cluster than has previously been thought. Hughes (1989) also finds the 

same result by measuring gas temperature at two positions and using X-ray spectral 
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data from Tenma and EXOSA T. However, the analysis in chapter 4 suggests that 

the X-ray data cannot distinguish the polytropic model from the standard constant 

MIL model. Further improvement on the constraints from X-ray data will require 

X-ray surface brightness data beyond 2 Mpc and spatially resolved temperature 

information. 

Two alternatives to the dark matter model have been investigated in this 

dissertation. The first is the model proposed by Milgrom. In this analysis we use 

the tecnIiiques presented in chapter 3 and 4 to check the consistency of this model 

with available optical and X-ray data. In doing this, we allowed ourselves to adjust 

three parameters, the value of ao, the mass-to-light ratio, and the outer truncation 

radius, r t , of the gas distribution. We find that viable models for the Coma cluster 

containing no dark matter can be constructed. The models require an extensive 

gaseous atmosphere through which galaxies move on near radial orbits. The gas 

temperature is predicted to have a shallow minimum near the cluster center; this 

structure may conflict with the best X-ray spectra of the cluster. In addition, the 

models require values for Milgrom's "universal" parameter, ao, which are ::;;; 2hl.5 

times larger than those which give good fits to spiral rotation curves. This 

discrepancy appears significant and may be a serious problem for the t~~ory. 

Valtonen and collaborators base their model on the assumption that the 

outer regions of large clusters are in free expansion as a result of ejection by the 

gravitational slingshot mechanism. Hence, an application of the Virial theorem will 

give a large and spurious mass. However, our simulations with the same initial 

conditions but more particles than theirs are unable to produce a model consistent 

with the surface density and velocity dispersion data. A characteristic of the 

slingshot model is that it always produces a central velocity dispersion that is much 
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larger than the observed value. We mention in chapter 6 a number of other 

arguments that the slingshot model cannot be a viable representation of the Coma 

cluster. 

In summary, the mass distribution in the Coma cluster is still uncertain. 

The optical data do not constrain its mass to better than a factor of 10. The X-ray 

data provide stronger constraints in the central region; they prefer models with 

high central mass density inside 1 h-l Mpc. More and further improvement of the 

X-ray data will reduce this uncertainty. We find from this study that dark matter 

model still seems to be required to explain the dynamical state of the Coma cluster, 

and that the simple assumption that the mass distribution parallels that of the light 

still provides an excellent description of the available data. 
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