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1. Introduction

Mass is one of the basics in the system of fundamental parameters charac-
terizing the galaxies. Several methods are known for deter mination of the mass
of a galaxy:

1. Statistics method — based on observations of double galaxies. A tho-
. rough description of the details of this method is given by Page (1961}
As a whole, four major investigations of double galaxies arc well known:
the works of Page (1961, 1962), Turner (1976a, b), Peterson
(1979a, b), and Karachentsev (198la, b, ¢, d).

It is interesting that the works of Karachentsev include many close pairs,
while those of Peterson include many wide pairs. The objects studied by Tur-
ner are of intermediale position.

2. Determination of the mass of spheroidal systems (e. g. E and SO gala-
xies). Three basic methods are known for the determination of the mass of
such systems. For non-rotating spheroidal galaxies with known velocity dis-
persion we can apply the virial theorem.The method has been described thorough-
ly by Poveda (1958). The results are not very reliable which is due
ahove all to the inclusion of the outermost parts ol the galaxies and they have
not- been studied thoroughly. That is why King (1966) proposed a solution
to the equation of stellar hydrodynamics by assuming that the distribution
of the velocities in the nucleus is Gaussian and isotropic. Later, Young, Sar-
gent and others worked out a similar formalism, also applicable to the regions
outside of the nucleus. The third method is based on the study of the circular
motion of a test “particle” around the spheroid component (Knapp etal,
1978).

3. Use of the rotation curves - applicable mainly to flat systems (spi-
ral and irregular galaxies). The theory of this method has been worked out by
Babcock, Osort, Weiss and Mayall, Perec and others. We shall deal more with
this subject below.



9. Determination of the mass of spiral galaxies

The most general view of a rotation curve is shown in Fig. 1. The analysis of
the rotation curve gives the following data: the slope of the rectilinear sector
gives the density of the central region, the length of the flat part points to the
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Fig. 1. General view of the rolation curve of a spiral
galaxy. Distance r from the centre of the gataxy
is plotted along the abscissa, and rotation velocity
Veot in km/s is plotted along the ordinate.

! — rectilinear part of the curve — a=const, salid
body rotation

2 — “Keplerian” part, Vege~7 "1/%, the motion is in
agreement with Kepler’s third law

quantity of matter in the disk, and velocity in each point R of the Keplerian
curve determines the tolal mass in a sphere with radius R

RV?
Mp= GR .

It should be noted that the assurmption of the spherical distribution of mass
adopted above has some theoretical prerequisites but has not been universally
adopted. If a heavily oblate spheroid is used as a model, its mass would dec-
rease by~35% (Faber, Gallagher, 1979). Other simplifications have
been also worked out. Wide is the application of the method of Weiss and Ma-
vall by which the galaxy is viewed as a thin flat disk. In one of its modifica-
tions, the case of the exponential distribution of density o~e—9, it is also
applied in Section 4 of this paper. A relatively simple approximation is the one
?roposed by Brandt (1960) where the rotation curve is presented in the
orm of

R
Vmaxm
(1) Vot = I 9 7 R \nl23
Eaeav el

where V, . is the maximum rotation velocity, and Rpa is the radius at
which the velocity is observed, n is a parameter corresponding to the velocity
gradient at the point of “breaking”, i. e. it shows how fast the rotation curve
turns into a Keplerian one. In this case, the total mass of the system is deter-
mined by
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(2) Mg = (_g_)}rvz Rmax

max G
Some problems, connected with the determination of the total mass, will be,
discussed in Section 4, ‘

3. Determination of the physical characteristics of the emitting gas

The observing data, the spectrum of the galaxy in particular, permit us not
only to plot the rotalion curve and hence estimate the mass of the system,
but also to determine other fundamenial characteristics: flux, luminosity, mass
of the gas, ion abundance, etc.

By using the spectra to determine the redshift of the galaxies, the equi-
valent widths and the relative intensities of the emission lines, we can car-
ry out an analysis of the spectrum, similar to the one applied by D i bay
and Pronik (1965) to the investigation of NGC 1068, or by Os mer et
al. (1974) in the research of a sample of galaxies with emission lines.

Using the ratios of the intensities of the forbidden lines by the method of
Seaton (1954) with its various modifications and corrections, we can de-
termine the electron density ne and the electron temperature 7. of the emit-
ting gas.

During these calculations the following dependencies are discussed:
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and other similar ones (seee. g. Kaler etal, 1976).

In the case of spectra poorer in emission lines, like the ones we study, the
possibilities of unequivocal defermination of ne and T. are limited. This ques-
tion has been discussed by and large by Allain et al. (1979).

In such cases, an estimate of the electron density n can be oblained from
the forbidden lines of ionized sulphur [,6717 and /;36731. N osav (1980)
presents a tabulation of the above-mentioned ratiofor Te=5.10% 10° and 2,10°K
which covers the most important and most irequent cases.

The flux in the Ha line could be determined from the observed magnitu-
de of the galactic nucleus and the equivalent width of the line:
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For a standard star we have chosen a star of spectral class AO whose flux is
Fizsn=-3,64.10"* erg/cm?s A for stellar magnitude V=0,00(0ke, S5child,
1970). Luminosity in the same line is determined by

(8) Ly (142 Fp,Jergls].

1§ we know the volume coefiicient of radiation &y, of this line from the ratio
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9) Lir,=¢€n,Vett, P

then we can determine the effective volume Ve occupied by the emitting gas.
However, without additional information about the real distribution of the gas
we cannot estimate the real volume, In the general case the filling factor is
taken as 0,01-+0,0001.

Knowing the volume of the gas and its electron density, we can estimate
its mass. We make the natural assumption that the number of electrons is near-
ly equal to the number of protons, since the emitling gas is mostly hydrogen.
Then ‘

(10) Mgas= Vegitlety,

where my is the mass of the proton.
The estimate of the power of the source of ionization E could give us a clue
about its nature, too. It is clear from general considerations that '

(I ]) E“‘Arion(En_‘_Eion),

where Nio, is the number of ionizalions, E, is the initial cnergy of the free
electron and Eio, is the energy necessary for the ionization of the hydrogen
atom. If the medium is optically thick, the number ol ionizations can be es-
timated from the number of the Balmer quants which have left the galaxy,
i.e. «
. Lyg
(12) Nin=Npa=11,2,——-

Ha
The energy necessary for the ionization is Eion ™~ MWion=2,18.10"1 erg/s,
and the initial energy of the free eleciron, according to Kaplan and Pi-
kel ner (1977), equals _ :
1

10417 =5, T
(13) E,=|0,2 L1,
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The ion abundance and the chemical composition of the gas can be esti-
mated by the method of Pei mbert (1975). For the most abundant ions
the ratios are of the {ollowing type:
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where | (x, To=1 for Te~10" and

(17)
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In order to estimate the chemical composition, more observations of the ele-
. ments in the other stages of ionization are needed.

4, Results
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Tablel
Spectrophotomet ric data on the galaxies NGC 1084, 6503, 7339 and 7537
= 2 o =
'$3 3 | B = 2 s | 8 v |5 ] e = {g
bt X3S (S R ERSE RS RS E'ﬁ 3
2 o Chg |Z8.3 | oo | 2Bg |38 v Sle
1084 25° 2,5 5,0 20,0 8,5 5,5 4.5 — —
mp=—=11,2 0.09 0,27 1,0 0,47 0,20 015 1,37 08!
V,=1413 70,09 223,99 754,27 312,34 151,31 109,30
Stauffer : 15,1 8.3 6,2 0,75
6503 125° 3 16 5 2.5 2 — —
) . 0,18 1 0,31 0,10 0.08 1,25 0,37
7339 . o0 + 2.5 12,5 6,5 3 3 — —
178,74 - 598,10 208,55 65,37 57.13
0,12 1 0,35 0,11 003 1,14 0,59
7537 75° ! 45 25 14 4 5 - -
0,03 0,15 1 0,6 0,1 0,13 0,77 0,4



Table 2

{ﬁte%rat physical parameters of the galaxies NGC 1084, 6503, 7339 and 7537 (H=75 km|s
pe

Basic parameters r NGC 1084 | NGC 6503 | NGC 7339 | NGC 7537 Unit
Stellar magnitude m, 11,2 10,9 13,1 13,8 e
Stellar magnitude of nuc- 15,2 15,1 15,3 15.7 -~
leus m gyl
Redshiit 2 0,005 0,001 0,005 0.0096 —
Equivalent width of H, 20 16 12,5 25 [A)
Flux in H, line FHcr. 1,6.10-14 4,110~ 36.10-4  7,9810-16  ferg/cm? s]
Luminosity in the H, 6.80.10%8 7.8.1087 5,8.1038 5,9.10%9 ferg/fs]
line LHu '

Effective volume of the 1,91.10%9 1,09.10%% 1,8.10%8 4,107 fems)
gas chf
Electron density », 100 400 300 2000 [cm™3]
Mass of the gas in nuc- 3,17.1087 7.2.1084 1.1087 1,33.10%7 Ig]
leus Mg,
Power of source of ioni- 1,42.1040 1,32.10% 1,2.1040 1,2.104 [erg/s]
zation £ :
Number of »¥ fonizing 80 10 80 670 -
stars
Relative number of lons
{lgH=12.00)
lg N+ 7,35 7.17 7,22 7,46 —
lg §*% 6,66 6,38 6.43 6,48 —
g O° 7,56 7,50 — — —
Central surface density o, 1144 1560 1200 : 1400 [Mginet)
Effective radius a—1 1,47 0,45 1,22: 1,30 [kpe]
Integral mass M 1,55.1010 2,1,10° 1,95.1010 5,73.10% {Ms]
Mass-to-luminosity ratio 0,49 1 2,3 4,2 [MaiL ]
MiL
Viet max (for i=ua,) 135(i=65") 90 (i=75") 155 (i=7° 130{(i=15%) [km/s]
Ruax 2,2 0,75 2 2 [kpe]
Fmax obs . 6 2 6 9 [kpc]

signates the position angle to which the data relate. The observing material
has been obtained on the 125 ¢m ZTE telescope at the Crimean Station of the,
Sternberg Astronomical Institute, using the A-spectrograph of the station and
a one-cascade image tube system. The spectra have been obtained on presen-
sitized Kodak 103a0 emulsion. They have been calibrated by printing of a
nine-step wedge through blue filter. The rotation curves have been obtained on
an Ascorecord coordinate measurer, and the records on a G-II microphotome-
ter. The processing method has been presented throughly in Kyazumov
(1982) and Petrov (1980).

Fig. 2 shows the rotation curves in uniform scale. Along the abscissa the
distance from the centre of the galaxy has been given in ar¢ seconds, and along
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the ordinate the angular velocity has been given in km/s (the scale has been
pointed out).

Table 2 gives the basic characteristics of the galaxies: flux and lumino-
sity in the Hu line, volume and mass of the gas, electron density, relative num-
NG 7537 Sbe
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Fig. 2. Rotation curves of the galaxies NGC 1084, 6503, 7339
and 7537. Distance r from the cenire of the galaxy is plotted
along the abscissa, and rotation velocity Vg in km/s is piot-
ted along the ordinate. The scale is conventional. For delails

see the text

ber of ions (JgH=12,00), power of the source of ionization, integral mass and
mass-to-luminosity ratio. Estimates have been given of the effective radius
a~! and of the central surface density a,.

5. Discussion of the results

The rotation curves of the four galaxies are smooth. According to our data,
there is no evidence of considerable non-circular motion in the galaxies. No
velocity gradient along the minor axis is observed in any of the four galaxies,
Although three of the galaxies (NGC 1084, 7339 and 7537) are members of pairs
or groups, their rotation curves are symmetrical, which is the reason why we
show only half of them in Fig, 2. The four galaxies are included in A General
Catalogue of HI Observations of Fxiernal Galaxies by Huchtmeier et
al. {1983).

it is worth pointing out the disagreement (ol an order and more) befween
various authors concerning the determined masses. To a great extent this is
due to the following: as a matter of fact, onlv the rotation curve of NGC 1084
approximates a Keplerian curve aiter reachmg the maximum. That is why,
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having in mind what we said before, the mass of this galaxy must have been,
determined with greater accuracy. On the other hand, it is well known (see,
for example, B os m a, 1978) by radio observations in the 21 cm band thaty
for the vast majority of galaxiesthe rotation curvesremain flat after the “break-_
ing” up to the outermost parts of the galaxy {sometimes up to 50 kpc and
more from the cenire). The other galaxies in our case must probably have curves,
of this type (at least NGC 7339 and 7537) which hampers their interpretation,
within the framework of this model.
Let us elaborate on the peculiarities of the separate galaxies.

NGC 1084 (MCG-1-8-7). Tt has been investigated ever since Burbidge
et al. (1963) who also noted the mass-to-luminosity ratio M/L<Cl. No increase
of the M/I ratio towards the peripbery of the galaxy has been observed. Hu -
chtmeier et al. (1983) give estimates of the mass by different methods
ranging from 4,51.101 Mg to 2,79.10Mg (our estimate is 1,55.10'°Mg). The
mass of the neutral hydrogen was estimated at My ,=2,39.10°Mg, te.

the gas in the galaxy is from 1 to 10%. Part of the diiferences in the estimation
of the mass is probably due to the fact that we have assumed that the inclina-
tion angle is i=65° after Nilson (1973), and the above-mentioned maxi-
mum estimate assumes it to be i==58°.

NGC 6503. The previous investigation of the mass of the galaxy based on
optical data has been carried out by Burhidge et al. (1964) but they
reach only up to 50” from the nucleus. Qur rotation curve covers 90" of the nuc-
leus in which the mass is 1,82.10° Mg. Huchimeier et al. (1983) give
estimates ranging from 7,6.10°Mg t02,9. 10 M. The mass of the neutrat hyd-
rogen is MHI:],I.IO" Mo, 1.e. in all cases the galaxy is rich in gas.

NGC 7339 (Karachentsev 570b; see Karachentsev,1972). Hucht-
meier et al. (1983) give 3,36.10 My and 9,5.101°M, as estimates of the ga-
lactic mass. Our estimate is 1,95.10% which is in good agreement with the es-
timates given above. The mass of the neutral hydrogen is from 6,4.10°8 Mg«
to<<1,2.10°M, i. €.<5%. The mass-to-luminosity ratio M/L-=2,3 is lower
than the average (<<7>) for this subtype. After the coordination of the rota-
tion curves at PA=80° and PA=90°, the slope angle was determined to bc
{=T7°

NGC 7537 (Karachentsev 578a, Holmberg 805, UGC 12443). With the slope
angle assumed to be =15 V o = 150km/s at 2 kpc from the centre. Within
a radius of 9 kpc, mass of 5,73.10% My is enclosed. Huchtmeier et al.
(1983) estimate it at 1[,02.10' Mg to 3,43.10'" Mq. In these cases, however,
the slope angle has been assumed to be i=74--82°. To the estimale of
M=5,8.101 Mg corresponds the mass of the neutral hydrogen My, =5,85.10°
Mg, i. e. the probable gas content of the galaxy is~10%.

6. Conclusion

Using spectra of mean resolution and dispersion~100 A/mm around the H,
line, with the help of unified methods we have determined the basic para meters
of four spiral galaxies: two of the Sc type (NGC 1084 and 6503) and two of the
Sbe type. Although one of them (NGC 6503) is an isolated galaxy included in
the listof Karachentseva (1973), NGC 1084 is a member of a group
of galaxies, and NGC 7339 and 7537 are double galaxies (Karachen t-
‘se v, 1972), the general feature is the presence of strong emission lines in their
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spectra and smooth rotation curves, which enables us to study them within
the framework of the one-component model with exponential distribution of
the density in the disk. The luminosities in the H, line are of the order of 10%-
10% erg/s, the electron densities are from 10% to 2.10° cm- %, and the integral
mass is from 2.10° to 6.10'® M. All galaxies contain a lot of neutral gas in the
disk, while the gas in the nucleus is not much ~10*Mq. The only exception is
NGC 6503 where the gas in the nucleus is very scarce — 30-40 Mg. The sour-
ces of ionization in all cases are young hot stars — from 10 to 700 07V stars

Swith mass of ~30 Mq. In the galaxies NGC 1084 and 6503 (Sc type) there is
-a great quantity of neutral oxygen which in the gencral case indicates a lower
degree of gas ionization in the nucleus.
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Jlunamnka, mMacca M (U3HUYECKHE XapaKTEPHCTUKH
cnupaabubnXx ranakTuk NGC 1084, 6503, 7339 u 7537

r. Hempos, I". Kasymos, b. Kosaues, B. Munesa
(Pesome)

Hcnoansya cnextpsl ¢ aucnepcued 100 A/mm, noayueusnste 125 ¢cm reneckonom
3TE Kpwmekoit crannuu FAHII, onpelesenst nunamuueckne n Quanuyeckue~
XAapPAKTePHCTHKH UYETLIPEX CINHpajbHBIX ralakTHK. Pacnpenenenve macc Hecne-
foBaHo MeTojoM DBajnafa B pamkax oLHOKOMNOHEHTHOH Mojenu. IlpuBelenst
OLeHKH CBCTHMOCTER B JHHAX Hg M Macc rasa B sApax raJakTHK. DNieKTPOHHEBIE
MJIOTHOCTH HaxoAsTcst B rpauunax 100—2000 cm—2. Conepxanne HOHOB OJH3KO
K HOPMaJbHOMY.
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