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SYSTEMATIC ERRORS IN THE VELOCITIES OF GALAXIES

B. M. Lewis

(Received 1974 April 8)

SUMMARY

The 21-cm estimate 721 of the systemic velocities of 202 galaxies are compared with all available
optical estimates for the same objects. The average difference between these measurements is shown
to depend on the type of the galaxy. An average estimate Vs of the optical velocity is derived by
combining estimates from different observers. The differences (/21— I74) are normally distributed
about zero, showing that despite the difference in precision, both the optical and 21-cm techniques
produce statistically equivalent results. There is no dependence of the results on the absolute luminosity
of a galaxy and no support is found for the existence of an anomalous redshift.

INTRODUCTION

Interest in the systemic velocities of galaxies, has in the past centred mainly on their relevance to
Hubble’s (1929) redshift-magnitude relation. As the achieved accuracy of + 100 kms-! is sufficient
for this purpose, many of the nearer galaxies have only been observed once. The primary source of data
is still Humason, Mayall & Sandage (1956). More exact values are now wanted to test the recent specula-
tions of Arp (1970), Jaakkola (1971) and Tifft (1972) concerning the possible existence of anomalous
redshifts. All existing tests of these hypotheses using optical data, are sensitive to systematic errors in
the velocities.

Significant systematic errors may be introduced by the measuring technique adopted (¢f. Simkin
1972) or by the choice of spectral line available (¢f. Eilek et al. 1973). Roberts (1972) found that a scale
error of about 100 km s™1 existed in some of the older data, and this has been examined in greater detail
by Lewis (1974). A more general search for systematic errors in the optical velocities that were dependent
on velocity, nuclear magnitude, morphological type or spectrograph was made by de Vaucouleurs & de
Vaucouleurs (1963a), though this did not reveal many significant differences between the velocities
obtained by different optical observers. But many possible effects, such as those depending upon varying
blends of absorption lines or on changes in the slope of the continuum-intensity level with wavelength,
are likely to affect all optical observations to a similar extent.

A more sensitive method of detecting systematic errors, is to compare the optical velocities with the
completely independent estimates resulting from 2r1-cm line-observations. These depend upon the
average properties of neutral hydrogen spread throughout the disk, and are measured as a frequency
which is easily related to the accurate laboratory determination of the frequency of the transition (Peters
& Kartaschoft 1965). There are no adjacent radio-frequency lines to cause blending problems, and if a
certain minimum signal-to-noise ratio is obtained, there should be no dependence on the type of the
galaxy. Velocities are now available for 202 galaxies ranging in type from So to Ig.

This paper is mainly concerned with the detection of systematic errors in the optical velocities.
Section 1 considers the data, Section 2 the optical measurements of systemic velocity and Section 3 the
corresponding 21-cm measurements. A comparison is made in Section 4 between optical and 21-cm
velocities with respect to the source of the optical data, the type of the galaxy and the size of the velocity,
assuming there are no anomalous redshifts. Evidence for this assumption is presented in Section 3.
Finally in Section 6, a search is made for any correlation the differences between the 21-cm and optical
velocities may have with the absolute size or luminosity.
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I. SYSTEMIC VELOCITIES

Table I gives 21-cm estimates of the systemic velocities of 202 galaxies, obtained during the last 15 yr,
and the corresponding optical estimates for 187 of them, together, with their types, inclinations, lumino-
sities and the sources of the data. Velocities are given in km s~1 with respect to the Sun, those derived
from studies of the rotation curves being bracketed, and those derived from the velocities of H 11 regions
in the disk being followed by a colon.

Column 1. Usual designation, NGC or IC number, the latter being marked by an asterisk.

Column 2. Simplified de Vaucouleurs type (r) of the galaxy (from column 7 of The Reference Catalogue
of Bright Galaxies).

Column 3. Adopted optical velocity (V4) (see Section 4.8).

Columns 4 and 5. Adopted 21-cm velocity (F21) calculated from the sources cited in column 5. Results
of pencil-beam and high resolution studies are given double weight. As far as possible all the
values used are consistent with derivation from Va1 = cAA/A,. ‘

Column 6. Velocity (W) from Table I and IT of Humason, Mayall & Sandage (1956). A ‘ b’ follows those
velocities derived from spectra with dispersions greater than 340 A mm~—1,

Column 7. Lick velocity (L) from Table V of Humason et al. (1956) or from Mayall & de Vaucouleurs
(1962).

Column 8. Emission-line systemic velocities (E). When there are several, they are also listed in column g.
All sources are listed in column 10 with numbers between 49 and 103.

Column g. Other optical velocities. When these are not based on the measurement of emission lines,
they are cited in column 10 by numbers larger than 102.

Column 11. Inclination (¢) of the plane of the galaxy to the plane of the sky, from the data of Holmberg
(1958).

Column 12. Assumed distance (D) in Mpc from Roberts (1969) or de Vaucouleurs (1965).

Column 13. Absorption-free luminosity in units of 109 L (see Section 6.2).

2. OPTICAL ESTIMATES OF THE SYSTEMIC VELOCITY

By far the most frequently used estimate is the velocity of the brightest region near the centre of the
galaxy. In most cases, this region coincides with the nucleus, and is the centre of both mass and sym-
metry. While the velocity of the nucleus is therefore an intrinsically reasonable criterion to adopt, caution
is needed if the required accuracy exceeds 100 km s~1. For example in NGC 253, the velocity of the
nucleus is about +96 km s~ (Burbidge, Burbidge & Prendergast 1963a) though the systemic velocity
appears to be 4250 km s~! when estimated from spectra near its minor axis, from its rotation curve and
from 21-cm observations (Lewis 1969; Hutchmeier 1972). Other galaxies that are known to show similar
large differences between velocities obtained from the nucleus and the whole disk are NGC 3227 (Rubin
& Ford 1968), NGC 1068 (Burbidge, Burbidge & Prendergast 1959), NGC 5383 (Burbidge, Burbidge &
Prendergast 1963b) and NGC 6574 (Demoulin & Chan 1969). The differences are of the order of 50 to
150 km s~1, but only NGC 6574 shows this difference as an excess redshift in the nucleus. All the velocities
in these cases have been estimated from emission lines,

These results may be explained by motions of gas in the nuclear regions. Thus in M8z Lynds &
Sandage (1963) find a radial expansion away from the nucleus, whereas Walker (1968) in NGC 1068
finds a number of high velocity clouds that are apparently confined to the nucleus. Only a study of the
absorption lines arising from the stellar component in the nucleus, can show whether it has the same
systemic velocity as the disk.

Errors of about 50 km s~1 occur when the nucleus is not the centre of mass, as in NGC 55 (Robinson
& van Damme 1966), NGC 4631 (de Vaucouleurs & de Vaucouleurs 1963b) and in the L.M.C. (McGee
& Milton 1966). In some instances, it seems to be partially obscured by dust, and an adjacent bright
region is measured instead. This may have occurred in NGC 3310 (Walker & Chincarini 1967), NGC 1808
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(Burbidge & Burbidge 1968), NGC 3521 (Burbidge et al. 1964) and NGC 4258 (Burbidge, Burbidge &
Prendergast 1963c).

When the apparent velocity of the nucleus is taken to be the systemic velocity, all these effects, which
were discovered during observations to establish the rotation curve, can introduce significant error. In
a list of 44 galaxies studied by the Burbidges and their collaborators, eight have nuclear velocities which
require qualification. A 20 per cent frequency for the incidence of these anomalies is probably a lower
limit to their true rate of occurrence, and for any source of nuclear velocities, is likely to be a large
contributor to the average variance of the series in comparisons with the 21-cm velocities.

The systemic velocities of a few galaxies such as the Sculptor Group members measured by Humason
et al. (1956) are based solely on the velocity of a bright H 11 region in the disk. These necessarily contain
a large component of the rotational velocity, as well as an additional uncertainty of up to 20 km s~!
which is due to the random velocity of H 11 regions (Gottesman & Davies 1970).

Intrinsic accuracy

The intrinsic accuracy of optical estimates has usually been low and rather variable. Velocities are
frequently extracted from low dispersion spectra, which may be underexposed, poorly guided or con-
taminated by the solar spectrum. Besides errors typical of the night of observation, spectra are subject
to emulsion creep, to limitations in the spectrographs and to image-tube distortion or line curvature.

The current state of the art of measuring optical velocities in the external galaxies is best represented
in the work of Rubin & Ford (1970). Using a Carnegie image-tube spectrograph with a dispersion of
135 A mm~?! on the H 11 regions of M31, and measuring only emission lines (usually Ha), they obtain
a mean difference of only 23 km s~1 from 356 pairs of spectra of bright H 11 regions. More usually the
systemic velocity is derived from spectra of lower dispersion and is dependent in part on the measurement
of broad absorption features in the nuclear continuum by visual settings on the line. In an intercomparison
of the Mt Wilson and the Lick velocities, A. and G. de Vaucouleurs (1963a) find a probable error for each
series of about 50 km s~1. More recent observations with modern spectrographs of cluster galaxies by
Kintner (1971) and Tifft (1973) are assigned errors of 100 to 150 km s~1. The techniques used for both
new and old observations can easily result in errors in excess of 50 km s~ for a single plate.

Glaspey (1973) offers the hope of a large increase in the precision of optical methods of velocity
determination by observing with vidicons and applying numerical analysis to the results. Simkin (1972)
has used a micro-densitometer to digitize spectra and then applied numerical techniques. She finds that
a classical visual setting on the H and K lines from the So galaxy NGC 5866, with a two-coordinate
measuring machine, gives a result that differs by 73 km s~1 from cross-correlation estimates of the velocity
of the same lines on the same plate. Furthermore, if the centroids of the H and K lines are estimated
numerically, they are found to differ by 55 km s~! from those obtained after the removal of the slope in
the underlying continuum. Systematic effects of this kind can be expected to vary with both the type of
the galaxy and the redshift, and are likely to be present in most of the optical data of Table I.

3. 21-CM ESTIMATES OF THE SYSTEMIC VELOCITY

Where the spatial resolution of optical observations poses a problem in finding a reliable general
criterion, the 21-cm results benefit from the opposite situation. The early measurements on nearby
galaxies with 1° beams gave so little spatial resolution or information on the distribution of the H 1
within a galaxy, that it had to be assumed that the H 1 centroid coincided with the centre of mass. Conse-
quently, the velocity of the H 1 centroid (median velocity of the integrated H 1 spectrum) was usually
adopted as the criterion for measuring the 21-cm systemic velocity Va1 (Epstein 1964). This criterion is
still useful, as current measurements on more distant galaxies using pencil beams have HPBW/H 1
diameter ratios of similar size to those applying to the early studies of Local Group members. But the
availability of pencil beam studies of the closer galaxies has shown that the H 1 distribution within a few
objects is strongly asymmetric, as in NGC 300 (Shobbrook & Robinson 1967), NGC 5236 (Lewis 1968)
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and NGC 5457 (Beale & Davies 1969). These results are strongly confirmed in NGC 5457 by the inter-
ferometric observations of Rogstad & Shostak (1971). Thus on occasion, the use of the velocity of the
H 1 centroid may inject a component of the rotational velocity, though its size will be at most in
proportion to the departure of the H 1 distribution from circular symmetry.

As a substitute for this criterion, Roberts (1969) has urged the adoption of the median of the velocity
range over which the object is detected. While less sensitive to receiver baseline distortion, this criterion
requires the observations to be made to a larger signal-to-noise ratio, in order to define the velocity spread
accurately. There is also a tacit assumption of a large-scale symmetry in the rotation curve, a condition
which is only approximately satisfied in many cases. In M31 (Roberts 1966) and NGC 5236 (Lewis 1968,
1969b) the departure from symmetry reaches 20 km s~1. Estimation of the systemic velocity by fitting
a rotation curve to the whole velocity field, as Lewis (1972) did in the case of NGC 43, also relies on the
assumption of symmetry.

The degree of symmetry present acts as the primary limitation on the accuracy of all 21-cm estimates,
though errors arising from this factor should not exceed 20 km s~1. This is illustrated by the work of
Gottesman & Davies (1970) on M31. They find velocities that range from —297 to — 323 km s, the
particular value being dependent on the method used and the degree to which it is sensitive to asymmetry
in the rotation curve.

The large beam-width of most radio-telescopes causes the observation of galaxies with H 1 within
the velocity range covered by our own Galaxy, to be subjected to confusion from local H 1. Observers
have been very conscious of this, with the result that the average difference A = |Vai1— Vopt.| for the
25 velocities between —200 and +200kms~! is 45 km s~1. This compares well with A = 43 km s-1
found for the 25 velocities in the next range. Having due regard to the signs

A= —-19+14kms1 (—200<Vs <o0kms1)
+9t21kms™l (o< Vo< +200kms™1),

This is consistent with the hypothesis that the velocity spread attributed to each galaxy has been con-
tracted by the presence of local H 1, resulting in an error of about 15 km s-1.

A second source of systematic error in Vg, is the presence of close double galaxy systems such as
NGC 4567/8 within the beam, when both members contain appreciable quantities of H 1 in much the
same velocity range. In most of those cases, when the second galaxy is not an elliptical, the median
velocity is adopted as the 21-cm value and is compared with the mean optical velocity of the two systems.
The double galaxy NGC 4490/85 is treated differently in Table I, as the median value of Vy; is close to
the optical estimate for NGC 4490, and only one estimate is available for NGC 4485.

The self-consistency and accuracy of the 21-cm results is shown by the small difference between the
published estimates of V751 referred to in column 5 of Table I and the adopted value of Fy; listed in
column 4. For 25 galaxies with three or more independent estimates, the average difference is
9+ 1(0c = 17)kms~!, and it is only 11 + 2 km s~ for the 56 objects for which there are two estimates.
The achieved signal-to-noise ratio of any 21-cm measurement is liable to depend on the strength of the
signal. This is shown by the 12 galaxies with velocities exceeding 1000 km s~1, which have an average
difference of 17+ 4 km s~1. It is even more clearly shown by the marked type-dependent trend in the
size of differences listed in Table II, which follows the variation of H 1 content with type.
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TaBLE 11

Comparison of the differences (A)* with galaxy type

Type (1) <1 T<2 3, 4 5 6 =7 All

[A] 23 23 13 9 9 66 102

oN 12 7 5 3 2 2 13 I'1

c 22 23 18 I1 10 12 15

N 9 18 27 27 34 67 173

* A = V32 (adopted average) — I (particular source) km s—L,

As almost all 21-cm estimates of the systemic velocity depend upon observations of integral properties
of the galaxy, they are both more accurate and more soundly based than the optical values. In all the
following comparisons, the Is; values are taken as a standard. Their variance (o2) never exceeds 14 per
cent of the values found in comparisons with the various optical series discussed in Section 4, and is
usually about 5 per cent.

4. COMPARISON OF OPTICAL AND 21-CM VELOCITIES

4.1 Comparison of the Lick (L) velocities with Vo

(a) The Roberts’ redshift effect. All velocities determined at the Lick and Mt Wilson observatories
(Humason et al. 1956) have been determined from spectra taken in the blue region and frequently are
based in part on the H and K absorption lines. Roberts (1972) comparing observations from the blue
spectral region with V31, noticed that the optical velocities in the range from 1200 to 2400 km s=1 were
overestimated by about 100 km s, Lewis (1974) has shown that this result is confined to the Lick
velocities. Fig. 3 of Lewis (1974) shows a plot of the differences V31— V1, = Agj—_p, against Va;; the means
are tabulated in Table III. Differences from NGC 1058 (A = +437), NGC 1073 (A = —656) and
NGC 2613 (A = +276; relative to the mean of the others, A = +396) have been excluded.

TasrLe III
Dependence of As1_1* upon velocity
Range V<280 650 860 1200 1900 > 1900 All
Aor 1 —12 +2 +7 +3 — 120 —25 —22
oN-1/2 17 17 20 18 17 41 9
4 77 8o 92 82 74 115 95
N 21 21 20 22 20 8 112

*AgiL = Var—Vi.

For all types of galaxy in the sample, the systematic error in the range from 1200 to 1900 km s~1 is
so large at seven standard deviations, that a correction must be applied before making any other
comparisons. The optimum adjustment is

Vi—Vyi—120 1200 < Va1 < 2000
Vi— Vi,—60 2000 < V31 < 2400

This results in the mean residual for the adjusted Lick velocities becoming +1-8 (¢ = 81) km s~1.

(b) Comparisons with the adjusted Lick velocities (L'). The differences Agj_1’ are summarized in
Table I'V. This table shows the average for groups that are similar enough to be treated together. Average
differences for objects with V'2; less than 1200 km s~1 are also listed to show that little significant difference
remains between them and the whole sample.

After the application of these type differences as corrections, the adjusted Lick velocities are free of
any scale distortion over all velocities up to 2600 km s~1 for which comparisons exist. The mean difference
is zero and ¢ = 77 km s71.
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TaBLe IV
Comparison of 21-cm minus adjusted Lick (L') velocities with galaxy type
Type (7) T<2 S3 4<7<6 7<7<9 Iy
All (Va1 =V1"> -8 —36 +24 +38 —70
oN —1/2 21 20 I1 12 15
o 107 65 76 56 39
N 26 11 45 23 7
V < 1200;
{Var—-V1"> —11 —28 +24 +9 —70
oN-1/2 23 30 15 13 15
a 102 79 8o 58 39
N 20 7 30 20 7

For the Ig, Sb and Sbc to Scd type galaxies, the type corrections in Table IV are all at least twice the
standard error, and should be applied in situations requiring a statistical accuracy better than 20 km s-1.
It is surprising to find so large a difference for Ig galaxies, as their velocities are wholly determined from
emission lines. Negative differences were found in all seven Ig objects, the largest being — 14 km s—1.
Their irregular structure could make the centre of mass hard to identify, but this should increase the
scatter rather than introduce the systematic error, which appears in the results of every observer.

4.2 Comparison of Mt Wilson (Wa) velocities with Va;

De Vaucouleurs & de Vaucouleurs (1963a) compared the velocities determined at Lick with those
measured at Mt Wilson, both at low dispersion (Wa) and high dispersion (Wb), and found significant
differences. These will therefore be treated separately. For the 76 Wa velocities listed in Table I, the
mean difference V21— Vwa = A21-wa = —14+13 (0 = 113) km s~1. Fig. 2 of Lewis (1974) shows these
differences plotted against V3. It is particularly noticeable that in the range from 1200 to 1900 km s-1,
the Mt Wilson velocities have a much smaller difference than the uncorrected Lick velocities. Table V
records the mean difference as a function of velocity, and shows that the variance (02) increases from
o = 86 km s~! for velocities below 200 km s~! to 142 km s~! for velocities above 1200 km s—1. There
may be a significant scale error for velocities above 19oo km s~1, but the number of observations is small
and this result is more probably a statistical fluctuation.

TaABLE V
Comparison of 21-cm minus Mt Wilson (Wa) velocities with velocity
Range All V < 400 800 1400 1900 >1900 1200 < V <2400
(Vai—Vws> - 14 +2 +18 —13 —28 —II1 —135
oN-1/2 13 18 21 27 37 23 30
g 113 111 92 122 132 60 142
N 75 16 19 20 13 7 23

The effect of the type of the galaxy on the differences Agj_wj is summarized in Table VI. The most
significant values are again found in the S8 to Ig group, to which type Ig contributes four differences
with a mean value of — 31+ 11 km s~1. Only the Scd group shows a large positive difference, which is
shared by all six objects. However, this number is small and the group is not very prominent in any of
the other comparisons of Section 4. If the average is formed for all the types from Sb to Sd,
Ag1-wa = +12 £ 18 km s~1. This is not significant, but it does emphasize the similarity of the pattern
of the differences seen in Table VI with those found for the Lick observations in Table IV,

When the mean differences listed in Table VI are applied as corrections to the Wa velocities, the
overall mean difference increases from —13 to —54+ 12 (0 = 107) km s~1. This adjustment has almost
no effect on the scale invariance of the series listed in Table V, except that for velocities greater than
1900 km s~1, A rises from —111 to —g9 km s~1, and over the whole range from 1200 to 2400 km s~1,
A rises to —17+ 30 km 571,
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TaBLE VI
Comparison of 21-cm minus Mt Wilson (Wa) velocities with type
Type (1) T<2 3<7<5 T=06 T =7 8<r<10
(Vo1 —Vwa) —48 -6 + 90 +38 —133
oN-1/2 24 20 29 73 11
15 115 115 71 163 32
N 23 33 6 5 9

4.3 Comparison of Mt Wilson (Wb) velocities with Va1

The Mt Wilson (Wb) velocities of Humason et al. (1956) which are derived from spectra of higher
dispersion are considerably more accurate, though most of the observations refer to the closest galaxies.
No significant distortion of the optical velocity scale is evident in the comparisons summarized in Table
VII. The dependence of the differences on the type of the galaxy is seen in Table VIII, which shows the
same pattern as Tables IV and VI, though all the means are smaller.

TaBLe VII
Comparison of 21-cm minus Mt Wilson (Wb) velocities with velocity
Range V<500 1000 <V All
{Ver1=Vwo> —10 +2 +25 -2
oN~-1/2 II 15 31 10
o 43 57 76 59
N 15 14 6 35

TasLe VIII

Comparison of 21-cm minus Mt Wilson (Wb) velocities with type

Type (7) <2 3<7<5 =67 Ig
{Va1—=Vwn> -4 +12 o —20
oN ~1/2 18 18 21 15
a 66 65 43 30
N 14 13 4 4

Spectral types were assigned to all those galaxies observed at Mt Wilson by Humason et al. (1956).
No clear trend or departure of the mean difference from zero is found when differences are ordered by
their spectral type. These are much less useful than the Hubble types for establishing the existence of
systematic errors.

4.4 Comparison of velocities from A. and G. de Vaucouleurs (1967) with Va;

Of the 113 galaxies with velocities measured by A. and G. de Vaucouleurs (1967), 20 have known
21-cm velocities. The methods used to reduce the optical results differ from those of Mayall & de
Vaucouleurs (1962), in that type-dependent corrections were applied to each spectral line. Table IX
summarizes the dependence of the differences (V21-Vqv) on both velocity and type. With a variance of

TaBLE IX
Comparison of Va1 minus the velocities of A. & G. de Vaucouleurs (1967) with type and velocity
Type (1) T 4<7<6 T=9 V < 600 900 1600 All
(Va1 —Vav) —108 + 25 -9 —26 +28 o -2
oN-1/2 22 16 46 14 28 29 17
c 38 59 8o 38 62 65 75
N 3 13 3 7 5 5 19
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752, these results show little improvement on the adjusted Lick (L’) velocities in Section 4.1, which
have a variance of 812. When compared with earlier and later types, the Sbc to Scd spirals in this sample
show the same tendency to have small positive differences, which was noticed in the previous section.
The sample shows the usual tendency for the variance to increase rapidly with velocity. The only Ig
galaxy has a difference of — 55 km s1,

NGC 7013 of type So has a difference of + 282 km s1, and is not included in the calculations of the
means listed in Table IX. As the correction of the velocity from the Sun to the outside of the Galaxy
is +287 km s~! it is probable that the difference is due to a mistake in the observer’s reductions. T'welve
objects in the sample have velocities determined predominantly from emission lines, and give
As1-av = —3£16 (0 = 56) kms~1. This compares very favourably with the o = 105 km s~1 found
for the four objects relying on absorption-line measures,

4.5 Comparison of the velocities measured by the Burbidges (B) with Vi

Systemic velocities for 26 of the galaxies listed in Table I have been estimated by the Burbidges and
their collaborators during their studies of the optical rotation curve of each object. Consequently errors
due to high-velocity motions of the gas in the nucleus or to badly defined centres of mass are minimized
in this series. Most of the velocities are based on the measurement of the Hx and N 11 6584 A emission
lines from a number of plates. The average difference Ag1-pis —17+8 (0 = 41) km s=1. The 17 spiral
galaxies of types Sb to Sd have the smaller mean of —27:4+6:4 (0 = 26) km s—1. As this is four times
the standard error and the data have a high weight in the calculation of the average optical velocity (see
Section 4.8), it is desirable to apply this difference as a systematic correction, before using the data in
other contexts. Table X summarizes these results, and gives in brackets the values which are obtained
after adjusting the data. The average adjusted difference is 1+ 8 (¢ = 38) km s~1,

TaBLE X
Comparison of Va1 minus V* velocities with velocity and type
<2 3<7<7 Va1 <700 V21> 700 All
<Va1—-Vg) -2 —27°4 —20(—2-6) —14 (+6) —17(+1)
oN-1/2 21 6-4 11 (11) —12 (9) 8 (8)
o 59 26 44 (44) 38 (31) 41 (38)
N 8 17 15 11 26

* I’p are the velocities measured by the Burbidges and their collaborators that are cited in Table I.

4.6 Compérz'son of velocities from Ford et al. (1971) with Vo

Ford, Rubin & Roberts (1971) obtained Carnegie Image-tube spectra of 27 galaxies, 19 of which appear
in Table I. Rubin & Ford (1968) had previously studied NGC 3227 with the same equipment, so this
galaxy has been added to the series. All measurements were made on emission lines with A> Hp. The
results of comparisons with V) are summarized in Table XI.

The nine Sc galaxies show a difference of + 30+ 11 km s~1, which is almost three standard errors.
The variance in the high velocity range is notably smaller than that in the low velocity range, until the

TaBrLe XI*
Comparison of Va1 minus the velocities of Ford et al. (1971) with type and velocity
7<3 4,6,7,8 5 V<1100 V> 1100 All
(Var1—Vr —25 +12 +30 +1(—11) +25 (+10) +13(~%)
oN-1/2 35 10 11 16 (14) 11 (12) 10 (9)
o 70 26 33 50 (43) 33 (37) 43 (40)
N 4 7 9 10 10 20

* Bracketed values are obtained after adding + 30 km s~! to the velocities of the Sc galaxies.
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velocities of the Sc galaxies are adjusted by this difference. This removes any suggestion of a velocity-scale
error and causes the mean difference to drop from + 13+ 10kms™ to —o0'5+9 (0 = 40) km s~L. This
correction has been applied before using the data in any later section.

Although the results here and in Section 4.5 have been determined from measurements of emission
lines, the variance of the late types (r<3) is in both instances twice as large as for the more ordinary
spiral galaxies.

4.7 Comparison of emission line velocities (E) with Vi

Data for this section are listed in column 8 of Table I or have numbers between 51 and 102 in column
10. Most of the data are taken from the adjusted values of the Burbidges (Section 4.5) and Ford et al.
(Section 4.6), or from Carranza (1967) and A. and G. de Vaucouleurs (1967). Only systemic velocity
estimates which could be verified as being based predominantly on emission line measures have been
included. Fig. 1 shows the dependence of the differences Az;—g on Vay; Table XII lists the means over
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F1G. 1. Distribution of the residuals (V21 ~ VEmission) as a function of the 21-cm velocity Vo.

a series of velocity ranges. There is no evidence of any velocity-scale distortion over the range for which
comparisons exist. The largest difference is —23 + 1o km s71, in the range from +200 to 500 km s™1.
This result is in contrast with the trend towards positive differences for velocities greater than 1200 km s~!
noted by Lewis (1974) in a similar but smaller data sample. This is partly due to the adjustment made in
Section 4.6 to the velocities of the Sc galaxies taken from Ford et al. (1971). The average of 101 differences
is Ao1-g = — 115 (0 = 48) km s71, but for the 56 that are not based on estimates from optical rotation
curves, the meanis +4 18 (¢ = 57) kms7L

Table XIIT summarizes the dependence of these differences on the type of the galaxy. In contrast
with the results of most of the previous sections, the late type galaxies (< 3) have small mean differences.
The overall pattern found in Sections 4.1 to 4.5 persists. The Sc and Scd galaxies have more positive
differences than earlier or later types, and the Ig galaxies have large negative differences. When those
measured by the Burbidges or by Ford et al. (1971) and previously adjusted in Sections 4.5 and 4.6 are
not included, the average of the remaining 12 differences for the Sc galaxies is increased to
+24+12(0c = 43) km sl
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TasLe XII
Comparison of 21-cm minus emission line velocities (E) with velocity
Va1 <200 500 800 1200 2400 D21> 1200 All
Var—Vr> +12 —23 +3 -5 +7 t9-5 -1
oN~1/2 13 10 10 9 11 11 5
4 51 45 46 39 56 56 48
N 15 20 22 20 24 24 101
TasLE XIII
Comparison of 21-cm minus emission line velocities (E) with type
Type (1) <3 4 5 6 7<7<9 Ig
Va1—Vr> +1 -3 +16 -7 —11 —46
oN-1/2 12 11 8 9 12 17
a 61 47 38 30 48 38
N 24 18 22 11 17 5

4.8 Comparison of the adopted optical velocity (A) with Vay

The variance (02) of the majority of the available optical velocities is calculated in Sections 4.1 to 4.7.
'The adopted velocity has been found by weighting each source with =2 and weighting the Lick and
Mt Wilson velocities in proportion to the number of spectra (up to a limit of four). The adopted optical
velocity of column 3 in Table I, is calculated using the values of

o= 81 Lick
113 Mt Wilson (Wa)
= 59 Mt Wilson (Wb)

75 de Vaucouleurs (1967)
= 38 the Burbidges (see references to Table I)
= 40 Ford et al. (1971)

= 57 Miscellaneous emission (refer references between 51 and 103 to Table I)

The Lick velocities of NGC 1058 and 1073 are known to be greatly in error, and were not used in the
calculations for these galaxies. Corrections have been applied to (1) Lick velocities, following procedure
of Section 4.1, (2) the Sb to Sd galaxies observed by the Burbidges, following Section 4.5, and (3) to
the Sc galaxies of Ford et al. (1971) following Section 4.6.

For the 186 differences Ag1-4 = V21— Va (excluding only the large A = — 535 km s~ of NGC 1532)
the mean is —2+6 (¢ = 80) km s=1. Table XIV shows the mean difference from successive groups of
20 when ordered by their 21 cm velocities. There is no significant deviation of the mean from zero in any
velocity range for which comparisons exist, thus showing that the optical velocities have no residual scale-
distortion. Fig. 2 shows the dependence of the differences Ag;—s on Vyj. A steady rise in the variance
with increasing velocity is seen in Table XIV. A similar trend occurs in the Mt Wilson data (Sections 4.2
and 4.3) and in the data of A. and G. de Vaucouleurs (Section 4.4).

The type dependence of the differences is shown in Table XV. The large differences from NGC 1532,
2613, 4429 and 7013 have been rejected. All four relate to types later than Sbe. There is a smooth variation
in the size of the average difference with type, which is most clearly shown by the means plotted in Fig. 3,
but has been displayed in varying degrees by all sources of data with the exception of that measured by
the Burbidges (Section 4.5).

As expected from the previous sections, the largest and most significant difference is that for the Ig
galaxies, which at Ag;_4 = —37-2+8:6 (0 = 32) kms~! is 45 times the standard error. Similarly, the
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average of all the types with 7<2 i1s —34 4 13 (¢ = 86) km s~1, which is about 2-5 times the standard
error. If all the large differences noted above are included in this mean A4 is equal to —31+ 19

(0 =

131) km s71.

Even with these outliers excluded, the standard error of the velocities of the late-type galaxies is
three times as large as that characterizing the Ig class, with a smooth transition between these extremes.
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TasLe XIV
Comparison of 21-cm minus adopted optical velocity with velocity
Vo1 —64 + 241 +458 + 652 + 807 +928 +1174 +1518 +1977
{Va1—Va> —46 —10°'9 —0-8 +8:2 —-17-8 +4°6 —47 +12°1 ~-68
oN-1/2 116 15°0 110 174 172 21°0 14-8 289 16°5
4 51 67 49 78 77 94 66 129 85
N 20 20 20 20 20 20 20 20 26
TaBLE XV
Comparison of 21-cm minus adopted optical velocity with type
Type (7) T<I1 1,2 3 4,5 6,7 8,9 Iy
(Var—Vay -28 —42 —14 +10 +23 -6 -37
oN-1/2 18 19 16 10 12 11 +9
I 89 82 65 78 66 48 32
N 24 18 17 58 33 19 14

This trend occurs in every one of the comparisons investigated above, including those that depend entirely
on the measurement of emission lines (Section 4.6).

Part of the trend shown in Table XV is due to the variation in the frequency of emission lines with
type, and part probably reflects the increased incidence of complex phenomena in the nuclei of late-type
galaxies.

The significance of the differences summarized in Table XV can be most simply tested by examining
the signs of those in each class. If the null hypothesis is that all types draw their differences from a common
population, in which positive and negative differences are equally probable, a nine-category test of the
observed distribution of their signs gives yz = 17'54, or a probability p & 0-03. Thus even this simple
test shows the necessity for applying corrections that are a function of type. In general, these are more
accurate when applied to data from a single source. The corrections listed in Table XV are only appro-
priate to optical velocities that are a weighted average of all sources. Miscellaneous sources of emission
line velocities for example, are best corrected with the type means of Table XIII.

§. EQUIVALENCE OF THE OPTICAL AND 21-CM VELOCITIES

Though differing considerably in their precision, it has so far been assumed that the 21-cm and the
optical methods provide equally valid estimates of the systemic velocity. Evidence for this view comes
from the large decrease in the variance of comparisons made between the results of the two techniques,
whenever (1) more precise optical methods are used (2) the number of independent observers is increased.
A close identity is found in the results obtained from the two techniques.

5.1 Precision of the optical velocities

(a) Emission-line velocities. The accuracy of the optical estimates of the systemic velocity is greatly
increased when derived from emission lines (Humason et al. 1956). The average modulus of the differences
from the Mt Wilson data is halved if emission lines have been used, and their standard errors decrease
from 113 to 80 km s~1 for the Wa velocities and from 59 to 30 km s~! for the Wb velocities, when the
emission-line spectrum of the H 11 regions in the disk are observed. A similar result has been noticed
in Section 4.4 for the data of A. & G. de Vaucouleurs (1967).

However, Gottesman & Davies (1970) provide some evidence for the existence of systematic errors
in emission-line velocities. They compare the velocities inferred from their 21-cm maps of the area with
the velocities of H 11 regions in M31 measured by Rubin & Ford (1970). The mean difference (V21— Vy,)
is equal to —7'1 £ 53 km s~1 from 21 regions on the H 1 ridge. More compelling evidence for the exis-
tence of systematic errors comes from the numerous instances in which the velocities measured from
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adjacent emission lines differ by as much as 100 km s~1. Eilek et al. (1973) report such a difference between
the results from the emission lines of the Balmer series in the nucleus of NGC 1068 and the other emission
lines. Similarly, it is often found that the velocities estimated from N 11 A 6584 and the S 11 lines at
A\ 6717 and 6732 are very different from those estimated from Ha (e.g. see any Burbidge et al. paper
cited in Table I).

(b) The use of several spectra decreases the influence of random errors due to instrumental effects on
the night of observation, emulsion creep and the degree of exposure. The variance of the Mt Wilson data
decreases significantly from o = g5 kms™! (N = 93) for velocities determined from a single spectrum,
to 0 = 8o kms™! (N = 19) from two plates and a ¢ = 55 km s~ for the four objects measured on more
than two spectra. The low value of the variance achieved by the Burbidges (Section 4. 35) is in part due to
the use of several spectra.

(¢) The use of a higher dispersion causes a commensurate decrease in the size of the differences. Thus in
the Mt Wilson data, the variance (0?) decreases from o = 113 km s71 for the Wa data to 0 = 59 km s—1
for the Wb velocities. The excellent results of Ford et al. (1971) were not only obtained by restricting
their studies to emission lines, and taking care in the correction of the image-tube distortions, but also
by using the large dispersion of 135 A mm-1.

(d) The number of independent observers has a marked effect on the variance of the adopted optical
velocity. Table XVI summarizes the analysis of the differences Agi—4 from this point of view, and has
been calculated using the differences for all velocities numerically less than 250 km s—1.

Predictably the variance decreases rapidly as the number of independent observers increases. Line 3
of Table XVI gives the number of spectra, which would cause it to decrease at the rate shown in the table.
Thus the objects with five independent observers have adopted velocities drawn from the equivalent of
17 spectra, each with a standard error of 105 km s—1.

All the devices for obtaining better optical velocities listed above, decrease the variance. This supports
the view that the same quantity is being measured by both techniques.

5.2 Distribution of the differences

Considered as a set in isolation from the weights attached to the adopted optical velocities, the 182
differences with Agj—s numerically less than 250 km s=2, are not normally distributed about zero. This
result arises from the excess of small differences caused by the fact that some galaxies were observed
more than twice. The actual distribution can be approximated by the superposition of five normal
distributions, centred on zero and characterized by the variances and numbers listed in lines 3 and 4 of
Table XVI. Fig. 4 shows this curve together with the histogram of the observed differences. Comparing
these in 16 classes, only two of which have expected frequencies less than five, y2; = 18-19. This has
a probability of p = o0-244.

Alternatively, the adopted optical velocities can be adjusted using the type differences listed in
Table XV. The average difference Asj_y of the resulting velocities (Va') is +1-6 + 5 (0 = 68) kms L.
Comparing these differences with the modified normal distribution calculated above in 16 classes, gives
a xis = 13'55, or a probability p = o-356.

Neither set of differences has a mean departing significantly from zero. This is strong evidence that
there is no difference between the results of the two techniques, a conclusion supported by the absence of
significant scale errors (Table XIV). Roberts (1972) and Gouguenheim (1969) obtained a similar result

TaBLE XVI

Comparison of the 21-cm minus adopted optical velocity with the number of independent observers

Nom. observers 1 2 3 4 =5 All
Va1—Va) -6 -9°7 +83 +2-4 —49 —4°5
oN-172 9'2 10°6 83 85 91 53
o 83 75 41 34 26 71
N 83 50 25 16 8 182
No. equivalent spectra 16 2 66 95 17 22
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F1G. 4. Distribution of the residuals expected from a normal distribution, after some allowance for the weight of the
optical observations, is shown by the smooth curve. The histogram shows the actual distribution in bins of 20 km s~ 1.

from a regression of I/ (Optical) against V3;. When this is repeated with the present more extensive
data, and allowance is made for simultaneous errors in both velocities, the 187 pairs give

V (Optical) = Va1 x (09956 + 0:0059) + (42 + 6-0) km s~1.

The adopted optical velocities listed in Table I are used in the fit, with a weight in proportion to the
square of the individual standard errors of each value of 7. It can be seen that there is no systematic
differences between V4 and Va; over the range from — 400 to + 6600 km s™1,

6. ANOMALOUS REDSHIFTS

Section 4 has examined the optical velocities for the existence of systematic measuring errors, in
situations where these are both plausible and are not independently suggested by any of the anomalous
redshift hypotheses (¢f. Arp 1970; Pecker, Roberts & Vigier 1973). The assembled set of differences
Agi—4 is suited to the investigation of correlations with size and absolute luminosity, where either a
systematic error or a redshift anomaly might be predicted, as well as to a search for correlations with
colour, inclination or other integral properties of a galaxy, which are unlikely in themselves to be a cause
of systematic errors. Sections 6.1 to 6.5 investigate these cases.

If the mechanism for anomalous redshifts in ordinary galaxies is identical with that for quasars, it is
a priori possible that the associated physics depend on extreme mass and energy densities. The nucleus
is the only comparable extended region in most galaxies, and the optical velocity is in general a direct
estimate of its redshift. By contrast, the systemic velocities obtained by 21-cm techniques are totally
unbiased by the physical regime in the nucleus (Lewis 1971), being determined by the average properties
of H1 spread through the whole disk. A search for systematic differences between the optical nuclear
velocity and the 21-cm systemic velocity should provide a sensitive indication of the existence of any
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radially dependent anomalies. The close identity found in Section 5.2 between the optical and 21-cm
velocities of all measured objects is strong evidence against the existence of any significant radially-
dependent effect in the majority of galaxies. This test limits the size of any anomaly, whether produced
by established mechanisms such as the gravitational redshift and photon—photon scattering (cf. Pecker
et al. 1973) or by new physics that is largely confined to the nucleus, to less than 5 km s=1,

However, it may be possible to find criteria that will allow the anomalous cases to be identified. The
luminosity-class assigned by van den Bergh (1960a) and the absolute luminosity are possibilities that are
investigated below. But if the anomalous redshift hypothesis could generate blueshifts as often as red-
shifts, as with the Doppler mechanism and the hypothesis of Szekeres (1968), it will appear in the present
comparison as an extra source of variance. Neither of the existing techniques is sufficiently advanced to
allow a test of such hypotheses.

6.1 Comparison of the differences (As1-a) with luminosity-class

Van den Bergh (19602) found a correlation between the absolute luminosity or size of a galaxy and, the
form of its outer spiral structure. He classified the spirals into luminosity-classes. The variation of the
differences Ag;—4 with luminosity-class, should therefore test their dependence on size without assuming
a distance.

Table I lists 97 galaxies with luminosity-classes assigned by van den Bergh (1960b). The distribution
of the 75 differences for galaxies of type earlier than Sb is summarized in Table XVII. Those of later
type, as might have been expected from the results of Table XV, have a mean of — 37+ 17 km s~} and
are therefore excluded from Table XVII.

TaBLE XVII
Comparison of the differences (Va1 — V a) with luminosity-class
Class 1 I-11 11 I1-11T 111 I11-1v v Iv-v
Bo1_a +25 +7 o —10 +14 + 14 +9 —2I
oN-1/2 15 37 15 18 17 22 28 17
a 6o 104 70 37 46 48 79 40
N 15 8 23 4 7 5 8 5

This set has no obvious pattern. The mean difference for the supergiant class I after applying the
corrections of Table XV is +6+ 13 km s~1, and that for the dwarf class IV-V is —3 + 8 km s—1. These
are the only classes of Table XVII that depart by more than a standard error from zero. A test of the
distribution of signs give y; = 3:99 or p = o'42. This is not significant and the differences are indepen-
dent of luminosity-class.

6.2 Comparison of the differences (Ao1-4) with absolute luminosity

Absolute luminosity is also a function of size, but for this comparison the distances of the individual
objects must be known. Here the luminosities have been calculated using distances taken in most instances
from de Vaucouleurs (1965). They are based on photographic magnitudes from Holmberg (1958) when
possible, or from values of B(c) taken from the Reference Catalogue of Bright Galaxies, extrapolated to
infinite radius and converted to photographic magnitudes by the relations of Roberts (1968). Corrections
for absorption in the object itself and in the Galaxy have been applied, using Holmberg’s formulae. The
resulting absorption free luminosity is listed in column 13 of Table I. Table XVIII summarizes the
results. There is no obvious correlation between the differences and the absolute luminosity and no
evidence of significant dependence upon absolute size.

6.3 Comparison of the differences (Ag1-5) with (B-V")
Section 4 showed a strong correlation between the size of the differences and the type of the galaxy.
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TaBLE XVIII

Comparison (Vo1 — V 4) with absolute luminosity

Range ( x 101! L) &£ <oo1 005 o1 0 5<%F
Va—Va> —~21 -13 +15 -13 +4
oN-1/2 26 8 14 8 17
o 58 45 74 78 75
N 5 30 30 87 19

This trend should also appear as a correlation with colour. Table XIX verifies this and summarizes the
results of this comparison between the differences and the (B-17) (O) colours listed in column 19 of the
Reference Catalogue of Bright Galaxies.

6.4 Comparison of the differences (Vo1 — VA') with inclination (1)

If photon—photon scattering occurs following Pecker et al. (1973), it should be most easily found in
galaxies with large inclinations. Table XX summarizes the results that occur when the optical velocities
V4’ (corrected for the mean type differences of Table XV) are used. Testing the distribution of the signs
of the differences (V21— V4') over these classes, gives y42 = 1-10 or a probability of random occurrence
p = 0-89. These data place a limit of 157 + 14'4 km s~! on the possible size of Pecker’s effect, since for
sin 7 less than o8, the mean difference is +9-3 +7-2 km s~1 while for sin ¢ greater than o8, it is —6°5
+72kms™1

TaBLe XIX
Comparison (Va1 —V 4) with (B-1") (O)

Range <04 0§ 06 07 08 09 1°0
Va1—Va> —27 —13 —-4 +20 o —10 -32
oN~1/2 12 14 11 11 14 20 21
I 31 54 66 61 65 103 77
N 7 1§ 33 32 23 28 14

TaBLe XX
Comparison of the differences (Vo1 —~V 4") with sin i
Range (sin 7) <02 04 06 o8 0° 04 1'0
Ve1=Va" + 41 +o +7 +8 -7 -6
oN-1/2 39 14 11 12 10 11
a 95 41 61 73 70 66
N 6 8 34 40 54 35

When this test is made with data to which the type difference of Table XV and the velocity adjustment
of Section 4.5 have not been applied, there is a significant deviation from a normal distribution among the
signs of the differences, with x7 = 9'44, or p ~ o-05. Further, the size of the mean difference then
approximates

Apj-a >~ 28—44 sin .
This false result emphasizes the need for caution when the systemic velocities of galaxies are used to test

any of the anomalous redshift hypotheses.

6.5 Comparison of the differences (Va1 — VA') in barred spirals

Freeman (1965) predicted that gas would flow out along the bars of spiral galaxies. In the nuclear
regions, this flow might have added an extra component to the overall variance of the comparisons.
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Table XXI disposes of this suggestion and summarizes the differences (I/2; — I4') for the barred, mixed
and spiral systems, the classification being taken from the Reference Catalogue of Bright Galaxies. There
is no trend which depends on this characterization of the structure, and the results from the barred
galaxies show both the smallest mean and the lowest variance. The others show surprisingly large depar:
tures of their means from zero.

TasLe XXI
Comparison of the differences (1721 — UV 4') with barred structure
Structure SA SAB SB
Va1=Vah ~24 +24 -5
oN 12 9 11 7
o 65 -8 56
N 47 52 58
CONCLUSION

The comparison of 21-cm and optical velocities from a variety of sources, has shown a well-defined
pattern among the differences, as a function of type in every case. This is explicable in terms of systematic
measuring errors of both emission and absorption lines, but has no obvious causal relation with any of
the current hypotheses which predict an anomalous redshift. These corrections are sufficiently large to
require adjustment whenever an accuracy of more than ro km s=! is needed. Tables IV, VI, VIIT-XI,
XIIT and XV give the corrections for most of the usual sources of optical velocities.

The most significant of the systematic type corrections is for the Ig galaxies, which have velocities
determined solely from emission lines. Significant systematic errors occur among the velocities of Sc
galaxies measured by Ford et al. (1971) (Section 4.6) and among the spiral galaxies measured by the
Burbidges (Section 4. 5).

A velocity scale error (Robert’s effect) occurs among the Lick velocities (Section 4. 1), but no significant
scale errors are found in any other source. Statistically, the results of 21-cm and optical techniques for
measuring the systemic velocity are entirely equivalent, though of rather different precision. The distribu-
tion of the residuals is consistent with that expected from a normal distribution centred on zero, after
allowance is made for the weights of the adopted optical velocities. This is strong evidence against the
existence of any radially dependent anomalous redshifting mechanism in the majority of ordinary
galaxies.
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