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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Elliptical galaxies

Elliptical galaxies look very simple...	

• roughly round	

• smooth light distribution	

• no obvious patches of star formation	

• no obvious strong dust lanes (except 
sometimes...)

 the brightest and the faintest galaxies in the Universe...

...but they’re really not!	

Detailed studies show significant complexity:	

• large range of shapes: oblate to triaxial	

• large range of luminosities and concentrations	

• rotation vs. pressure support	

• cuspy vs. cored centers	

• complex star formation histories
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Elliptical galaxies

Elliptical galaxies look very simple...	

• roughly round	

• smooth light distribution	

• no obvious patches of star formation	

• no obvious strong dust lanes (except 
sometimes...)

 the brightest and the faintest galaxies in the Universe...

...but they’re really not!	

Detailed studies show significant complexity:	

• large range of shapes: oblate to triaxial	

• large range of luminosities and concentrations	

• rotation vs. pressure support	

• cuspy vs. cored centers	

• complex star formation histories
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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The total luminosity function in either 
environment is the sum of the individual 
luminosity functions of each Hubble type.

Largest fraction in either 
environment of all galaxies are 
dwarfs (dE and Irr). Even though Sp 
and E the most prominent in terms 
of mass and luminosity. 
More E in Virgo...
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Dwarf galaxies
Most Dark Matter dominated objects known?

BCD

dSph

dI

7

Elliptical galaxies

Elliptical galaxies look very simple...	

• roughly round	

• smooth light distribution	

• no obvious patches of star formation	

• no obvious strong dust lanes (except 
sometimes...)

 the brightest and the faintest galaxies in the Universe...

...but they’re really not!	

Detailed studies show significant complexity:	

• large range of shapes: oblate to triaxial	

• large range of luminosities and concentrations	

• rotation vs. pressure support	

• cuspy vs. cored centers	

• complex star formation histories

8



Morphological properties of spirals

Lecture Ten: 

Disc/Disk/Spiral Galaxies

Sparke & Gallagher, chapter 523rd May 2016 

http://www.astro.rug.nl/~etolstoy/pog16

Also made use of Binney & Merrifield,        
Galactic Astronomy, Chp. 4.2 & 4.4

SDSS Images of Spiral Galaxies (Sa to Sd): 

Blanton 2009

Galaxy mass functions 949

Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .
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> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower
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Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Appearance depends on the distribution of stars, gas, the angle at which we see them, and 
even the bandpass in which we observe them

Photometry of disk galaxies
The surface brightness profiles of disk galaxies are complex: 

:more than one component (central bulge, disk, bar, spiral arms, rings=), 
:large amounts of dust (not transparent)

Their appearance depends both on the stellar distribution and that of gas 
and dust, and on the angle from which we observe them.

Face on i = 0o Edge on: i = 90o   

Galaxy photometry

View angle determines very much the shape

• non-smooth structures • may have bulge + disc
• dust extinction can be important• disky-like



Galaxy photometry
Galaxy photometry

Our classification of galaxies into different morphological types is dependent on our visual 
impression of their images, so understanding the distribution of their light is crucial for 
understanding their physics	

The determination of brightness in an image is called “photometry” (measuring light), but 
this process also covers determination of shapes and brightness profiles

multiple components

Surface Brightness Profile
 of galaxy components as a function of (R,z)

Surface Brightness
The surface brightness I(x) is the amount of light contained in an area 
at a particular point x in an image.

If the total luminosity of the galaxy in that area is L, then the received flux is, F=L/(4πd2)

Consider a square area with a side of length D of a galaxy at distance d.  
This length will subtend an angle, α = D/d.

Surface brightness is independent of distance (d) since flux decreases as 1/d2, but the area 
subtended by 1 sq arcsec increases as d2 (until cosmological dimming, 1/(1+z)4, becomes important)

So the surface brightness is: (L⦿pc-2)
I(x) = F/↵
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Magnitude per square arcsecond is usual units of surface brightness:	

!

In the B-band, the constant is 27 mag/arcsec2, which corresponds to 1 L⦿pc-2	

Thus

µ�(x) = �2.5 log I�(x) + constant�

IB = 10�0.4(µB�27) L�,Bpc�2

(mag arcsec-2)
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An isophote is closed curve connecting points of equal 
surface brightness.

Surface brightness profile

NGC 7331

Note: the largest isophote usually represents the lowest level that 
can be seen above the instrumental noise (not physical boundary)

night sky level

A Surface brightness profile is produced by azimuthally 
averaging along isophotes (elliptical annuli).



Disc surface brightness profiles
Galaxy photometry

Our classification of galaxies into different morphological types is dependent on our visual 
impression of their images, so understanding the distribution of their light is crucial for 
understanding their physics	

The determination of brightness in an image is called “photometry” (measuring light), but 
this process also covers determination of shapes and brightness profiles

multiple components
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Reminder: radial light profiles

I(r) = Ie exp

n

�bn [(r/re)
1/n � 1]

o

Picture credit: P. Van Dokkum

3 free-parameter model

n = Sérsic index

n = 1 - exponential (pure disk)

n = 4 - de Vaucouleurs



Sérsic profiles
Some properties of the de Vaucouleurs law

The central surface brightness is I0 = 103.33Ie � 2000Ie

...and the definition that half of the light is emitted within Re  we can deduce the following:

7.22�R2
eIeThe total light of a galaxy that follows a de Vaucouleur profile is

Ie is surface brightness at Re

I(R) = Ie � 10�3.33[(R/Re)1/4�1]Starting from 

�I�e = 3.61Ieand the mean surface brightness contained within Re is

13

 Sérsic Profile
Generalised version of r1/4 law is frequently used in which 1/4 is replaced by 1/n. Often 
called Sérsic (1968) models have been shown (Caon et al 1993) to be an even better fit 
to E’s, though it increases the number of free parameters:

Where µe re and n are all free parameters used to obtain the best 
possible fit to the actual surface brightness profile. 

 mag arcsec-2

14

This formalism can be used to discriminate between disk-dominated and bulge-dominated 
galaxies. Especially suited to automated analyses of large samples.

Distribution of Sersic-n for 10 095 galaxies selected from the 
Millennium Galaxy Catalogue (Driver et al. 2006, MNRAS, 368, 414)

ellipticals and bulges 
of spirals

 disc galaxies

 Sérsic Profile

15

Elliptical galaxies in the centers of 
clusters with extended, “too-bright” 
profiles are called cD galaxies	

cDs are amongst the brightest of all 
galaxies
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Measuring surface brightness

Galaxy photometry
Our classification of galaxies into different morphological types is dependent on our visual 
impression of their images, so understanding the distribution of their light is crucial for 
understanding their physics	

The determination of brightness in an image is called “photometry” (measuring light), but 
this process also covers determination of shapes and brightness profiles

multiple components

Surface Brightness Profile
 of galaxy components as a function of (R,z)

Surface Brightness
The surface brightness I(x) is the amount of light contained in an area 
at a particular point x in an image.

If the total luminosity of the galaxy in that area is L, then the received flux is, F=L/(4πd2)

Consider a square area with a side of length D of a galaxy at distance d.  
This length will subtend an angle, α = D/d.

Surface brightness is independent of distance (d) since flux decreases as 1/d2, but the area 
subtended by 1 sq arcsec increases as d2 (until cosmological dimming, 1/(1+z)4, becomes important)

So the surface brightness is: (L⦿pc-2)
I(x) = F/↵
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Cosmological dimming (Tolman test)
The Tolman Test!

Surface brightness is flux per unit solid angle: 
ωd
fB =

2

2
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Note that this is 
independent of cosmology! 

This is the same as the luminosity per unit 
area, at some distance D.  In cosmology,!

In a stationary, Euclidean case, D = DL = DA, so the 
distances cancel, and SB = const.  But in an expanding 
universe, DL = D (1+z), and DA = D / (1+z), so:!

dw= dl/D_A ~ (dl/D_A)^2 for small 
angles.


dl is the size of the object.



Surface brightness profile

Galaxy photometry
Our classification of galaxies into different morphological types is dependent on our visual 
impression of their images, so understanding the distribution of their light is crucial for 
understanding their physics	

The determination of brightness in an image is called “photometry” (measuring light), but 
this process also covers determination of shapes and brightness profiles

multiple components

Surface Brightness Profile
 of galaxy components as a function of (R,z)

Surface Brightness
The surface brightness I(x) is the amount of light contained in an area 
at a particular point x in an image.

If the total luminosity of the galaxy in that area is L, then the received flux is, F=L/(4πd2)

Consider a square area with a side of length D of a galaxy at distance d.  
This length will subtend an angle, α = D/d.

Surface brightness is independent of distance (d) since flux decreases as 1/d2, but the area 
subtended by 1 sq arcsec increases as d2 (until cosmological dimming, 1/(1+z)4, becomes important)
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Sources of error in surface brightness

Generically, elliptical galaxies are classified by their luminosities:	

Giant              L > L*	

Intermediate   ~3x109 L⊙ < L < L*	

Dwarf            L < ~3x109 L⊙   or MB > –18 mag

Elliptical galaxies

Unlike for disc galaxies, where Hubble types can cover a large range in luminosity, these 
classes have physical relevance 	

Ellipticals (and most S0 galaxies) are predominantly a one-parameter family: an elliptical 
galaxy’s properties depend primarily on its mass

9

Elliptical galaxies have very smooth 
profiles over 2 orders of magnitude in 
radius, usually falling off as R1/4	

Light in ellipticals is highly concentrated

Surface brightness profilesSurface brightness profiles 

Surface brightness profile � for  
giant elliptical galaxy: as f(R) and 
f(R1/4). 

Very good fit over 2 decades in 
radius

The surface brightness falls 9 magnitudes from centre to outskirts: 
109 fall-off in projected luminosity!

The light in elliptical galaxies is quite centrally concentrated

NGC1700

10

Seeing effects – 	
unresolved points are spread out due to effects of 
our atmosphere, quantified by the Point Spread 
Function (PSF) FWHM (σ) on the images	
!
-makes central part of profile flatter	
-makes isophote rounder

Sources of Error
Sky Background Subtraction –	
if the sky is over or under subtracted this 
can have a dramatic effect on the shape of 
the profile.

Sources include: light pollution from nearby cities, 
photochemical reactions in the Earth’s upper 
atmosphere, the zodiacal light, unresolved stars in the 
Milky Way, and unresolved galaxies.

11

 de Vaucouleurs Profile

In specifying the radius of a galaxy it is necessary to define the surface brightness of the 
isophote being used to determine that radius.

Effective radius, re, is the projected radius within which one-half of the galaxies light is 
emitted. This means that the surface brightness level at re  (µe) depends on the distribution 
of surface brightness with radius.
For large ellipticals, the surface brightness distribution typically follows an r1/4 law (de 
Vaucouleurs profile):

 mag arcsec-2

L¤ pc-2

Or, in physical units:

12



Surface brightness - ellipticals
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isophote being used to determine that radius.

Effective radius, re, is the projected radius within which one-half of the galaxies light is 
emitted. This means that the surface brightness level at re  (µe) depends on the distribution 
of surface brightness with radius.
For large ellipticals, the surface brightness distribution typically follows an r1/4 law (de 
Vaucouleurs profile):

 mag arcsec-2

L¤ pc-2

Or, in physical units:
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Surface brightness - bulge + disc

NGC 7331

Surface brightness profile

If a disc is circular & very thin, it will appear as an ellipse with 
axis ratio cos i when we view it at an angle i from face-on.

This means that the surface brightness is greater by a factor 
1 /cos i than if we saw the disk face on. Using this we can 
correct our observations to the correct average surface 
brightness at distance R from the centre. 

Here the diameter along the minor axis of the disk isophotes 
is only 0.35 that measured along the major axis, and so we 
can infer that the galaxy is inclined at about 70° from face-on.

b

a

= cos(i)

b is the projection of a along the minor axis

Surface brightness profile

The density of stars in the disc drops 
by a factor of e as we move out in 
radius R by one scale length hR	

The effective radius Re, the radius of 
a circle that includes half of the light.
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µ(R) = µ0 + 1.09

✓
R

hR

◆

µ(R) = µe + 8.3268

"✓
R

Re

◆1/4
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#The bulge follows an r1/4 (or de Vaucouleurs) law:

I(R) = Ie10
�3.33((R/Re)

1/4�1)

The disc has an exponential profile: I(R) = I0 exp(�R/hR)

2-component

bulge

disk

Fitting surface brightness profiles
disc galaxies are composite systems,

Surface Brightness of Discs

Freeman 1970 (ApJ, 161, 802) , for a wide range in luminosity, little scatter

• almost all spirals have disk surface brightness 
around Io (B-band) = 21.5 ± 0.5 	
!
• partly a selection effect since low-surface 
brightness (LSB) galaxies are harder to identify	
!
• many LSB disks identified since e.g., extreme 
case - Malin 1 (Io = 25.5 and Rd=55 kpc!)

µ(B)

    SO  Sa   Sb   Sc   Sd           Im   TYPE 



Surface brightness - bulge + disc (cont.)

NGC 7331

Surface brightness profile

If a disc is circular & very thin, it will appear as an ellipse with 
axis ratio cos i when we view it at an angle i from face-on.

This means that the surface brightness is greater by a factor 
1 /cos i than if we saw the disk face on. Using this we can 
correct our observations to the correct average surface 
brightness at distance R from the centre. 

Here the diameter along the minor axis of the disk isophotes 
is only 0.35 that measured along the major axis, and so we 
can infer that the galaxy is inclined at about 70° from face-on.

b
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= cos(i)

b is the projection of a along the minor axis

Surface brightness profile

The density of stars in the disc drops 
by a factor of e as we move out in 
radius R by one scale length hR	

The effective radius Re, the radius of 
a circle that includes half of the light.
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Surface Brightness of Discs

Freeman 1970 (ApJ, 161, 802) , for a wide range in luminosity, little scatter

• almost all spirals have disk surface brightness 
around Io (B-band) = 21.5 ± 0.5 	
!
• partly a selection effect since low-surface 
brightness (LSB) galaxies are harder to identify	
!
• many LSB disks identified since e.g., extreme 
case - Malin 1 (Io = 25.5 and Rd=55 kpc!)
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B/T per galaxy type

B/T =
R2

eIe

R2
eIe + 0.28h2

RI0

Bulge-to-Disc ratio
Contribution of the bulge to the total light of a galaxy

Simien & de Vaucouleurs 1986

The importance of the bulge increases moving towards earlier types

Sb and earlier disc galaxies follow a 
relation between effective radius and the 
(effective) surface brightness of their 
bulges: the bigger the galaxy, the lower 
the SB

Size vs. surface brightness

19
85
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..
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K

There is a similar relation between the 
scale length and central surface 
brightness of discs: the bigger the disc, 
the lower the central SB

19
85
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JS
..
.5
9.
.1
15
K

Galaxies get bluer as the disks become more prominent (and fainter, too, because disk-
dominated galaxies tend to be less massive than bulge-dominated galaxies)

Colours of disc galaxies Gas in disc galaxies
HI gas in the Ursa major group

Faint galaxies have proportionally more HI than bright galaxies and have lower central surface brightness.

less HI

more HI



The outskirts of elliptical galaxies
The outskirts of galaxies

•The surface brightness profile of giant ellipticals often shows an excess of light in the 
outer parts compared to the de Vaucouleurs profile.

•Such galaxies are known as cD Galaxies. They are usually located at the center of 
clusters of galaxies, or in areas with a dense population of galaxies.

•This excess emission indicates the presence of an extended halo. The cD halos could 
belong to the cluster rather than to the galaxy.

M87, the central cD
galaxy in the clusters 
of galaxies inVirgo. 
Note the extended, 
low-surface brightness 
halo.



Colours of ellipticals and spirals

B/T =
R2

eIe

R2
eIe + 0.28h2

RI0

Bulge-to-Disc ratio
Contribution of the bulge to the total light of a galaxy

Simien & de Vaucouleurs 1986

The importance of the bulge increases moving towards earlier types

Sb and earlier disc galaxies follow a 
relation between effective radius and the 
(effective) surface brightness of their 
bulges: the bigger the galaxy, the lower 
the SB

Size vs. surface brightness
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Faint galaxies have proportionally more HI than bright galaxies and have lower central surface brightness.
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Rotational velocities in spirals from gas

Density Waves Self-propagating star formation
density wave theory can't explain flocculant spirals, but these can be explained by 
self-propagating star-formation.

star formation produces supernovae, which shock the gas, and triggers more star 
formation, and then differential rotation stretches out the regions of star formation 
into trailing fragmentary arms with no global symmetry.

HI Rotation curves of disc galaxies

Contours of constant V(R)cosϕ

In central regions, contours are parallel to 
the minor axis	

Further out, they are nearly radial	

The kinematic major axis is the line 
connecting the points where the radial 
velocities deviate the most from the 
systemic velocity	

The denser the contours, the more rapid 
the change in V(R)

HI Rotation curves of disc galaxies

Density Waves Self-propagating star formation
density wave theory can't explain flocculant spirals, but these can be explained by 
self-propagating star-formation.

star formation produces supernovae, which shock the gas, and triggers more star 
formation, and then differential rotation stretches out the regions of star formation 
into trailing fragmentary arms with no global symmetry.

HI Rotation curves of disc galaxies

Contours of constant V(R)cosϕ

In central regions, contours are parallel to 
the minor axis	

Further out, they are nearly radial	

The kinematic major axis is the line 
connecting the points where the radial 
velocities deviate the most from the 
systemic velocity	

The denser the contours, the more rapid 
the change in V(R)

HI Rotation curves of disc galaxies

HI



Rotation curves of disc galaxies

Viewed edge-on, the radial velocity measured is 
Vsys the systemic velocity of the galaxy.

Vr(R, i = 90�) = Vsys + V (R) cos � Vr(R, i) = Vsys + V (R) cos � sin i

When viewed at an inclination i, the radial 
velocity is projected to

Velocity field

Line profiles Doppler effect

Rotation of a galactic disc

Begeman 1987

Optical disc

HI Rotation Curve: NGC3198 HI Rotation curves of disc galaxies

Open circles - scale length hR of stellar disc and peak rotation speed for each galaxy

Rotational curves of disc galaxies

Rotation curves of disc galaxies

Viewed edge-on, the radial velocity measured is 
Vsys the systemic velocity of the galaxy.

Vr(R, i = 90�) = Vsys + V (R) cos � Vr(R, i) = Vsys + V (R) cos � sin i

When viewed at an inclination i, the radial 
velocity is projected to

Velocity field

Line profiles Doppler effect

Rotation of a galactic disc

Begeman 1987

Optical disc

HI Rotation Curve: NGC3198 HI Rotation curves of disc galaxies

Open circles - scale length hR of stellar disc and peak rotation speed for each galaxy



Three main classes of rotation curves (spirals)

From Cimatti et al. book,  section 4.3

most typical

dwarf 
irregulars

approaching sides 
(darker parts)

‘rigid body’
regime

differential 
rotation



HI rotation curves and disc galaxies

We can compare the HI rotation curve 
V(R) to that predicted from the 
luminous (stellar and gaseous) matter, 
using the observed surface brightness 
and density of the stars and gas

HI Rotation curves of disc galaxies

This is the rotation curve for the 
previous galaxy. 

It is shown as function of radius R 
along the (photometric) major axis.

This axis is generally (but not always) 
coincident with the kinematic major axis.

We can compare this rotation curve to that provided by the luminous mass 
in the galaxy. 

To calculate the predicted circular velocity we use the observed surface 
brightness distribution of gas and of stars

(preferably in R-band to be sensitive to older stellar populations which trace mass 
better). 

The rotation curve V(R) depends on 
mass, not luminosity, so we need to 
transform the surface brightness profile 
into a mass profile using M/L

For all disc galaxies the luminous matter is never 
enough to make up all the mass inferred from the 
rotation curve:  dark matter halo

V 2(R) = V 2
disk(R) + V 2

bulge(R)

The contributions of the disk and bulge 
can be added since the potentials add 
linearly:

But what is M/L for the disk?  around 
the Sun we found, M/L~1–3 M⊙

Note: the mass inferred from the HI rotation is a lower limit, as 
there maybe a lot of dark matter outside the region where there 
is gas and stars.

Dark Matter

HI rotation curves & Dark Matter

Given the uncertainties in the disk M/L, the disk 
contribution is highly uncertain — without extra 
information.

Uncertainties and degeneracies. II
Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
given rotation curve. 

This is known as the maximum disk.

The model dark halo can be changed to have a 
minimum disk (left), or no disk at all (right)

Uncertainties and degeneracies. II
Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
given rotation curve. 

This is known as the maximum disk.

The model dark halo can be changed to have a 
minimum disk (left), or no disk at all (right)

Uncertainties and degeneracies

Maximum disc

Uncertainties and degeneracies. II
Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
given rotation curve. 

This is known as the maximum disk.

The model dark halo can be changed to have a 
minimum disk (left), or no disk at all (right)

Minimum disc

No disc

Single dish (unresolved) HI measurements.

We can compare the HI rotation curve 
V(R) to that predicted from the 
luminous (stellar and gaseous) matter, 
using the observed surface brightness 
and density of the stars and gas
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It is shown as function of radius R 
along the (photometric) major axis.

This axis is generally (but not always) 
coincident with the kinematic major axis.

We can compare this rotation curve to that provided by the luminous mass 
in the galaxy. 

To calculate the predicted circular velocity we use the observed surface 
brightness distribution of gas and of stars

(preferably in R-band to be sensitive to older stellar populations which trace mass 
better). 

The rotation curve V(R) depends on 
mass, not luminosity, so we need to 
transform the surface brightness profile 
into a mass profile using M/L

For all disc galaxies the luminous matter is never 
enough to make up all the mass inferred from the 
rotation curve:  dark matter halo

V 2(R) = V 2
disk(R) + V 2

bulge(R)

The contributions of the disk and bulge 
can be added since the potentials add 
linearly:

But what is M/L for the disk?  around 
the Sun we found, M/L~1–3 M⊙

Note: the mass inferred from the HI rotation is a lower limit, as 
there maybe a lot of dark matter outside the region where there 
is gas and stars.

Dark Matter
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Given the uncertainties in the disk M/L, the disk 
contribution is highly uncertain — without extra 
information.

Uncertainties and degeneracies. II
Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
given rotation curve. 

This is known as the maximum disk.

The model dark halo can be changed to have a 
minimum disk (left), or no disk at all (right)
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Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
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This is known as the maximum disk.

The model dark halo can be changed to have a 
minimum disk (left), or no disk at all (right)
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Maximum disc
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Generally the M/L used is the one that gives 
the maximum amplitude to disk contribution
(and still consistent with observations) to the 
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The model dark halo can be changed to have a 
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The Tully-Fisher relation

Link between the stellar mass (luminosity) of a disc and the mass of the Dark Matter halo.

amplitude of flat part 
of HI rotation curve

More scatter in B due to stellar population effects

Verheijen 2001

The Tully-Fisher Relation

The exponent changes with bandpass

L � V 4
max

A relationship exists between the luminosity of a spiral galaxy and its maximum rotation velocity.

Tully & Fisher 1977

More luminous galaxies rotate faster

The Tully-Fisher Relation

How does this come about?

Circular velocity and mass are related through v2 =
GM

r
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The flux and luminosity are related I =
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Stars & Dark Matter are linked…



The Tully-Fisher relation (cont.)

Link between the stellar mass (luminosity) of a disc and the mass of the Dark Matter halo.

amplitude of flat part 
of HI rotation curve

More scatter in B due to stellar population effects

Verheijen 2001

The Tully-Fisher Relation

The exponent changes with bandpass

L � V 4
max

A relationship exists between the luminosity of a spiral galaxy and its maximum rotation velocity.

Tully & Fisher 1977

More luminous galaxies rotate faster

The Tully-Fisher Relation

How does this come about?

Circular velocity and mass are related through v2 =
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Rot. veloc. in ellipticals from stellar absorption

NGC 205, one of the dwarf elliptical 
companions of M31, has strongly twisted 
isophotes	

compare upper shallow image to lower 
deep image	

likely due to tidal effects in this case!

Twisted isophotes in a satellite galaxy of Andromeda (M31).

The shallower exposure shows the 
brightest part of the galaxy. 

The deeper exposure shows the 
weaker more extended emission. 

A twist between both images of the 
same galaxy are apparent (the 
orientation in the sky is the same in 
both figures).

Isophote twisting

25

In general,	

Boxy galaxies are	

• more luminous	

• more likely to show isophote twists	

• probably triaxial	

Disky galaxies are	

• intermediate ellipticals	

• often oblate	

• faster rotators

Boxy vs. Disky

26

~10-20% of ellipticals show distinct 
“edges” in their surface brightness 
profiles, known as shells	

Probably the result of the accretion (or 
merger) of a small galaxy that was 
originally on a nearly radial orbit

Fine structure

27

Kinematics of elliptical galaxies
How do we measure velocities in elliptical galaxies?

NGC 4873: data

Template

Smoothed, shifted template

Use the absorption lines in the 
spectrum, which is the composite 
spectrum of all of the stars in the galaxy	

Each star emits a spectrum which is 
then Doppler-shifted in wavelength 
according to its motion, which widens 
the absorption lines.

28



Rotation of ellipticals
Kinematics of elliptical galaxies

29

Rotation of Ellipticals

(v/�)⇤ ⇡ 1 for rotationally flattened system

more luminous, less rotation

30

Rotation of Ellipticals

Low luminosity Ellipticals and bulges rotate 
rapidly and have nearly isotropic velocity 
dispersions and are flattened by rotation  
!
Bright Ellipticals rotate slowly and are pressure 
supported and owe their shapes to velocity 
anisotropy.

This could be explained by proto-ellipticals 
acquiring angular momentum through tidal 
torques and then if mergers produce brighter 
ellipticals the rotation gets scrambled in the 
process.

Solid lines: amount of rotation necessary to account for 
observed ellipticity of galaxy relative to σ of stars.

Ratio of rotation to dispersion plotted against projected ellipticity, for various galaxies. 
Note that many Ellipticals have very little rotation, even though they are quite flattened.

Most Ellipticals rotate too slowly for centrifugal 
forces to be the causes of their observed 
flattening.

31

Because the relaxation times of elliptical galaxies are much longer than a Hubble time, these 
galaxies “remember” their formation.	

Scaling relations tell us something about the formation process(es)	

We’ll start with scaling relations between structural parameters, like luminosity, velocity 
dispersion, and surface brightness...

Scaling relations of elliptical galaxies

32



Rotation of ellipticals  (cont.)

Kinematics of elliptical galaxies
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Rotation of Ellipticals

(v/�)⇤ ⇡ 1 for rotationally flattened system

more luminous, less rotation
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Rotation of Ellipticals

Low luminosity Ellipticals and bulges rotate 
rapidly and have nearly isotropic velocity 
dispersions and are flattened by rotation  
!
Bright Ellipticals rotate slowly and are pressure 
supported and owe their shapes to velocity 
anisotropy.

This could be explained by proto-ellipticals 
acquiring angular momentum through tidal 
torques and then if mergers produce brighter 
ellipticals the rotation gets scrambled in the 
process.

Solid lines: amount of rotation necessary to account for 
observed ellipticity of galaxy relative to σ of stars.

Ratio of rotation to dispersion plotted against projected ellipticity, for various galaxies. 
Note that many Ellipticals have very little rotation, even though they are quite flattened.

Most Ellipticals rotate too slowly for centrifugal 
forces to be the causes of their observed 
flattening.
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Because the relaxation times of elliptical galaxies are much longer than a Hubble time, these 
galaxies “remember” their formation.	

Scaling relations tell us something about the formation process(es)	

We’ll start with scaling relations between structural parameters, like luminosity, velocity 
dispersion, and surface brightness...

Scaling relations of elliptical galaxies
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Scaling relations of ellipticals

Kinematics of elliptical galaxies

29

Rotation of Ellipticals

(v/�)⇤ ⇡ 1 for rotationally flattened system

more luminous, less rotation
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Rotation of Ellipticals

Low luminosity Ellipticals and bulges rotate 
rapidly and have nearly isotropic velocity 
dispersions and are flattened by rotation  
!
Bright Ellipticals rotate slowly and are pressure 
supported and owe their shapes to velocity 
anisotropy.

This could be explained by proto-ellipticals 
acquiring angular momentum through tidal 
torques and then if mergers produce brighter 
ellipticals the rotation gets scrambled in the 
process.

Solid lines: amount of rotation necessary to account for 
observed ellipticity of galaxy relative to σ of stars.

Ratio of rotation to dispersion plotted against projected ellipticity, for various galaxies. 
Note that many Ellipticals have very little rotation, even though they are quite flattened.

Most Ellipticals rotate too slowly for centrifugal 
forces to be the causes of their observed 
flattening.
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Because the relaxation times of elliptical galaxies are much longer than a Hubble time, these 
galaxies “remember” their formation.	

Scaling relations tell us something about the formation process(es)	

We’ll start with scaling relations between structural parameters, like luminosity, velocity 
dispersion, and surface brightness...

Scaling relations of elliptical galaxies
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One of the earliest known structural 
scaling relations was the Faber-Jackson 
relation:
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Scaling relations of elliptical galaxies

strong correlation between luminosity 
(L) and central velocity dispersion (σ)

A natural consequence of the virial theorem.

Plenty of scatter, and the slope of the relation 
is different than the virial theorem.	
!
This was assumed to indicate a missing 
parameter…   and there was originally a lot of 
debate about what was the missing parameter.. 

Faber & Jackson 1976 ApJ, 204, 668

33

Ellipticals: Fundamental Plane

Size LuminosityVelocity 
Dispersion

R / �1.24hIi�0.82
e

A break through in understanding of scaling laws came from 
large homogeneous data sets (from CCDs & long-slit 
spectroscopy), and the application of statistical tools.

34

Multi-parameter correlations: the 
Fundamental Plane

plane - means correlation in a 3D space and we see this space 
with three parameters that “see” the correlation from different 
angles.

35

Projections of Fundamental Plane of Ellipticals & Bulges
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Radius derived from 
surface brightness 
profiles, e.g., core or 
effective radius.

Tilt to plane leads to 
scatter.

physical meaning of these measurements links to 
formation theory!

position of galaxy in this 
diagram relates to amount of 
dissipation during its 
formation.
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The fundamental plane for ellipticals

One of the earliest known structural 
scaling relations was the Faber-Jackson 
relation:
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formation theory!

position of galaxy in this 
diagram relates to amount of 
dissipation during its 
formation.
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One of the earliest known structural 
scaling relations was the Faber-Jackson 
relation:

19
76
Ap
J.
..
20
4.
.6
68
F

L � �4

=
lo

g
 σ

Scaling relations of elliptical galaxies

strong correlation between luminosity 
(L) and central velocity dispersion (σ)

A natural consequence of the virial theorem.

Plenty of scatter, and the slope of the relation 
is different than the virial theorem.	
!
This was assumed to indicate a missing 
parameter…   and there was originally a lot of 
debate about what was the missing parameter.. 

Faber & Jackson 1976 ApJ, 204, 668
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Ellipticals: Fundamental Plane

Size LuminosityVelocity 
Dispersion

R / �1.24hIi�0.82
e

A break through in understanding of scaling laws came from 
large homogeneous data sets (from CCDs & long-slit 
spectroscopy), and the application of statistical tools.
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Multi-parameter correlations: the 
Fundamental Plane

plane - means correlation in a 3D space and we see this space 
with three parameters that “see” the correlation from different 
angles.
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Projections of Fundamental Plane of Ellipticals & Bulges
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Where does the Fundamental Plane of elliptical galaxies come from?

The Fundamental Plane

M = V 2R/GAssume the Virial Theorem holds, then the mass is 

I = �

�
M

L

��1

The surface brightness is this divided by the mass-to-light ratio:

� =
M

⇥R2
� V 2

R
Divide this by the area to get the mass surface density:

combining this: I � V 2

R(M/L)
Rewrite this in terms of the radius Re=R and identifying 
the velocity V as the velocity dispersion σ, we have

Re �
�

M

L

��1

�2�I��1
e

But note the observed coefficients aren't 2 & -1 (they range from 1 to1.4 and from -0.75 to -0.9)            
	 	 	 	 	 	 	 	 	 	 and so this implies

M

L
� L1/4

R / �1.24hIi�0.82
e

observed relation:

Virial Theorem: for a stable, 
self-gravitating, spherical 
distribution, the total kinetic 
energy is equal to minus 1/2 
times the total gravitational 
potential energy.

The more luminous Ellipticals  have higher M/L

Ie =
L

2⇡R2
e
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The mass-to-light ratios of ellipticals increases as they become more luminous (or more 
massive)	

...if (and only if) the structure of ellipticals doesn’t change as a function of luminosity (or 
mass)	

Why is this?	

Possibility 1: more dark matter in more massive galaxies 	

Possibility 2: bigger galaxies are older	

Possibility 3: structure changes with size

The Fundamental Plane
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Stellar populations of elliptical galaxies

The spectra of elliptical galaxies look, to 
first order, like G or K stars (with a few 
features of M stars)	

This implies that they must be, on 
average, older than a few Gyr in order 
not to have light from hot stars

39

 Some Elliptical galaxies contain HI, but nearly all contain a significant amount of hot X-ray gas	

~10–20% of the baryonic mass is in the form of gas at 106–7 K in a halo ≥30 kpc in radius

Gas in elliptical galaxies

40

Likely because larger galaxies are older



The fundamental plane for ellipticals (cont.)
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The Fundamental Plane
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Stellar populations of elliptical galaxies

The spectra of elliptical galaxies look, to 
first order, like G or K stars (with a few 
features of M stars)	

This implies that they must be, on 
average, older than a few Gyr in order 
not to have light from hot stars
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 Some Elliptical galaxies contain HI, but nearly all contain a significant amount of hot X-ray gas	

~10–20% of the baryonic mass is in the form of gas at 106–7 K in a halo ≥30 kpc in radius

Gas in elliptical galaxies

40


