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ABSTRACT

We derive the luminosity function for different morphological types in the original CfA Redshift Survey
(CfA1) and in the first two slices of the CfA Redshift Survey Extension (CfA2). CfA1 is a complete sample
containing 2397 galaxies distributed over 2.7 steradians with m;=<14.5. The first two complete slices of
CfA2 contain 1862 galaxies distributed over 0.42 steradians with m;=15.5. The shapes of the E~-S0 and
spiral luminosity functions (LF) are indistinguishable. We do not confirm the steeply decreasing faint end
in the E-S0 luminosity function found by Loveday et al. [ApJ, 390, 338 (1992)] for an independent sample
in the southern hemisphere. We demonstrate that incomplete classification in deep redshift surveys can lead
to underestimates of the faint end of the elliptical luminosity function and could be partially responsible for
the difference between the CfA survey and other local field surveys. The faint end of the LF for the
Magellanic spirals and irregulars is very steep. The Sm—Im luminosity function is well fit by a Schechter
function with M*=-18.79, a=—1.87, and ¢*=0.6X10"> for M,<—13. These galaxies are largely
responsible for the excess at the faint end of the general CfA luminosity function [Marzke et al. Ap]J (in
press) (1994)]. The abundance of intrinsically faint, blue galaxies nearby affects the interpretation of deep
number counts. The dwarf population increases the expected counts at B=25 in a no-evolution, g,=0.05
model by a factor of two over standard no-evolution estimates. These dwarfs change the expected median
redshift in deep redshift surveys by less than 10%. Thus the steep Sm~Im LF may contribute to the
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reconciliation of deep number counts with deep redshift surveys.

1. INTRODUCTION

The origin of galaxy morphology and the relation between
morphology and environment are longstanding questions in
extragalactic astronomy. Hubble (1926), de Vaucouleurs
(1959), and Sandage (1961) pioneered the systematic de-
scription of galaxies using classifications determined by eye
from photographic plates. Even today, despite rapid advances
in automated galaxy detection, types determined by eye re-
main the preferred measure of galaxy morphology.

Another important discriminant among galaxies is the in-
trinsic luminosity. Correlations between morphology and lu-
minosity offer insight into the physical processes that drive
galaxy formation. The local luminosity function (LF) is thus
the starting point for models of galaxy formation and evolu-
tion (Dekel & Silk 1986; Schaeffer & Silk 1988; White &
Frenk 1991; Lacey eral. 1993). Although the similarity
among types at the bright end of the LF (Tammann et al.
1979) is a stringent test of these models, the faint end of the
LF is poorly constrained.

Variation in the LF with galaxy morphology may also
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distort the picture of large-scale structure drawn from flux-
limited redshift surveys. Reconstruction of the large-scale
density field requires accurate knowledge of the LF for each
type of galaxy in the survey (Santiago & Strauss 1991). Be-
cause of the strong correlation between morphology and lo-
cal density (Dressler 1980; Postman & Geller 1984), the
type-specific LF is particularly relevant when the survey
depth is smaller than the coherence length of the structure.

The LF for different types also provides the baseline for
studying galaxy evolution. Counts of galaxies as a function
of apparent magnitude extend to very faint limits (Koo 1986;
Tyson 1988; Metcalfe et al. 1991). Interpretation of the num-
ber counts depends sensitively on the extrapolation of the
faint end of the luminosity function (Koo ef al. 1993; Tyson
1988; Broadhurst et al. 1988). Redshifts for very faint field
galaxies are scant, and thus the faint end of the LF is poorly
determined even when averaged over all types. The uncer-
tainty in N(m) is exacerbated by K-corrections, which en-
hance the fractional contribution of intrinsically faint, blue
galaxies at high redshift. Thus complete samples of faint
galaxies nearby are crucial to our understanding of galaxies
in the past.

Detailed studies of the type-specific LF are limited to
nearby galaxies, particularly those in the Virgo region
(Sandage er al. 1985; Binggeli et al. 1988, hereafter BST
88). One of the most striking results of the Virgo cluster
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survey is the preponderance of dwarf galaxies. Because
Virgo galaxies inhabit a dense region of the universe, it is
difficult to draw general conclusions about galaxy formation
from this sample alone. In addition, some of the criteria for
determining cluster membership are related to galaxy mor-
phology (Sandage et al. 1985). Without distances or at least
redshifts, systematic biases caused by foreground/back-
ground contamination are unknown.

The large volume of the CfA redshift survey allows a
direct analysis of the type-specific field LF. In Secs. 2 and 3,
we describe the data and measure independent LFs for ellip-
ticals, SO’s, Sa—Sb’s, Sc—Sd’s, and Sm—Im’s. In Sec. 4.1, we
discuss the biases in our sample, and in Sec. 4.2, we compare
our results with other field surveys. Section 4.3 addresses the
effects of incompleteness in the morphological classification
process on the determination of type-specific LFs. In Sec.
4.4, we derive the expected N(m) and N(z) using the LFs
derived in Sec. 3 and discuss the implications of the local
population of field dwarfs for the study of faint galaxies.

2. DATA

Previous papers contain details of the CfA Redshift Sur-
vey data. (Marzke et al., 1993a; Vogeley et al. 1992; Huchra
et al. 1983). Here, we analyze a subsample containing 3933
galaxies with morphological types. The sample consists of
all galaxies in the first two slices of CfA2 B"<=a<17",
26.5°<6<38.5°) and all galaxies in CfAl not included in
CfA2. Burg (1987) and Efstathiou et al. (1988) have par-
tially analyzed CfAl.

Apparent magnitudes are from the Zwicky catalog. Be-
cause of uncertainties in the transformations, we do not
transform the magnitudes to other systems (Marzke et al.
1993a). We use the reddening maps of Burstein & Heiles
(1982) and a standard extinction law Az=4.0E(B—V) to
correct apparent magnitudes for extinction in the Galaxy. We
correct both the apparent magnitude and the magnitude limit
at each galaxy position. We also correct the apparent magni-
tudes for K-dimming using the type-dependent corrections
derived by Pence (1976) and used in the RC2:

Am=Ky(T)cz,

0.15, T<0;
10°Ky(T)=1 0.15-0.025T, O0<T<3;
0.075-0.010(T-3), T=3.

Because of the uncertainty in the dependence of galaxy
brightness on viewing angle (Burstein et al. 1991; Valentijn
1990; Lauberts & Valentijn 1989; Disney et al. 1989), we do
not correct for internal extinction. Galaxy distances are cal-
culated directly from their redshifts in the Local Group
frame: v ;=vo+300sin/cosb. We assume H,=100
km s~! Mpc ™. Section 3 includes a discussion of the effects
of Virgo infall.

For the galaxies in CfA2, H.G.C. assigned morphological
types by eye using copy plates from the first Palomar Sky
Survey. J.P.H. assigned types using the KPNO POSS for all
galaxies without types from the Second Reference Catalogue
(de Vaucouleurs et al. 1976) or from the UGC (Nilson 1973).
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Fic. 1. Distribution of Hubble types in CfA1+2. Dotted line is for CfAl,
solid line is for CfA2.

The typing is thus more homogeneous in CfA2 than in CfAl.
The types in CfA2 are accurate to approximately *17.

We divide the samples into five type bins: ellipticals
(—=7<T<-4), S0’s (—3<T=0), Sa-Sb(1<T<4), Sc-Sd
(5<T<7), and Sm—-Im (8<T=<10). A small number of gal-
axies in this sample could only be classified as spiral but not
subtyped; these are in bin 7=20 (~1% of the sample). Four-
teen galaxies could not be classified at all, and are listed as
T=15.

Figure 1 shows the distribution of raw Hubble types in
CfAl and CfA2. These distributions differ because they
sample different structures; the morphological mix varies
with local density (Dressler 1980; Postman & Geller 1984).
CfAl galaxies also have generally larger diameters and
therefore usually have a larger number of resolution ele-
ments. This generally leads to later classifications for spirals,
which may contribute to the excess of late-type (7=2) gal-
axies in CfAl. Although this bias is probably small com-
pared to the bias introduced by the morphology—density re-
lation, it could play a role in shaping the type-specific LFs.
This effect is discussed further in Sec. 4.1.

3. RESULTS

Figure 2 shows the type-dependent LFs for CfA1 and for
CfA2. We derive these LFs using the stepwise maximum
likelihood method (SWML) of Efstathiou et al. (1988). Ex-
cept for the early spirals, CfA1 and CfA2 are consistent. The
ratio of bright/faint Sa—Sb galaxies in CfA1l is larger than in
CfA2. This discrepancy is not caused by large-scale flows or
by population differences in the Virgo Cluster. Figure 3
shows the Sa/Sb LF corrected for Virgo infall and with Virgo
galaxies removed. The forms of the individual LFs change,
but the discrepancy between CfAl and CfA2 remains. We
discuss this discrepancy further in Sec. 4.

Because CfA1 and CfA2 are broadly consistent, we com-
bine the samples for further analysis. Figure 4 shows SWML
LFs for each type in the Combined sample. Although Virgo
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FiG. 2. Comparison of SWML LFs for different morphological types in
CfA1 (open squares) and in CfA2 (filled squares).

infall affects the shape of the LFs, the effect is small, and the
LF of each type relative to the total LF changes insignifi-
cantly when Virgo infall is included.

Table 1 lists Schechter function parameters for the type-
specific LFs. The fits include all galaxies fainter than
M;=-21.5. The E, Sa-Sb, and Sm-Im LFs are well de-
scribed by Schechter functions, as shown by the likelihood
ratio test in column 4 of Table 1. A high value of P( %/ %,)
indicates that the Schechter fit is not rejected. Although the
Schechter fits to the SO and Scd LFs are not particularly
good, they are not strongly rejected, and provide good over-
all estimates of the shapes of the LFs. Figure 5 shows lo
confidence intervals for each type. At the faint end, none of
the SWML estimates deviate systematically from the
Schechter fits. We calculate the normalization ¢*(column 5
of Table 1) using the near minimum-variance estimator of the
mean density n,=(1/V)Z,[1/¢(r;)], where ¢ is the selec-
tion function and the sum is over all galaxies with
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Fic. 3. Comparison of Sa—Sb LFs derived from CfAl (open squares) and
from CfA2 (filled squares). In the top LF, velocities are corrected to Local
Group frame; middle LF is corrected for 300 km/s Virgo infall; bottom LF is
corrected for 300 km/s Virgo infall, and all galaxies within 20° of M87 are
removed.
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FiG. 4. LFs for different morphological types derived from the combined
sample CfA1+2. Error bars are for the smallest sample (Sm—Im); others are
omitted for clarity.

500=<cz=<12 000 km s~ ' (Yahil et al. 1991; Davis & Huchra
1982). The uncertainty in ¢* is dominated by large density
fluctuations on the scale of the survey. We estimate this un-
certainty by calculating the mean density in radial shells and
measuring the rms deviation of each shell from the mean
density.

Figure 6 shows the normalized Schechter function fits for
all types. The uncertainty in ¢* dominates the uncertainty in
the density at each magnitude (Marzke et al. 1993a). Be-
cause the majority of Sm—Im’s are faint, they are only visible
nearby; thus the normalization is particularly sensitive to
large-scale structure. Though the normalizations remain un-
certain, Fig. 6 indicates that the Sm—Im’s dominate the faint
end of the general LF. The dwarf LF overtakes the spiral and
SO LFs roughly between —15 and —16, depending sensi-
tively on errors in the normalization. We can check that the
type fractions are consistent by comparing the sum of the
type-specific LFs with the SWML estimate of the sample as
a whole. There is no significant difference between these
estimates, indicating that our normalizations are self-
consistent.

Figure 7 shows the combined E-SO LF and the combined
spiral (Sa-Sd) LF. These LFs are indistinguishable.
The E-SO LF is well fit by a Schechter function with
M#*=—18.87, a=—0.92, and ¢*=1.0X10"2 Mpc 2. The
Schechter parameters for the spiral LF are M*=—18.76,
a=—0.81 and ¢*=1.5X10"2 Mpc>.

TaBLE 1. Schechter function fits.

Sample M* a P(In %1/ %,) ¢*(X1073 Mpc?)
Elliptical —-19.23 -0.85 0.72 1.5+0.4
SO —18.74 -0.94 0.10 7.6£2.0
Sa-Sb —18.72 —0.58 0.55 8.7x22
Sc-Sd —18.81 -0.96 0.04 44x1.1
Sm-Im -18.79 -1.87 0.46 0.6+0.2
All —18.90 -1.02 0.25 20.1+5.0
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FIG. 5. 1o confidence intervals for Schechter function fits to the combined
sample CfA1+2.

4. DISCUSSION
4.1 Systematic Errors in the Zwicky LF

The differences among type-specific LFs cannot all be
ascribed to random errors. In this section, we attempt to dis-
tinguish physical differences from artifacts caused by sys-
tematic errors. The dominant systematic errors arise from the
magnitude scale and from the assignment of morphological
types. The results of the previous section beg the following
questions: (1) are the early and late spiral LFs significantly
different? (2) are ellipticals significantly brighter than SO’s
and spirals? (3) is the steep slope of the Sm~Im LF real?

The ratio of late to early-type spirals appears to increase
toward faint magnitudes. If this behavior is an artifact, the
most likely source of error is the typing process itself.
Fainter Sa’s are difficult to distinguish from S0’s. Because of
the subtlety of the spiral structure, Sa’s are mistaken for SO’s
more often than the other way around. If we lump the tran-
sition class SO/a with the early spirals rather than with the
S0’s, the difference between early and late types is much less
significant. Thus, we regard this difference as an artifact.

For ellipticals, the value of M« is brighter than for other
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F1G. 6. Schechter function fits to the combined sample CfA1+2. Solid lines
indicate the range over which we fit the data; dotted lines indicate extrapo-
lation.
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FiG. 7. LFs for the combined spirals and for the combined E+S0 samples.

types (see Table 1). This discrepancy may be a surface-
brightness effect. Auman et al. (1986), de Vaucouleurs et al.
(1991:RC3), and Ichikawa & Fukugita (1992) demonstrate
that the Zwicky scale depends on surface brightness. The
level of this dependence is unclear; the number of Zwicky
galaxies with accurate surface photometry is small. However,
the trend is that the luminosities of compact galaxies tend to
be overestimated. Ichikawa & Fukugita (1992) claim that the
Zwicky magnitudes for galaxies smaller than an arcminute
are too bright by almost half a magnitude. This bias might
explain the unusually bright M* for the ellipticals. On the
other hand, such a bias would make the ellipticals in CfAl
appear significantly fainter than those in CfA2; we observe
only a suggestive trend in the opposite direction. Unfortu-
nately, the number of ellipticals in CfA2 is small, and they
are almost all distant and therefore intrinsically bright. Thus
the faint end of the CfA2 LF is completely undetermined.
CfAl, however, contains 268 ellipticals which are well dis-
tributed in absolute magnitude. The value of M* derived
from CfAl is —19.44 without Virgo infall, —19.48 with
Virgo infall, and —19.32 with infall but with Virgo galaxies
excluded. The corresponding values for CfA12 are —19.23,
—19.39, and —18.99. Because a varies among these sub-
samples and because M * and « are correlated, this test is not
very restrictive. If anything,the galaxies between 14.5 and
15.5 in CfA2 are too faint, contradicting the results of
Ichikawa & Fukugita (1992). Because the surface-brightness
effects remain unresolved, the significance of the difference
between ellipticals and the rest of the sample is unclear.

The faint end of the Sm—Im LF is substantially steeper
than for all other types. Though the number of galaxies in the
individual sample is small, the individual LFs for CfAl and
CfA2 are consistent. The faint end slope of the Sm-Im’s is
steeper than the general LF by more than 30. An inordinately
large-scale error would be required to explain this difference.
We conclude that the LFs for E’s all the way through late
spirals are broadly consistent; the Sm—Im’s constitute a sepa-
rate population with a distinct luminosity function.

4.2 Comparison with Previous Results

Burg (1987) calculates type-dependent LF’s for CfA1 us-
ing the binned least-squares technique (Felten 1977; Huchra
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1977). Although we have chosen a slightly different type
binning, our results are consistent with Burg (1987). In par-
ticular, he notes the steep faint end for the Sm—Im class. The
discrepancies at the bright end among different types are
smaller in our analysis than in his. We attribute this differ-
ence to our use of an inhomogeneity-independent technique.

The value of M* derived from the entire CfA2 sample
(Marzke et al. 1993) is significantly fainter than the value
determined from other field surveys (Efstathiou et al. 1988;
Loveday et al. 1992). This discrepancy is reflected in the
type-specific LFs. Because the source of this discrepancy is
unknown, we compare only the shapes of the LFs, which are
largely determined by the faint end slopes. If scale errors
among catalogs are small, the relative proportions of faint
and bright galaxies are preserved even when the zero-points
differ significantly.

BST88 derive type-specific LFs for the Virgo cluster and
for the local field. They emphasize that the field sample is
small; for some types, fewer than ten galaxies determine the
LF. Because the BST 88 distributions are heavily smoothed,
we cannot compare the LFs directly. We find no evidence for
a precipitous decline at the faint end in either the elliptical or
the SO LF; a steep falloff is plainly evident in the BST88
field sample for these types. However, we do not separate
dwarf ellipticals from giant ellipticals; if the dwarf and giant
elliptical LFs in BST88 are combined, their early-type LF is
consistent with ours. Our results for the Sm—Ims are also
roughly consistent with BST88, although our data do not
allow detection of a turnover at M By =~ 13.5.

Efstathiou et al. (1988) derive LFs for E-S0’s and spirals
in the Anglo-Australian Redshift Survey (AARS). While the
faint end slope for early types in the AARS is —0.48, the
error is large, and their result is consistent with ours. They
also rederive the LF for different types in the RSA (Sandage
& Tammann 1981) and in the sample of Kirshner et al.
(1979). Although the type binning is different and the RSA
errors are large, the RSA faint-end slopes are consistent with
the slopes measured from CfA1+2. The faint-end slopes
from the Kirshner et al. sample are steeper than ours, but the
difference is smaller than 20.

Metcalfe et al. (1991) give Schechter function parameters
for a sample of 279 galaxies divided into three color regimes.
Although their sample is small, their accurate, multicolor
CCD photometry allows one of the better determinations of
the local field LF. Because the dispersion in color for a given
Hubble type is large, the comparison of type-dependent LF’s
with color-dependent LF’s is not straightforward. However,
if we use the conversion between B—V and morphological
type applied by Metcalfe et al. (1991), our results are con-
sistent with theirs. Their early type LF rolls off slightly faster
toward the faint end than ours, but the results are within 20.

Loveday et al. (1992) compute LFs for 311 early types
(E-S0) and 999 spirals using the Stromlo-APM Redshift
Survey. They find a flat faint end for spirals, consistent with
our results. Their elliptical LF, however, declines steeply at
the faint end. The difference in the Schechter faint-end slope
between CfA early types and Stromlo-APM early types is
striking: a,pp="0.2, aca=—0.9. Loveday et al. (1992)
note, however, that the sample of early types is incomplete at
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high redshift. We suggest in the next section that this incom-
pleteness could contribute to the discrepancy between our
early-type LF and the one derived from the Stromlo-APM
survey. E

4.3 Systematic Bias in Type-Specific Luminosity Functions

The quality of a morphological classification depends on
the number of resolution elements in the galaxy image. The
resolution on a modern, fine-grained photographic plate is
limited by the seeing; thus the number of resolution elements
per galaxy depends on the seeing and on the galaxy’s dis-
tance and surface-brightness profile. Because magnitude-
limited catalogs sample a broad range in distance and abso-
lute size, the quality of the morphological types is not
uniform. Systematic errors arise if the apparent size (and thus
the quality of the type) is correlated with the absolute lumi-
nosity of the galaxy.

Using photographic surface photometry of Virgo ellipti-
cals, Binggeli et al. (1984, hereafter referred to as BST84)
find a correlation between the effective radius and the total
absolute magnitude for elliptical galaxies. The slope of this
correlation changes at M ~—18.5, suggesting that elliptical
galaxies separate into two distinct populations (Wirth & Gal-
lagher 1984; Kormendy 1985). The range of surface bright-
ness at faint absolute magnitude is uncertain and is subject to
systematic biases. For example, the field abundance of high
surface-brightness dwarfs like M32 is unknown, although
large-scale plate surveys suggest that they are rare (Binggeli
et al. 1990).

We use the mean correlation between size and magnitude
from BST84 to determine the distribution of apparent iso-
photal areas in a simulated magnitude-limited sample of el-
liptical galaxies (cf. Ferguson 1992). We assume that ellipti-
cals follow deVaucouleurs-law surface-brightness profiles
(deVaucouleurs 1948), which are completely specified by the
absolute magnitude and the effective radius. Although
the surface-brightness profiles of galaxies fainter than
Mp =—16.5 are more diffuse than a deVaucouleurs law
(BST84), few such galaxies exist in magnitude-limited
samples, and these galaxies do not significantly affect our
analysis. We begin with Monte Carlo simulations of uniform
galaxy distributions with Schechter luminosity functions. We
remove galaxies fainter than the selected magnitude limit,
and then assign effective radii to the remaining galaxies us-
ing the mean relation from BST84:

-0.3Mp —2.4, My <—18.5;

log r,= —0-1M37+1-4’ MBT>—18.5,

where r, is in parsecs. This expression is adjusted to
Hy=100 km s7! Mpc_l, and we assume Gaussian scatter
about the mean relation to approximate Fig. 7 of BST84. We
ignore the contribution of high surface-brightness dwarfs like
M32. For a deVaucouleurs profile, the surface brightness at
the effective radius is

Me=M+5 log r,+24.96,

where g, is in magnitudes arcsecond 2. We assume the gal-
axy image is circular, and calculate the area using the 25
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Fic. 8. Effect of resolution limits in galaxy classification on the type-specific
LF. Open squares (solid line) are the original LF calculated from Monte
Carlo simulations of a magnitude-limited sample with m,;,=17. The LF for
the simulation is the general LF from Loveday et al. (1992). Filled circles

~ represent the LF derived from*a resolution-limited subsample of the simu-

lation assuming a deVaucouleurs-law surface-brightness profile, a classifica-
tion limit of 100 resolution elements and 2" secing. Filled triangles represent
2.5" seeing. The dotted line is the early-type LF derived by Loveday et al.
(1992).

mag arcsec 2 isophote. We also assume the limit z<<1. From
Kent (1985),

25—:“’e 4

1+ 8.325

Fa5=Fe

The number of resolution elements is approximately

Horys\?
N,es=0.04(?";—§3) :
where s is the seeing in arcseconds.

Galaxy classifications are suspect when the number of
resolution elements drops below ~100. This limit imposes
an effective diameter limit on the sample of classified galax-
ies; this classified sample may not fairly represent the
magnitude-limited sample as a whole. To model this effect,
we assume that the average resolution during a photographic
plate survey is 2" (appropriate for the POSS I plates) and
remove all galaxies with fewer than 100 resolution elements.
We use a magnitude limit B;=17 and we assume that the
true early-type LF is the same as the general LF from the
Stromlo-APM survey. Figure 8 shows the LFs calculated
from resolution-limited subsamples of the Monte Carlo
simulation. To illustrate the dependence on the seeing, we
also show the results of a resolution-limited sample compiled
in 2.5" seeing. The effect is quite dramatic. As expected,
fainter galaxies are absent from the resolution-limited LF.
Table 2 gives Schechter parameters and V/V_,, for the
resolution-limited samples. For comparison, Table 2 includes
Schechter parameters for early types from the Stromlo-APM
survey. The resolution-limited V/V,,, is similar to the
Stromlo-APM value for the case of 2" seeing. The dotted line

in Fig. 8 shows the Stromlo-APM LF for early-type galaxies.

The resolution limit culls distant ellipticals preferentially,
and causes an underestimate of the abundance of faint gal-
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TABLE 2. Monte Carlo simulations of early-type galaxies.

Seeing N M* a VIV ax
0" 10000 —19.48 -0.97 0.50
2" 4740 -19.76 -0.37 0.33
2.5" 2742 —19.98 -0.15 0.22
Stromlo-APM 31 ~19.84 +0.20 0.32

axies. Because the resolution limit is most effective just
fainter than'M*, the most heavily weighted range in the
Schechter function fit, the faint-end slope: a provides a par-
ticularly poor description of the LF for M B, = —18.

We have similarly analyzed spiral galaxies using a com-
bined deVaucouleurs law and exponential disk for the
surface-brightness profile. Because of the disk, the average
spiral galaxy is bigger than the average elliptical of the same
apparent magnitude. Thus the effects of the resolution limit
are much less drastic. Bulge-dominated SO galaxies lie some-
where in between. Because of the wide range of bulge-to-
disk ratio, internal absorption, spiral structure, and H1I re-
gion populations in spirals, the simple isophote analysis is
naive, and we do not present the results here. Instead, we
illustrate the effect by imposing a photographic area limit on
a magnitude-limited sample of real galaxies. All galaxies in
CfA1 have major and minor-axis diameters taken from Nil-
son (1973) or measured by J.P.H.. Figure 9 shows the LF
measured from various area-limited subsamples of CfA1l. It
is clear from the LFs that ellipticals are much more sensitive
than the spirals to resolution limits in the classification pro-
cess.

Figures 8 and 9 show that the resolution limit produces
LFs that are qualitatively similar to the early-type LF found
by Loveday er al. (1992). It is unlikely, however, that this
effect explains all of the discrepancy in the early types be-
tween the Stromlo-APM and the CfA surveys. For example,
the resolution limit is much less effective for SO’s, which are
lumped into the Stromlo-APM early-type LF. The results of
this section simply demonstrate that magnitude-limited
samples complete with types for all galaxies are critical for

LA L N B L L

LB B B B B L B

log (M)

L O L B L B S B

oo b e b b g Py 1y

o Amn=3 arcmin® — All types, App = O
= Anin=6 arcmin® Spirals
-2 --- Ellipticals
,zvs\|*I\\‘I\\\llllll!lllllllllllll
—21 -20 ~19 -18 -17 ~18 -15
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z

Fic. 9. Effect of photographic area limit on LFs for early and late types in
CfAl.
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the determination of accurate LFs for different morphologi-
cal types.

4.4 Implications for Deep Counts

Direct determination of the faint end of the LF is crucial
for predicting faint galaxy counts. Most magnitude-limited
surveys only hint at the faint end of the LF because the
majority of the sample galaxies lie near M * regardless of the
magnitude limit. The most common practice is to extrapolate
the Schechter function to faint absolute magnitudes (Tyson
1988; Metcalfe et al. 1991, etc.). Unfortunately, the faint-end
slope of the Schechter function is determined largely by
bright galaxies and may have little to do with the behavior of
the LF for M=—16. Here, we observe the faint end directly.
In this section, we discuss the implications of our results,
particularly the steep Sm—Im LF, for deep galaxy counts.

Standard models for deep galaxy counts are based on LFs
with relatively flat faint ends (Tyson 1988; Broadhurst et al.
1988). If the luminosity function does not evolve, the galaxy
counts at B=25 exceed these predictions by a factor of
5-15, depending on () and on the particular choice of LF (cf.
Koo & Kron 1992). This was originally interpreted as evi-
dence for strong evolution in galaxy luminosities (e.g., Tyson
1988). On the other hand, deep redshift surveys turn up few
galaxiés at z=1, where many would be expected in the case
of strong luminosity evolution (Broadhurst et al. 1988; Col-
less et al. 1990; Koo & Kron 1992; Cowie et al. 1991). This
apparent paradox opened the door for many alternative ex-
planations of the faint blue galaxies, including frequent gal-
axy mergers, bursting populations of dwarfs, and a nonzero
cosmological constant (cf. Cowie ef al. 1991; Broadhurst
et al. 1992; Fukugita et al. 1990).

The redshift distribution of galaxies fainter than B~23 is
poorly known (for a review, see Koo & Kron 1992). Many
investigators argue that the majority of these faint galaxies
lie at high redshift. For example, Tyson (1988) argues that
the colors of the galaxies alone distinguish the galaxies at
m=20 from local DDO and UGC dwarfs; in particular, the
R —1 colors of the. faint galaxies are much redder than those
of the known local dwarfs. A stronger argument against a
large population of nearby dwarfs comes from symmetric
distortions of the faint galaxies in the direction of rich clus-
ters. Tyson et al. (1990) attribute these distortions to gravi-
tational lensing of a background population by the fore-
ground cluster potential. They calculate that 70% of the
galaxies with m>22 must have redshifts larger than 0.9.

Deep pencil-beam redshift surveys provide direct con-
straints on the local dwarf population. Broadhurst et al.
(1988) find that the nearby redshift distribution is incompat-
ible with several ad hoc models that include faint dwarf
populations. It is interesting to see how the LF derived in this
paper affects the expected counts and redshift distributions at
faint apparent magnitudes. Using K-corrections from Met-
calfe et al. (1991) and assuming no evolution and g,=0.05,
we find that the expected median redshift in a deep pencil
beam survey to B~21 changes by less than 10% when the
faint dwarfs are included. On the other hand, the dwarfs in-
crease the expected counts at B =25 by a factor of two. Thus
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Fic. 10. Comparison of LFs derived by Koo et al. (1993) with color-
dependent LFs in CfA1+2. Colors for CfA1+2 galaxies are inferred from
morphology using the rough transformation in Metcalfe ez al. (1991).

the dwarfs reduce the discrepancy between the observed
counts and the predictions of no-evolution models, but they
cannot account for the excess entirely.

Koo et al. (1993, KGB) attempt to reproduce the ob-
served counts, colors, and deep redshift distributions by ad-
justing the luminosity functions for galaxies of different
color. Applying Bruzual’s models for passive galaxy evolu-
tion (Bruzual & Charlot 1993), they find that the predicted
counts in B and K as well as the predicted redshift distribu-
tions are much closer to the observations if (1) ) is low and
(2) the faint end of the general LF is steep. They argue that
the remaining discrepancies (approximately a factor of two
in the B counts) are small and may be explained by mild
luminosity evolution. Figure 10 shows a comparison be-
tween their predicted B; LF and our general LF averaged
over all types. The agreement is striking.

If we break down the LF by color, however, our agree-
ment with KGB is not so good. Because the distribution of
color for each Hubble type is broad (deVaucouleurs 1977,
Huchra 1977; Marzke et al. 1993b), the transformation be-
tween morphological type and color is not straightforward.
Nevertheless, we can divide our sample into type bins which
approximate on average the color bins in KGB. We use types
—7:0 for B—V=0.85, 1:4 for 0.6<B— V=<0.85, and 5:10 for
B—V=<0.6. We label these samples Red, Green, and Blue,
respectively. This choice of bins is rather generous to the
Red sample; many SO’s are bluer than B—V=0.85. Figure
10 shows the LFs for Red, Green, and Blue with the LFs
predicted in KGB. Because the normalizations of the CfA
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LF’s are uncertain, we normalize to KGB for each sample
individually at M =—17 to compare the shapes.

None of the color-specific KGB LFs fit the observations
well. One could argue that the Blue and Green LFs are rea-
sonably close, and that a more suitable color/type transfor-
mation would improve the fit. In addition, the magnitude
transformation between B; and m; is not well known. The
Red sample, however, is strongly rejected by the data. The
dearth of bright red galaxies in the KGB LF is evident in
their comparison to Metcalfe et al. (1991) and is also re-
flected here. Because the binning error probably adds galax-
ies artificially to the Red sample, it is unlikely that this dis-
parity is caused by an inappropriate color/type trans-
formation.

While the details of the LF predicted by KGB are still in
question, the steep faint end of the general LF in KGB is
supported by our data. Thus the abundance of faint galaxies
nearby may contribute to a reconciliation of deep redshift
data with deep number counts.

5. CONCLUSIONS

The luminosity functions for E-S0 and spiral galaxies are
indistinguishable in the CfA survey. We find small differ-
ences between E and SO and between early- and late-type
spirals, but these differences may be caused by systematic
errors in the catalog. The Sm—Im LF is very steep at the faint
end, and is well fit by a Schechter function with
M*=-18.79, a=—1.87, and ¢*=0.6X10">. These galaxies
contribute most of the faint end excess in the general lumi-
nosity function.

We demonstrate that earlier determinations of type-
dependent LFs from deeper samples are subject to a classi-
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fication bias. Because the classification of a galaxy is linked
to its absolute magnitude through a correlation between ab-
solute size and brightness, the LF derived from samples with
incomplete types underestimates the abundance of ellipticals
fainter than M *. This incompleteness is reflected in a low
value of V/V . for ellipticals. This bias could partially ex-
plain the lack of faint early-type galaxies in deeper surveys
such as Loveday ef al. (1992).

The Sm—-Im LF increases the expected counts at B =25 by
a factor of two without changing the expected median red-
shift at B~21 by more than ~10%. Thus the abundance of
dwarf galaxies nearby may contribute to the reconciliation of
deep number counts with deep redshift surveys. The general
LF is consistent with the predictions of Koo et al. (1993), but
the red end of the KGB LF is deficient in bright galaxies,
consistent with Metcalfe et al. (1991). Because of the diffi-
culty in inferring color from morphological type alone, we
plan to obtain colors for all of the intrinsically faint galaxies
in our sample. In addition, we have compiled a magnitude-
limited subsample from the ESO catalog to test color-
dependent LFs directly (Marzke et al. 1993b). With these
multicolor samples of apparently bright galaxies, we hope to
constrain the relative populations of faint galaxies nearby in
order to improve our understanding of galaxies in the past.
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