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THE MASSES OF SPHERICAL GALAXTIES
M32. A LIKELY APPLICATION

Arcadio Poveda*

1. Introduction.—Ol great importance for the understanding of the stellar content of galaxies is the accu-
rate knowledge of the M /L ratio. Unfortunately both M and L are subject to large uncertainties; thus
not very long ago Baade revised upward the luminosities of galaxies by a factor of 4 and we may still have
to revise them by another large factor.** On the other hand, our knowledge of the masses of galaxies
seems also to be very uncertain save for a few cases of spirals where rotational velocities permit the
application of Mayall’s method' and provided their distances are correctly estimated. For early E gal-
axies, where no rotation is expected or measurable, the only masses known seem to be that of M32
determined by Schwarzschild® and the statistical determination in double galaxies, by Page.® For the
E7 galaxy NGC 3115 where rotation has been measured, Oort* and later Schwarschild* have estimated
the mass; since Oort’s determination of the mass of NGC 3115 it appeared that there was great ditfer-
ence in the M/L ratio for spirals and the vecinity of the sun on the one hand, and the A/L ratio
for galaxies composed ol what Baade called population II on the other. Schwarschild? has recently sum-
marized this state ol affairs; it turns out from his study that M/L (pg) = 4 for the vecinity of
the sun, M33 and large Magellanic cloud, and M/l (pg.) =~ 100-200 for the only £ systems individ-
ually studied: M32 and NGC 3115. To explain this wide difference it has been suggested several
times that E galaxies have an enormous proportionof main sequence dwarls, and even a luminos-
ity function has been computed by Roberts which accounts for the difference in 6 colors between
M32 and an average globular cluster and gives an M/I. (pg.) =~ 85. Less orthodox has been the sug-
gestion by Kraft® that the difference in the M/L ratio is caused by large quantities of gas. Baum’
has also discussed the content of elliptical galaxies based on their integrated properties.

In view of the great significance these considerations may have, we think that the case of the
two galaxies where this difference appears deserves some additional analysis. For NGC 3115 the un-
certainties in its distance are enormous since in addition to those involved in the scale of distances,
the only criteria we seem to have are its radial velocity and its apparent diameter. Therefore, it does
not look as if very reliable conclusions can be drawn from it. As for M32 the mass was derived by
Schwarzschild? from an asymmetry in the radial velocities of M31 assuming it to be caused by the
tidal action of M32 on the asymmetric arm of M3I; in computing the mass of M32 the differences in
velocities A’ are quite uncertain and the distance d taken between the perturbed area and M32 is
even less known since we do not know what the trajectory of M32 has been in the past; as the mass
ol M32 thus determined is ~ d*A} we see that it could be very easily uncertain by a factor of 10
or more.

We think it should be safer to estimate the mass of M32 from the dispersion of its star veloc-
ities as determined by Minkowski,® and with the help of the Virial Theorem. Since the distance to
M32 ranks among the best known for galaxies, we should expect a reliable estimate of the mass and
consequently of the M/I. ratio.

2. Discussion of the Method.—For an stationary ensemble of particles subject only to Newtonian forces
the Virial Theorem states that:
2T 4+ Q=20 (1)

where T is the total kinetic energy of the system and Q its total potential energy. A galaxy composed
only of stars satisfies the conditions of the theorem; furthermore, since we are dealing with an evolved
system we can introduce the not very unrealistic assumption that all the stars have the same mass. We
will have therefore:

MTT4 Q=0 ©)

where 77 is the average of the square of the space velocities of the stars referred, say, to the center of
mass of the galaxy; M is the total mass of the galaxy. To establish a relationship between 7? and the
observed velocity dispersion one must make an additional assumption about the statistics of the orbits of
the stars in the galaxy; il we restrict ourselves to the case of a spherical configuration of stars, we can
assume with Belzer, Gamow and Keller,” and based on the analysis of Von Hoerner'® on the orbits
of globular clusters, that the components of the spherical system move in so highly eccentric orbits
that we can think of their stars as performing anharmonic oscillations through the center of the gal-

* Becario del Instituto Nacional de la Investigacion Cientifica.
** Data communicated to me by Dr. W. Baum, suggests this possibility.
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axy. In this case, when analyzing spectroscopically the light of the center of the image of an spherical
galaxy, we will be obtaining the true picture of the dispersion of the space velocities, i. e.

6%, = Estimate V?
Next we need to estimate the potential energy of the system; this is:

R
0_ G J M(r)d M

where M(r) is the mass inside a
v

0

sphere concentric with the galaxy and of radius 75 R is the “radius” of the galaxy. We see that in
order to estimate the potential, energy, a knowledge of the mass distribution within the galaxy is needed.
Here one can proceed in a number of ways: we can say that the mass distribution corresponds to
that of a polytropic gas sphere of a given index, for instance n = 5, as has been done by Spitzer."!
However the potential energy could be too sensitive to the mass distribution; therefore, it is prefer-
able to follow the more realistic possibility. This we think is given by the light distribution in space,
as it can be inferred from the projected densities (i. e. in the focal plane of the telescope). In other
words, that the M /L ratio is constant throughout the galaxy. The reasons for thinking that this is so
are the following:

1) Schwarzschild? has found that the data on the rotational velocities in M31 and M33 are
consistent with the assumption ol constant M /L.

2) Baum has pointed out that the distribution of globular clusters in M87 follows the same
trend as the luminosity and that as a consequence no equipartition of energies has been reached.!?

8) Photoelectric color data also by Baum' for the same object from d — 11” to 712" strength-
ens this supposition since in the case of complete equipartition de Vaucouleurs'* has estimated that
the color index will change from 0.7 in the center to 1.23 at the periphery, contrary to Baum’s ob-
servations. ;

4) Morgan and Mayall in analyzing the spectra of M31, do not find any appreciable change
from the inner nucleus to the main body.!?
3. Derivation of the formula.—To compute the potential energy we shall use two independent sets of
data: .

a) De Vaucouleurs' has computed the light densities in space for spherical galaxies from his
interpolation formula representing the projected intensities; if we multiply these light densities by

M . .
K(: —) a constant throughout the galaxy as shown above, we obtain the mass density; We thus have:
7 ,

R/a

0O—_G K‘?f a’ L({a)dL

o
0

From de Vaucouleurs' standard B(a) one can derive the particular run of density of a given
galaxy multiplying the light densities* B(a) by a constant; the radius in centimeters to which this den-
sity corresponds is equal to the adimensional radius o times a characteristic length a, which is the
radius in centimeters of the circle which contains 14 of the light of the “projected” galaxy on a plane
normal to the line of sight and passing through the center of the galaxy in question.

Obviously, the radius of this circle depends on the distance between the galaxy and the ob-
server for a fixed radius on the telescopic image. For a particular galaxy we will include the factor
which gives, the actual light densities in the factor K of conversion from light to mass; let us call it
now K’.

R/a
e L () dL
Q:—szm’ (_a-__ -

a9
and where I’(a) = f 4702 B(a)da.  The integral in equation (3) does not depend on the particular

galaxy we may be investigating, and can be computed {rom de Vaucouleurs’ data once and for all;
a is obtainable from the photometry of the galaxy in question, and K’? we obtain as follows:

M = K a* L’ (R/a)

R/a

M? 1 (a)dL’

@ f (a) @
al’¥R/a) - o

* In space.
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and from equation (2)

R/a
MT— ¢ f/ L' (o) dL’
al*(R/a) . a
finally
M — av? L’*(R/a)
G f/“ L’ (a)dL’ ®)
b o

This equation gives the mass in grams ol any spherical galaxy for which a knowledge of the average
square velocities is available and also for which a has been determined as described previously. The

' L'(R/a ; . . . .
factor __(—/)—_ was determined by graphical integration taking as the upper
R/a
" L’ (a)dL’
:) (l
limit Rja = a = 24 which is indeed an extrapolation of the observations. However, the contrib-
ution to the integral of the extrapolated part is about 109, of the total. It came out:
L’(R/a)
_— =311
R/a
j' L’ (a)dL’
D Ta

o

h) The second estimate ol the potential energy is obtained from Baum’s data who kindly sup-
plied me with his unpublished photometry of M87,* which extends to the amazing distance of 712”.
The method we follow is the one advocated by Schwarzschild? which seems best suited when dealing
with empirical data. Since it is well known from the work of Hubble,!¢ de Vaucouleurs!'” and Baum?!?
that all spheroidal galaxies seem to be built on the same model, individual galaxies differing only in
scale and total luminosity, one can compute the potential energy from the data of Baum and Van
Houten' and then to establish the type of transformation one will have to develop in order to estimate

the potential for any other galaxy.
R

N © O L(r)dL
Let w= f 0%

° 1

L¥R)
Integrating it graphically via Schwarzschild’'s method we obtained —— = 3.2 x 102 in the
' w
units in which the photometry was expressed, i. e. 25th magnitude per square second of arc. The inte-
gration was carried to the limit where the photometry extended i. e. R = 712”. It can be shown that
il we introduce another system of units where the unit of length is a as delined above, and any other
unit of intensity, and calling with primes the quantities in the new system ol units, the following re-
lation holds:
L¥R) . L*(R)
il o A, R S
R4 w’
LX(R)

where % is the number of times the old unit of length is contained in the new. We see first that
L'(R) . W
is the same for all gal-

depends only on the scale and not on the units of intensity; second,

axies since expressed in these units all galaxies have the same light distribution. Thus from the data for
’2 ’ 2

L—](II,#. Since A came out to be 113” therefore Iﬁlffl;{,—,)- = 2.8 but this quotient is ex-

pressed in de Vaucouleurs’ units and hence is directly comparable with the results computed with de

Vaucouleurs’ hgtllresi as we see they are very similar. Since the galaxy certainly extends beyond 712” we

should expect l—lg—R—) to be somewhat larger. We therefore take a compromise value closer to that

M87 we can get

vy

found with de Vaucouleurs’ extrapolations which extend much farther.

* As well as Van Houten’s photometry for the inner (d < 10”) part of this galaxy.
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Finally, the expression for the mass in grams is: (everything else in c. g. s. units).

a G,
or il we preler:
M = 02 ad ¢ (ba)

where M is given here is units of solar mass, a in minutes ol arc; d, the distance to the galaxy in ques-
tion, in parsecs, and finally 6., in km/sec.

Using the data lor M87 we computed G j which can be transformed to the integral

M(r)dy
o r
for any other spherical galaxy of mass M and scale a. Equating the above integral to 14 V.,? where
V. is the velocity of escape from the center of a galaxy, and introducing expression (6) for the mass
we finally derive:

Ve = 3.7 Gne @)

hence the maximum relative velocity with which two spherical galaxies will collide, assuming zero ini-
tial velocities, is:

Ve = 7.4 6o (8)
where ... is the same for both galaxies.

4. Numerical Applications.—On the assumption that M32 is a spherical galaxy we can compute the
mass with Minkowski's® value for the dispersion ¢.., = 100 km/sec. and de Vaucouleurs™ a = 30”:
with a distance of 5 X 105 pc the mass we obtain is: M = 5 X 108 M and the velocity of escape is:
370 km/sec.

Finally with the modulus associated to that distance and Holmberg's'® magnitudes for M32 we

obtain:

= 1.2

M/MO | MMO | M/MQO
LILO |n LILO |r LILO | n

where M/L|,.. was obtained by extrapolating beyond i — 10000 A Stebbins and Whitford's*" six col-
or photometry of M32.

As a check on the validity of the expression (6), as well as its dependence on the true eccen-
tricity, we have applied it to M31 which certainly is an extreme case and for which Minkowski® has
estimated the velocity dispersion to be a,.. = 225 km/sec; therefore ¢%,., (M31) is about five times the
value for M32. Besides, from the photometry of M31 by Redman and Shirley,*! we obtain a = 40’: if
M31 is at the same distance as M32 then a (M31) is about 80 times a for M32 hence:

M (M31)
M (M32)

This value for the mass is in fairly good agreement with Wyse and Mayall’s estimate 1.9 X
10" M (corrected by a factor of 2 on account of the new distance to M31 used in estimating the mass)
as well as with Schwarzschild’s estimate of 1.4 % 10"t M(), and Schmidt's?? mass of 3.4 X 1011 M() and
velocity of escape (from the center) of 700 Km/Sec. This mass is somewhat ditferent; however the dis-
tance used by Schmidt is about 409, larger than that we took. With this distance our formula will
give a mass of 2.8 X 101 MQ®).
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=400 ; M (M31) = 2 x 10" MO V. ~ 800 km/scc

REFERENCES

1. A. B. Wyse and N. U. Mavall, Ap. J. 95, 24 1942.
2. M. Schwarzschild., A. J. 59, 273; 1954,

3. T. Page, Ap. J. 116, 63; 1952.

4. J. H. Oort, Ap. ]. 91, 273; 1940,



éxico

de M

idad Nacional Autonoma

1versl

ia, Uni

Instituto de Astronomi

ght 1958:

yri

J

© Cop

5. M. Roberts, A. J. 61, 195; 1956.

6. R. P. Kraft. P. A, S. P. 67, 25: 1955,

7. W. Baum, A. J. 60. 153; 1955.

8. 1. S. Bowen. Annual Report, Mt. Wilson and Palomar Observatorios, Pag. 26, 1953
1954.

9. ]. Belzer, G. Gamow and G. Keller, Ap. J. 113, 166; 1951.

10. S. Von Hoerner, Zeit. f. Ap. 35. 255; 1955.

11. L. Spitzer, Ap. J. 95, 329; 1942.

12, W. A. Baum, P. A. S. P. 67, 328 1955.

13. W. A. Baum, Private communication.

14. G. de Vaucouleurs, M. N. 113, 134; 1953.

15, W. W. Morgan and N. U. Mayall, P. A S. P. 69, 291: 1957.

16. E. Hubble Ap. J. 71, 231; 1930.

17. G. de Vaucouleurs, Comptes Rendus 227, 548; 1948.

18. C. J. Van Houten. Private communication by W. Baum.

19. E. Holmberg. Medd. Lunds Astr. Obs. Ser. II, N° 128, 1950.

20. ]. Stebbins and A. E. Whitford, Ap. J. 108. 413; 1948.

91. R. O. Redman and E. G. Shirley, M. N. 97, 416; 1937.

99 M. Schmidt. B. A. N. N© 480, 17; 1957.

LA MASA DE LAS GALAXIAS ESFERICAS; M32, UNA POSIBLE APLICACION

Es de gran importancia para la comprension del contenido estelar de las galaxias el conocimiento preciso de
sus propiedades integradas; destacindose entre ¢stas la relacion M/L. Segin un trabajo reciente de Schwarzschild, la
relacion M/L para las galaxias de tipo E es considerablemente mayor que la correspondiente a las galaxias espirales, irre-
gulares v la vecindad del sol.

En este trabajo hacemos notar cuin débil es la evidencia sobre la que descansa la apavente diferencia cn las
relaciones M/I.. Una fuente de incertidumbre depende de la distancia de los objetos estudiados, v otra de la deter-
winacion de las masas de las galaxias esferoidales.

Proponemos entonces determinar las masas de las galaxias esferoidales por medio del teorema virial (ecuacion
1). Para ello es necesario conocer ¥ y la energia potencial total de la configuraciéon; afortunadamente, para algunas
galaxias Minkowski ha determinado espectroscopicamente la dispersion de velocidades. Si como es razonable suponer las
estrellas se mueven —en estas galaxias— en oOrbitas muy excéntricas, las dispersiones de velocidades observadas por Min-

kowski son una estimacion directa de I

Para determinar la energia potencial supusimos que la rvelacion M/I. es constante dentro de una galaxia; su-
posicion que consideramos fundada en vista de las razones que se exponen.

Se han realizado dos determinaciones independientes de la energia potencial.

a) De Vaucouleurs ha calculado en general las densidades luminosas tridimensionales para una galaxia esférica
a partir de su férmula de interpolacion para los brillos proyectados. Con los datos tabulados por de Vaucouleurs cal-
culamos grificamente la energia potencial, la cual nos queda en funcién de la masa de la configuracion y de la escala
a; esta ultima la podemos definir como el producto de la distancia a la galaxia —en centimetros— por el radio, en
radianes, del circulo concéntrico a la imagen de la galaxia y que contenga la mitad de la luz total.

b) Con la fotometria de Baum y Van Houten para M87, es posible tambi¢n calcular la energia potencial para
esta galaxia, v sabiendo que todas las galaxias csféricas estin construidas con arreglo al mismo plan, generalizamos el

resultado.

Combinando estas dos determinaciones de la energia potencial con la dispersion de velocidades, se obtienen las
formulas (6) v (6a) que nos dan la masa en funcién de la escala a y la dispersion de velocidades o,

También podemos encontrar por integracion grifica la energia necesaria para llevar una particula desde el
centro de una galaxia esférica hasta su periferia; de aqui concluimos que la velocidad de escape desde el centro de una
galaxia esférica es Ve = 3.7 o,,, ¥ que la mixima velocidad relativa con que chocarian dos galaxias inicialmente en re-

)

poso es: V, = 7.4 ¢, donde hemos supuesto la misma o,,, para ambas galaxias.
Con los datos de Minkowski y la fotometria de de Vaucouleurs podemos calcular la masa de M32 bajo la

hipotesis de que las consideraciones anteriores le sean aplicables. Asi la formula (6) nos da:

obs

MM32) = 5 x 10° M@ : Ve = 370 kmnjseg.

MIME \

= 3.3 e

M MO A[/’MO l

= 5

LG | LIS v LILC

= 42

Ral

Como una prueba de la validez de la formula (6) vy su aplicabilidad a M32, ofrecemos el cilculo de la masa de
M31; este compara muy satisfactoriamente con las determinaciones independientes basadas en el andlisis de la rotacién de
esta galaxia por Wyse y Mayall, Schwarzschild, v Schmidt. Con los datos de Minkowski sobre la dispersion de velocidades y
la fotometria de Redman v Shirley encontramos:

M (M31) = 2 x 10" M@ ; I', =~ 800 kmn/seg.
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