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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Marconi & Hunt 2003
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e
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Group 1 Galaxies All Galaxies
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. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.
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(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
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(Graham et al. 2001).
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e
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TABLE 2
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Group 1 Galaxies All Galaxies
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2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e
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TABLE 2
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2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
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2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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Figure 2. M•–L relation for the 44 early-type galaxies with reliable measurements of the V-band bulge luminosity in our sample. The symbols are the same as in
Figure 1. The black line represents the best-fitting power-law log10(M•/ M!) = 9.23 + 1.11 log10(Lv/1011 L!).
(A color version of this figure is available in the online journal.)

presented in the supplementary materials to McConnell et al.
(2011a). The current sample includes one new measurement of
M• from McConnell et al. (2012), seven new measurements
from Rusli (2012), and two updated measurements (NGC 4594,
Jardel et al. 2011; NGC 3998, Walsh et al. 2012). For NGC 5128
(Cen A), we have adopted the value M• = 5.9+1.1

−1.0 × 107 M! (at
a distance of 4.1 Mpc) from Cappellari et al. (2009).

We have removed three galaxies whose original measure-
ments have exceptional complications. Lodato & Bertin (2003)
measured non-Keplerian maser velocities in NGC 1068 and
estimated M• by modeling a self-gravitating disk. Still, other
physical processes might reproduce the observed maser mo-
tions. Atkinson et al. (2005) reported a measurement of M• in
NGC 2748 but noted that heavy extinction could corrupt their
attempt to locate the center of the nuclear gas disk. Gebhardt
et al. (2003) justified classifying the central point source of
NGC 7457 as an active galactic nucleus, but their arguments
permit the central mass to be shared by an accreting black hole
and a nuclear star cluster.

Additionally, we have updated the distances to 44 galaxies
in our sample. For 41 galaxies, we adopt surface brightness
fluctuation measurements from Tonry et al. (2001) and Blakeslee
et al. (2009), with the corrections suggested by Blakeslee et al.
(2010). For M31 and M32, we adopt the Cepheid variable
distance of 0.73 Mpc from Vilardell et al. (2007). For NGC 4342,
we adopt the distance of 23 Mpc from Bogdán et al. (2012).

Other measured quantities are scaled accordingly: M• ∝ D,
L ∝ D2, and Mbulge ∝ D. Table 3 includes the updated values
for all quantities. The new galaxy distances and rescaled M• only
have a small effect on our fits to the black hole scaling relations.
For other galaxy distances, we assume H0 = 70 km s−1 Mpc−1,
as in McConnell et al. (2011a).

For the M•–σ relation, we also consider upper limits for M•
in 89 galaxies from B12, plus three new upper limits (Schulze
& Gebhardt 2011; Gültekin et al. 2011; McConnell et al. 2012).
Five additional galaxies in the B12 upper limit sample have
recently obtained secure measurements of M• and are included
in our 72-galaxy sample. As we discuss in Section 3, including
upper limits results in a lower normalization (intercept) for the
M•–σ relation but does not significantly alter the slope.

For the M•–σ relation, we consider two different definitions
of σ . Both definitions use spatially resolved measurements of
the line-of-sight velocity dispersion σ (r) and radial velocity
v(r), integrated out to one effective radius ( reff):

σ 2 ≡
∫ reff

rmin
[σ 2(r) + v2(r)]I (r)dr

∫ reff

rmin
I (r)dr

, (1)

where I (r) is the galaxy’s one-dimensional stellar surface
brightness profile. In G09 and most other studies, the lower
integration limit rmin is set to zero and sampled at the smallest
scale allowed by the data. This definition of σ , however,
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Figure 4. M–L relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams) and
gas dynamical (circles). Arrows indicate upper limits for BH mass. Squares are galaxies that we omitted from the fit. The color of the error ellipse indicates the Hubble
type of the host galaxy (elliptical (red) and S0 (green)) and the saturation of the color is inversely proportional to the area of the ellipse. The line is the best-fit relation
for the sample without upper limits: MBH = 108.95 M!(LV /1011 L!,V )1.11.

Figure 5. Histogram of residuals from best-fit M–L relation.

when using three-integral models. This, however, contrasts with
claims commonly made in other works: that strict resolution of
the sphere of influence is required for credible MBH determi-
nations and, more importantly, that MBH determinations made
from observations that do not resolve the sphere of influence
will be biased. Given the strong prevalence of this viewpoint,
and prompted by comments from the referee, we review its de-
velopment and application in the literature. We find, in fact, that
there is little or no support for the conclusion that MBH determi-
nation becomes increasingly biased with decreasing resolution.
It appears that the common but uncritical application of sphere-

of-influence-resolution as a way to cull MBH determinations
cannot be justified by careful reading of the very works often
cited in its support.

In their review article, Ferrarese & Ford (2005, page 539)
write, “All studies which have addressed the issue [of BH mass
determination and resolution level] . . . have concluded that re-
solving the sphere of influence is an important (although not
sufficient) factor: not resolving [Rinfl] can lead to systematic er-
rors on MBH or even spurious detections,” and cite the following:
Ferrarese & Merritt (2000); Merritt & Ferrarese (2001b, 2001a);
Graham et al. (2001); Ferrarese (2002); Marconi & Hunt (2003).
We consider each of these in turn.

Ferrarese & Merritt (2000) found that the ground-based MBH
measurements by Magorrian et al. (1998) were higher for fixed
velocity dispersion than the predictions of their empirical M–σ
relation and judged them to be therefore biased. The discrepancy
with their M–σ relation increased with increasing distance.
While discrepancy with the M–σ relation is not a justifiable
reason for excluding MBH measurements from the relation (the
argument is circular), the masses from Magorrian et al. (1998)
were, in fact, biased to high values by roughly a factor of 3.
The reason for the bias, however, is that they came from two-
integral, isotropic, axisymmetric models, not because they were
more poorly resolved (Merritt & Ferrarese 2001a; Gebhardt
et al. 2003b).

Merritt & Ferrarese (2001b) present similar arguments as
do Merritt & Ferrarese (2001a) who also go on to describe
the reason two-integral models yield masses that are biased
somewhat high. Merritt & Ferrarese (2001a) do mention that
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The importance of image quality
when deriving Lbul



Why NIR (K-band) ?

• better tracer of stellar Mass (M★/L)

than visual λ

• little dust extinction



NIR (K-band) ! 

Pending issues:

huge + variable background → subtraction?



NIR (K-band) !

example: background oversubtraction in 2MASS



Pending issues:

huge + variable background → subtraction?

depth 
resolution

decomposition

NIR (K-band) !
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Marconi & Hunt 2003
37 (28) galaxies

Disparate Results

b = 1.21±0.13
ε = 0.3

Sani+11
48 galaxies

Vika+12
25 (19) galaxies

b = 0.93±0.10
ε = 0.38±0.05

b = 0.88±0.06
ε = 0.52+0.10-0.06
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Solution:
CFHT WIRCam (and some careful reduction)

• seeing FWHM 0.8” (cf. 2MASS: 2” - 3” )
→ nuclei, inner disks

• WIRCam limit: μK,AB > 26 mag/arcsec2

                           ↔ μV,AB ≈ 28 mag/arcsec2

→ outer disks, Ellipticals’ “wings”

• Wide Field (20’ x 20’)

• Improved Dithering & Sky Modeling !!



Efforts pay off: 2MASS versus ...



200 400 600

... didicated WIRCam data and reduction.

(note: outer disk extends much farther than shown area)



Deriving Lbul :
Decomposition with GALFIT3



Decompositions: GALFIT

• first “standard model”: 
Sérsic Bulge (+ exponential Disk)

→ Lb,std & Lt,std

• then “improved model”: 
- Ellipticals: mask core
- other: Nucleus, Bar, Inner Disk, Spiral Arms, 
Envelope



example: NGC1300

displayed area: approx.  7’ x 4’ (39 x 22 kpc)



subtracted: disk

remaining: spiral, bar, bulge, inner disk and nucleus



subtracted: disk and spiral

remaining: bar, bulge, inner disk and nucleus



subtracted: disk, spiral and bar

remaining: bulge, inner disk and nucleus



subtracted: disk, spiral, bar and bulge

remaining: inner disk and nucleus



remaining: nucleus

subtracted: disk, spiral, bar, bulge and inner disk



... and all components added back in.



Bar Nucleus Spiral inner disk

“Standard” (Bulge + Disk)
vs

extra component(s) included



“Envelopes”: necessary but ambiguous

- single
Sersic

Data - (Bulge
+ Disk)

- (B+D
+ Envelope)
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→ Lb,min, Lb,max, Lsph & Lt,imp



Decompositions: GALFIT

• first “standard model”: 
Sérsic Bulge (+ exponential Disk)

→ Lb,std & Lt,std

• then “improved model”: 
- Ellipticals: mask core
- other: Nucleus, Bar, Inner Disk, Spiral Arms, 
Envelope

→ Lb,min, Lb,max, Lsph & Lt,imp

only bulge
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Decompositions: GALFIT

• first “standard model”: 
Sérsic Bulge (+ exponential Disk)

→ Lb,std & Lt,std

• then “improved model”: 
- Ellipticals: mask core
- other: Nucleus, Bar, Inner Disk, Spiral Arms, 
Envelope

→ Lb,min, Lb,max, Lsph & Lt,imp

+ nonparametric L24

only bulge

total - disk (- spiral) 

“spheroid” :  bulge (+ envelope)

total : sum of all components



Results: improved bulge parameters

Bulge Size - Lum
relation using simple
bulge(+disk) model

... and using
improved models

(detailed decomp.).

However, Size - Lum
of the total light
distribution is
even tighter.



Resulting Scaling Relations



Results: BH Scaling Relations

x-axis: spheroid 
Luminosity

x-axis: total 
Luminosity
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Results: BH Scaling Relations

x-axis: spheroid 
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x-axis: total 
Luminosity



Results

1. The log-slope of the M●-Mbul(Lbul) relation 
is significantly smaller than unity (0.7±0.1)

2. and it depends on modeling detail.



Results

1. The log-slope of the M●-Mbul(Lbul) relation 
is significantly smaller than unity (0.7±0.1)

2. and it depends on modeling detail.

3. The M●-Ltot relation is robustly 
characterized

4. and its intrinsic scatter is consistent with 
M●-Lbul .
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Discussion

1. Correlation does NOT improve when 
bulge parameters are securely 
determined !
→ M● - Lbul  not “fundamental”

2. M● - Ltot ought to be considered,
theoretically and as M● indicator

3. Log-slope << 1 for M● - Mbul

→ consequences for models (AGN 
feedback, gas accretion mode, mergers)

b=
1.1
3

(M
H0

3)



Pseudobulges ?

N1300 N1300

N2787 N2787

N3384 N3384

NGC 1300: n = 1.3 → 4.3
NGC 2787: n = 1.5 → 2.8
NGC 3384: n = 2.0 → 2.5



Pseudobulges ?

N3998 N4342

N3245

N7457

N3245

N3998
N4342

NGC 3245: n = 2.3 → 1.6
NGC 3998: n = 2.6 → 1.4
NGC 4342: n = 5.3 → 1.9
NGC 7457: n = 7.7 → 1.6

N7457



Fitting and Scatter Treatment

b=
1.0

5

inverse Relation !



1. shallow M● - Mbul (log-slope << 1)

2. bulge properties difficult to determine

3. use NIR M● - Ltot instead of M● - Lbul  

Summary M● - Mbul 

b=
1.1
3

(M
H0

3)



II.
M● and the IMF

from dynamics and population fitting



A nearby compact L*-galaxy: “b19” (Bernardi+08, Hyde+08)
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A nearby compact L*-galaxy: “b19” (Bernardi+08, Hyde+08)

15 kpc

b19

σ=360 km/s

• flattened (q=0.6)
• embedded disk
• Re = 1.9 kpc
• Li = 4.7 x 1010 L⊙

• steep profile?

• stellar M/L ?

• Übermassive Black Hole? 
(cf. NGC1277, vdBosch+12)

• Dark Matter?
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Dynamical Models: Schwarzschild Method

HE

SD

• high-res imaging: HST/ACS
• spectrum: SDSS + HET/LRS

orbit
superposition

• components:
Stars (Υ=M/L) + BH(M●) + DM (NFW)



Dynamical Models: Schwarzschild Method



Dynamical Models: Schwarzschild Method



Stelar Population Analysis:
Hybrid method

Constraining the IMF of Early-Type Galaxies 5

Figure 2. Median resolution of stacked spectra of ETGs, for
three bins of σ0, as labelled. The horizontal dotted line marks the
FWHM spectral resolution of the extended MILES (MIUSCAT)
models (Falcón-Barroso et al. 2011).

the present work. For instance, averaging over all stacks, the
equivalent width of Na8190SDSS would change by less than
1 σ (between the full stacks and those with z ! 0.06). This
proves that the EWs of CaT can be meaningfully compared
to those of spectral features at bluer wavelengths. Relevant
properties of each stack are summarized in Tab. 1, where
we report the σ0 range of all bins, the number of ETGs per
bin, and the median S/N ratio of stacked spectra, computed
within the central passband of five representative spectral
indices used in this work (Sec. 4). The stacked spectra fea-
ture a remarkably high S/N , larger than a few hundreds
throughout the whole spectral range. At σ0 ∼ 150 kms−1,
the S/N of the stacks peaks up to a maximum value of
∼ 1800 (∼ 800) for the IMF-sensitive TiO2 (Na8190SDSS)
spectral feature, at λ ∼ 6200 Å (8200 Å). In addition, in
Sec. 5, we probe the effect of variations in [α/Fe] on our
analysis by further splitting the sample according to [α/Fe],
at fixed σ0, we refer the reader to that section for details.

A major source of concern when studying NIR spectral
features (e.g. Na8190SDSS and CaT) is the possible sky con-
tamination of observed spectra, including telluric absorption
and emission lines from the night sky. We performed exten-
sive tests, all of them showing that sky contamination does
not affect at all our EW estimates. As an example, Fig. 1
(left panel) plots telluric lines ( from Hanuschik 2006, un-
published) and sky emission lines in the wavelength region of
7000 to 9200 Å. The red and blue shaded areas mark the ob-
served wavelength range of the Na8190 feature at the lower
(z ∼ 0.05; blue) and upper (z ∼ 0.095; red) redshift limit of
the SPIDER sample. At z ∼ 0.05, the Na8190 is observed
in a region almost unaffected by sky contamination, while
at z ∼ 0.095, the feature overlaps with a strong (H2O) tel-
luric band (at λ ∼ 9000 Å). The right panel of the same
Figure compares the stacked spectra with σ ∼ 100 km s−1

Figure 3. Examples of the unimodal (orange) and bimodal
(black) Initial Mass Functions used in this paper. Note the Γ = 1.3
unimodal case (orange solid line) matches the Salpeter (1955)
IMF (defined as a power law with index 1.35), whereas the bi-
modal case with Γ = 1.3 (black solid line) maps the Kroupa
Universal (2001) IMF (red dashed line), shifted by 0.1 dex in the
figure for illustration purposes.

and σ ∼ 300 kms−1 (black curves), to the case where (i)
only ETGs at z ! 0.065 are combined, with Na8190 being
virtually unaffected by sky contamination, and (ii) a more
“aggressive” stacking approach is adopted, where only flux
values more than 1Å away from any telluric line and sky
emission are combined. The resulting spectra (not used for
the present analysis but for sky contamination tests) show
an excellent agreement, with differences at the subpercent
level. To obtain a more quantitative estimate of how sky
contamination may affect our results, we split the sample
into low- and high-redshift bins, with 0.05 < z < 0.06
and 0.085 < z < 0.095, respectively. We have produced
stacked spectra corresponding to these two z intervals for
the lowest and highest velocity dispersion bins of our stacks,
100 ! σ0 ! 110 km s−1 and 280 ! σ0 ! 320 km s−1, re-
spectively. At highest σ0, the equivalent width 6 of the
Na8190SDSS index (see Sec. 4) is 0.51±0.03 Å (0.52±0.04 Å)
at lower (higher) redshift, while at lowest σ0, the correspond-
ing equivalent widths are 0.75±0.04 and 0.78±0.07 at lower
and higher redshift. Consistent with FLD13, we conclude
that sky contamination does not affect at all the Na8190SDSS

feature. The same result holds true for the other relevant fea-
tures. Regarding the CaT index, one may notice that part
of this feature always falls within the H2O telluric band, at
λ ∼ 9000 Å. To test the impact of this on the stacked spec-
tra, we split the CaT sample of ETGs into two redshift bins,

6 These equivalent widths are computed on the stacks at their
nominal resolution, i.e. no correction is applied to bring them to
the same σ0.

c© 2013 RAS, MNRAS 000, 1–34

Ferreras et al. 2013 



Stelar Population Analysis:
Hybrid method

Constraining the IMF of Early-Type Galaxies 5

Figure 2. Median resolution of stacked spectra of ETGs, for
three bins of σ0, as labelled. The horizontal dotted line marks the
FWHM spectral resolution of the extended MILES (MIUSCAT)
models (Falcón-Barroso et al. 2011).

the present work. For instance, averaging over all stacks, the
equivalent width of Na8190SDSS would change by less than
1 σ (between the full stacks and those with z ! 0.06). This
proves that the EWs of CaT can be meaningfully compared
to those of spectral features at bluer wavelengths. Relevant
properties of each stack are summarized in Tab. 1, where
we report the σ0 range of all bins, the number of ETGs per
bin, and the median S/N ratio of stacked spectra, computed
within the central passband of five representative spectral
indices used in this work (Sec. 4). The stacked spectra fea-
ture a remarkably high S/N , larger than a few hundreds
throughout the whole spectral range. At σ0 ∼ 150 kms−1,
the S/N of the stacks peaks up to a maximum value of
∼ 1800 (∼ 800) for the IMF-sensitive TiO2 (Na8190SDSS)
spectral feature, at λ ∼ 6200 Å (8200 Å). In addition, in
Sec. 5, we probe the effect of variations in [α/Fe] on our
analysis by further splitting the sample according to [α/Fe],
at fixed σ0, we refer the reader to that section for details.

A major source of concern when studying NIR spectral
features (e.g. Na8190SDSS and CaT) is the possible sky con-
tamination of observed spectra, including telluric absorption
and emission lines from the night sky. We performed exten-
sive tests, all of them showing that sky contamination does
not affect at all our EW estimates. As an example, Fig. 1
(left panel) plots telluric lines ( from Hanuschik 2006, un-
published) and sky emission lines in the wavelength region of
7000 to 9200 Å. The red and blue shaded areas mark the ob-
served wavelength range of the Na8190 feature at the lower
(z ∼ 0.05; blue) and upper (z ∼ 0.095; red) redshift limit of
the SPIDER sample. At z ∼ 0.05, the Na8190 is observed
in a region almost unaffected by sky contamination, while
at z ∼ 0.095, the feature overlaps with a strong (H2O) tel-
luric band (at λ ∼ 9000 Å). The right panel of the same
Figure compares the stacked spectra with σ ∼ 100 km s−1

Figure 3. Examples of the unimodal (orange) and bimodal
(black) Initial Mass Functions used in this paper. Note the Γ = 1.3
unimodal case (orange solid line) matches the Salpeter (1955)
IMF (defined as a power law with index 1.35), whereas the bi-
modal case with Γ = 1.3 (black solid line) maps the Kroupa
Universal (2001) IMF (red dashed line), shifted by 0.1 dex in the
figure for illustration purposes.

and σ ∼ 300 kms−1 (black curves), to the case where (i)
only ETGs at z ! 0.065 are combined, with Na8190 being
virtually unaffected by sky contamination, and (ii) a more
“aggressive” stacking approach is adopted, where only flux
values more than 1Å away from any telluric line and sky
emission are combined. The resulting spectra (not used for
the present analysis but for sky contamination tests) show
an excellent agreement, with differences at the subpercent
level. To obtain a more quantitative estimate of how sky
contamination may affect our results, we split the sample
into low- and high-redshift bins, with 0.05 < z < 0.06
and 0.085 < z < 0.095, respectively. We have produced
stacked spectra corresponding to these two z intervals for
the lowest and highest velocity dispersion bins of our stacks,
100 ! σ0 ! 110 km s−1 and 280 ! σ0 ! 320 km s−1, re-
spectively. At highest σ0, the equivalent width 6 of the
Na8190SDSS index (see Sec. 4) is 0.51±0.03 Å (0.52±0.04 Å)
at lower (higher) redshift, while at lowest σ0, the correspond-
ing equivalent widths are 0.75±0.04 and 0.78±0.07 at lower
and higher redshift. Consistent with FLD13, we conclude
that sky contamination does not affect at all the Na8190SDSS

feature. The same result holds true for the other relevant fea-
tures. Regarding the CaT index, one may notice that part
of this feature always falls within the H2O telluric band, at
λ ∼ 9000 Å. To test the impact of this on the stacked spec-
tra, we split the CaT sample of ETGs into two redshift bins,

6 These equivalent widths are computed on the stacks at their
nominal resolution, i.e. no correction is applied to bring them to
the same σ0.
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Figure 1. Trend of the three absorption features targeted in this Letter
(TiO1, TiO2 and Na8190) with respect to central velocity dispersion, for
stacked SDSS spectra of ETGs from the SPIDER sample. The SEDs have
been smoothed to a common velocity dispersion of 300 km s−1 with the
spectral resolution of SDSS, and continuum subtracted with a second-order
polynomial. We only show, for clarity, three out of the 18 stacks, spanning
the full range of velocity dispersion. The shaded regions mark the positions
of the red and blue sidebands, and the central bandpass.

the spectral region around the line, more flux would be expected
to contribute from the red side of the line, therefore shifting the
position of the centroid redwards. This shifting reveals that it is the
absorption of Na at 8190 Å – and not other contaminating lines in
the vicinity – that changes with respect to the velocity dispersion of
the ETG. The two most obvious interpretations of this effect involve
either an overabundance of [Na/Fe] (Worthey 1998) or a change in
the IMF (Van Dokkum & Conroy 2010). In a forthcoming paper
(La Barbera et al., in preparation) we explore in detail the effect of
individual overabundances. However, in this Letter, we combine the
three line strengths – which rely on different species – to confirm
the trend towards a bottom-heavy IMF in massive galaxies.

Fig. 2 shows the line strengths of the stacked SEDs, for the three
IMF-sensitive indices. The strengths are corrected to a common
broadening of σ ref = 300 km s−1 (in addition to the wavelength-
dependent SDSS resolution). A strong correlation of these line
strengths with velocity dispersion is evident. We checked that the
fixed aperture of the fibres used by SDSS to retrieve spectra did
not introduce a bias with respect to size, by comparing the change
in line strengths with respect to the angular extent of the effec-
tive radius. The variation of the indices, at fixed σ , is around an
order of magnitude smaller than the trend shown in Fig. 2. The
shaded regions on the right of the figure motivate the methodology
followed in this Letter. Each one gives the model predictions for
a choice of unimodal IMF slope (labelled), over a range of sim-
ple stellar population (SSP) ages and metallicities. The values of
all three indices at high-velocity dispersion can only be reconciled
with a bottom-heavy IMF. Our methodology – explained below –
consists of removing the degeneracies from age and metallicity by

Figure 2. Trend of the equivalent widths of TiO1, TiO2 and Na8190, with
respect to velocity dispersion. All measurements are performed on data
convolved to a common velocity dispersion of 300 km s−1 with the spectral
response of SDSS. The error bars give the statistical error from the stacks, at
the 3σ level. The shaded regions on the right correspond to model predictions
for three choices of IMF unimodal slope, as labelled, spanning a range of
ages from 5 to 10 Gyr and metallicity from log Z/Z" = −0.4 to +0.2.

combining line strength information with spectral fitting over the
optical range.

4 C O N S T R A I N I N G T H E IM F

We make use of MIUSCAT (Ricciardelli et al. 2012; Vazdekis et al.
2012), the spectrally extended version of the stellar population syn-
thesis models MILES (Vazdekis et al. 2010), in order to map the
systematic trend of the TiO1, TiO2 and Na8190 line strengths with
respect to IMF slope. These models combine state-of-the art stellar
libraries in the optical and NIR windows, creating a set of spec-
tra with a uniform resolution of 2.51 Å throughout the wavelength
range 3465–9469 Å. Our data are compared with grids of SSPs, as-
suming either a unimodal or a bimodal IMF (as defined in Vazdekis
et al. 1996), over a stellar mass range 0.1–100 M". For the uni-
modal case, we adopt the logarithmic slope " = x − 1, where
dN/dm ∝ m−x is the IMF, such that the Salpeter (1955) IMF cor-
responds to " = 1.35. A bimodal IMF replaces the M < 0.6 M"
interval by a flat portion and a spline to match the power law at
the high-mass end. It gives a closer representation of Kroupa-like
IMFs for " = 1.3 (see e.g. fig. 1 of Vazdekis et al. 2003). We use
MIUSCAT SSPs spanning a wide range of ages (1–13 Gyr) and
metallicities (−1.0 ≤ log Z/Z" ≤ +0.22), for different values of
" = {0.3, 0.8, 1.0, 1.3, 1.5, 1.8, 2.0, 2.3, 2.8, 3.3}. In order to obtain
an accurate estimate of σ for each stack, we perform spectral fitting
with the software STARLIGHT (Cid Fernandes et al. 2005), in the range
of 3800–8400 Å. STARLIGHT can be used to extract full star formation
histories (see e.g. de la Rosa et al. 2012), but we are only interested
here in assessing the robustness of the measured σ with respect to
the basis SSPs. We find no significant trend when choosing template
SSPs with different IMFs, with a variation #σ !1 km s−1. Further-
more, for each stack, the σ determined by STARLIGHT is consistent,
within ∼10 per cent, with the median σ of the stacked spectra from
SDSS.
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- connection to z ∼ 1...3 galaxies
  (e.g. vDokkum+08, vdWel+08,11) ?
- size growth (e.g. Trujillo+11) inside-out by dry 
minor merging (e.g. Hilz, Naab, Ostriker 2013)

- IMF reflects ISM conditions (high α/Fe 
and Z → fast formation ?)
- HETMGS, NGC1277 et al., 
- Letter accepted, FORS2 data arrived

Discussion & Outlook



III. Ongoing & future work
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Jenny Greene, Anil Seth, Glenn van de Ven et al.
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... & more:

hi-res data for “b19”
resolved Mstar maps for BH hosts

Bayesian and extended correlation fits
....



Take-home:

I. M● - Lbul may not be “fundamental”

II. still a lot t.b.d. on M●  & BH scaling relations

III. IMF is likely variable & important
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Thanks for Watching !


