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OUTLINE

What is the Black hole-Bulge mass correlation

Observations

Possible Theoretical Explanations
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BH - BULGE MASS CORRELATION

Magorrian Relation

Figure 5(a) and (b). The correlations between stellar mass-to-light ratio Υ and bulge luminosity L (left panel) and between
MDO mass M• and Mbulge (right panel) produced by our models. The error bars give 68% confidence intervals. The solid lines
plot Υfit and M•,fit as described in the text (equations (9) and (10)).

Figure 5(c). The correlation of the residuals in the Υ-versus-L and M•-versus-Mbulge fits.

22

Plot from Magorrian et al. 1998
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MOTIVATION

BH has affects in galaxy formation much farther than is 
expected from its gravitation alone

The radius of influence      can be defined as follows:

For Milky Way:
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OBSERVATIONS: USING

 

 

Tuesday, December 8, 2009



REVERBERATION MAPPING586 Peterson: Reverberation Mapping
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Fig. 2. The MBH–σ∗ relationship for quiescent and active galaxies. Filled circles represent masses deter-
mined by reverberation mapping, including NGC 4395 in the lower-left corner of the diagram; open circles
are mass measurements by other techniques, as compiled by Tremaine et al. (2002). The solid line is the best
fit to the non-reverberation measurements. The upper limit on the bulge velocity dispersion for NGC 4395,
σ∗ ≤ 30 km s−1, is from Filippenko & Ho (2003). Adapted from Peterson et al. (2005).

tionship for both quiescent and active galaxies,
with the upper limit of NGC 4395 indicated.

On the other hand, NGC 4395 allows us,
for the first time, to say something meaning-
ful about the R–L relationship for a line other
than the Balmer lines, specifically C IV λ1549
emission line. The few other available lag mea-
surements for the C IV are for AGNs of nearly
the same luminosity so the slope of the R–L
relationship was poorly constrained. As shown
in Fig. 3, the slope of the C IV R–L relationship
is consistent with that of the Balmer-line R–L
relationship2.

2 This conclusion is stated only in an erratum to
the original paper, currently in press, but available
as astro-ph/0506665.

6.2. Ground-Based Optical Monitoring

Programs

We are currently carrying out new rever-
beration-mapping monitoring programs at the
MDM Observatory on Kitt Peak. Most of the
targets in this program are apparently bright,
well-known Seyfert galaxies for which some
reverberation data already exist. The primary
goal of this program is to obtain, as described
above, at least one reliable velocity–delay for
the Hβ region of at least one AGN. While an
unambiguous specification of the BLR dynam-
ics is unlikely on the basis of a single low-
ionization line, it is nevertheless a critical step
that must be taken before a broader attack is
warranted. Successful recovery of a velocity-

Peterson 2006
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BLACK HOLE MASS OBSERVATIONS

At low z: Use Reverberation mapping

At higher z: BH mass from        width or Continuum 
velocity widths

Can measure line widths for bulge mass estimates using the 
width of eg.             for sigma
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VELOCITY DISPERSION 
UNCERTAINTIES

Shen et al. 2008
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VELOCITY DISPERSION 
UNCERTAINTIES

            not a perfect 
surrogate for sigma (Up to 
a factor         uncertainty)

Shen et al. 2008
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VELOCITY DISPERSION 
UNCERTAINTIES

            not a perfect 
surrogate for sigma (Up to 
a factor         uncertainty)

Shen et al. 2008

uncertainties
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VELOCITY DISPERSION 
UNCERTAINTIES

            not a perfect 
surrogate for sigma (Up to 
a factor         uncertainty)

– 47 –

Fig. 15.— The distribution of the BH masses with the estimated Eddington ratio Lbol/LEdd.

The apparent anti-correlation is due to parameter interdependencies, and sample selection
effects (see § 3.5). The right top horizontal line shows the typical uncertainty of the estimated

Eddington ratio Lbol/LEdd, due to the 25% standard deviation in the bolometric correction
(Richards et al. 2006) and the BH mass estimation error. The right top vertical line shows

the statistical BH masses uncertainties.

Shen et al. 2008

uncertainties

Inversely correlated 
to Eddington ratio?
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VELOCITY DISPERSION 
UNCERTAINTIES

            not a perfect 
surrogate for sigma (Up to 
a factor         uncertainty)

– 47 –

Fig. 15.— The distribution of the BH masses with the estimated Eddington ratio Lbol/LEdd.

The apparent anti-correlation is due to parameter interdependencies, and sample selection
effects (see § 3.5). The right top horizontal line shows the typical uncertainty of the estimated

Eddington ratio Lbol/LEdd, due to the 25% standard deviation in the bolometric correction
(Richards et al. 2006) and the BH mass estimation error. The right top vertical line shows

the statistical BH masses uncertainties.

Shen et al. 2008

Uncertainties in      and           propagate to be the 
uncertainties in the inferred mass and therefore the 

Magorrian Relation. 

uncertainties

Inversely correlated 
to Eddington ratio?
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MODERN RESULTS

Salviander et al. 2007

for [O ii], given the overall agreement between !½O iii" and !½O ii". It
is possible that the lack of correlation is due to the limited dy-
namic range of [O ii] width and luminosity in our sample. When
we limited the [O iii] sample to a comparably sized width and
luminosity range, we found that the correlation between [O iii] and
luminosity disappeared.

4.4. The MBH-!# Relationship

Figure 6 shows results for theMBH-!# relationship using both
the [O iii] and [O ii] emission line widths (the HO3 andMO2 sam-
ples, respectively) as surrogates for!#, excludingRLQs. The solid
line is not a fit to the data, but rather represents the fit given by
equation (1) (the ‘‘MBH-!# correlation’’). Our results for z < 0:5
(see x 5) are consistent with previous findings (Nelson 2000; S03;
Boroson 2003; Grupe &Mathur 2004), with the data points tend-
ing to scatter evenly about theMBH-!# correlation. Because of the
large scatter, mostly attributable to the scatter in !½O iii" as a sur-
rogate for !#, there would be little meaning in fitting a line to the
data (see discussion in Boroson 2003).Moremeaningful is the dis-
persion with respect to the local MBH-!# relationship shown in
Figure 6. This is 0.61 dex for theHO3 sample (comparablewith the
findings of S03) and 0.67 dex for the MO2 sample. Bonning et al.
(2005) find a dispersion of 0.13 dex using !½O iii" as a surrogate for
!# inferred from host luminosity. Given the !4

# dependence in
equation (1), the scatter in the !½O iii"-!# relationship, together with
the smaller scatter of 0.3 dex in theMBH-!# relationship for gal-
axies (Tremaine et al. 2002), accounts for the scatter in! logMBH

of 0.61 dex that we find here.

We follow S03 in comparingMBH (from eq. [2]) toM!, defined
as the ‘‘[O iii] mass’’ or ‘‘[O ii] mass’’ calculated with equation (1)
using !½O iii" or !½O ii" in place of !#. The mean !logMBH $
logMBH % logM! in theHO3sample is +0.30 and+0.13 forRLQs
and RQQs, respectively. The results of Bonning et al. (2005) indi-
cate that this RL-RQ offset could result from narrower [O iii] widths
for RLQs that underestimate !# (see also S03).We find the opposite
difference between ! logMBH for RLQs and RQQs in the MO2
sample, such that the mean ! logMBH is +0.16 for RLQs and
+0.45 for RQQs. This may be an indication that [O ii] is not af-
fected by radio loudness in the sameway as [O iii]. In fact, the dif-
ference in widths of [O iii] and [O ii] is greater for RLQs than for
RQQs, with [O ii] tending to be broader than [O iii] by 0.04 dex for
RLQs.

5. REDSHIFT DEPENDENCE

Does the MBH-!# relationship evolve with look-back time?
We test this by seeing how closely our black hole masses agree
with the local MBH-!# correlation as a function of redshift (see
S03). Figure 7 shows the results for! logMBH as a function of red-
shift for both samples (RQQs only). Also shown in Figure 7 is
! logMBH averaged over redshift bins of!z ¼ 0:1 for each sam-
ple. Table 1 shows various quantities averaged over these redshift
bins. Themean! logMBH is +0.13 for the HO3 sample, which in-
dicates that the black hole mass implied by !½O iii" and equation (1)
on average is less than the measuredMBH by 0.13 dex. Note that
this heavily weights the abundant low-redshift QSOs. We do not
assign great significance to this overall offset, whichmay bewithin
the uncertainties in the calibration of the formula forMBH and of
the use of !½O iii" for !#. Themean! logMBH for theMO2 sample
is +0.41 dex.

Figure 7 shows an upward trend in ! logMBH, amounting
to an increase of roughly 0.45 dex from low redshift to z ' 1.

Fig. 6.—MBH-!# relationship for our combined sample (excluding radio-loud
QSOs). Small open and filled circles denote HO3 andMO2, respectively. For the
HO3 sample,MBH is derived from the FWHMof H" and the continuum luminosity
at 5100 8; the velocity dispersion, !NL, is inferred from the FWHM of [O iii]. For
the MO2 sample, FWHMs of Mg ii and [O ii] are used in place of FWHMs of H"
and [O iii]. The continuum luminosity at 40008 is scaled to 51008 by assuming a
power-law function, F# / #%0:44. The solid line represents theMBH-!# correlation
for nearby galaxies (eq. [1]; Tremaine et al. 2002) and is not a fit to the data. Large
circles and triangles represent meanMBH and !NL for HO3 andMO2, respectively,
in redshift bins!z ¼ 0:1. Error bars show the standard error of themean.HO3 sam-
ple error bars are smaller than the data points. Note that the bins increase mono-
tonically in MBH with redshift for HO3 (see Table 1).

Fig. 7.—Redshift dependence of !logMBH, where !logMBH ¼ logMBH%
logM! (excluding radio-loud QSOs). Small open and filled circles denote the HO3
andMO2 samples, respectively. Large circles and triangles show themean!logMBH

in redshift bins!z ¼ 0:1 for the HO3 andMO2 samples, respectively. Error bars
show the standard error of the mean. HO3 sample error bars are smaller than the data
points.
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MODERN RESULTS

Shen et al. 2008

– 56 –

Fig. 24.— Black hole mass vs. stellar velocity dispersion for several different data sets,

covering a larger dynamic range than Fig. 23. The filled circles are the data from this paper.
The asterisks are the data from Onken et al. (2004) and Nelson et al. (2004), who used
reverberation mapping measurements. The open squares are the data from Greene & Ho

(2006a), and the open triangles are the data from Peterson et al. (2005) and Barth et al.
(2004) for NGC 4395 and POX 52 respectively. The encircled objects are NLS1s. All the

literature data values and their uncertainties are available in the table from Greene & Ho
(2006a). The solid line is the best-fit relation for all of the data (this paper and the literature

data combined). For comparison, the dashed line shows the best-fit relation for inactive
galaxies, as found by Tremaine et al. (2002). Typical uncertainties in the measurements of
BH mass and velocity dispersion for individual objects are shown in the bottom right corner.
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EVOLUTION OF M-SIGMA RELATION

for [O ii], given the overall agreement between!½O iii" and!½O ii". It
is possible that the lack of correlation is due to the limited dy-
namic range of [Oii] width and luminosity in our sample. When
we limited the [Oiii] sample to a comparably sized width and
luminosity range, we found that the correlation between [Oiii] and
luminosity disappeared.

4.4.The MBH-!# Relationship

Figure 6 shows results for theMBH-!# relationship using both
the [Oiii] and [Oii] emission line widths (the HO3 and MO2 sam-
ples, respectively) as surrogates for!#, excluding RLQs. The solid
line is not a Þt to the data, but rather represents the Þt given by
equation (1) (the ÔÔMBH-!# correlationÕÕ). Our results forz < 0:5
(seex 5) are consistent with previous Þndings (Nelson 2000; S03;
Boroson 2003; Grupe & Mathur 2004), with the data points tend-
ing to scatter evenly about theMBH-!# correlation. Because of the
large scatter, mostly attributable to the scatter in!½O iii" as a sur-
rogate for!#, there would be little meaning in Þtting a line to the
data (see discussion in Boroson 2003). More meaningful is the dis-
persion with respect to the localMBH-!# relationship shown in
Figure 6. This is 0.61 dex for the HO3 sample (comparable with the
Þndings of S03) and 0.67 dex for the MO2 sample. Bonning et al.
(2005) Þnd a dispersion of 0.13 dex using!½O iii" as a surrogate for
!# inferred from host luminosity. Given the!4

# dependence in
equation (1), the scatter in the!½O iii"-!# relationship, together with
the smaller scatter of 0.3 dex in theMBH-!# relationship for gal-
axies (Tremaine et al. 2002), accounts for the scatter in! logMBH
of 0.61 dex that we Þnd here.

We follow S03 in comparingMBH (from eq. [2]) toM!, deÞned
as the ÔÔ[Oiii] massÕÕ or ÔÔ[Oii] massÕÕ calculated with equation (1)
using!½O iii" or !½O ii" in place of!#. The mean!logMBH $
logMBH % logM! in theHO3sample is +0.30 and +0.13 for RLQs
and RQQs, respectively. The results of Bonning et al. (2005) indi-
cate that this RL-RQ offset could result from narrower [Oiii] widths
for RLQs that underestimate!# (see also S03). We Þnd the opposite
difference between! logMBH for RLQs and RQQs in the MO2
sample, such that the mean! logMBH is +0.16 for RLQs and
+0.45 for RQQs. This may be an indication that [Oii] is not af-
fected by radio loudness in the same way as [Oiii]. In fact, the dif-
ference in widths of [Oiii] and [Oii] is greater for RLQs than for
RQQs, with [Oii] tending to be broader than [Oiii] by 0.04 dex for
RLQs.

5. REDSHIFT DEPENDENCE

Does theMBH-!# relationship evolve with look-back time?
We test this by seeing how closely our black hole masses agree
with the localMBH-!# correlation as a function of redshift (see
S03). Figure 7 shows the results for! logMBH as a function of red-
shift for both samples (RQQs only). Also shown in Figure 7 is
! logMBH averaged over redshift bins of!z ¼ 0:1 for each sam-
ple. Table 1 shows various quantities averaged over these redshift
bins. The mean! logMBH is +0.13 for the HO3 sample, which in-
dicates that the black hole mass implied by!½O iii" and equation (1)
on average is less than the measuredMBH by 0.13 dex. Note that
this heavily weights the abundant low-redshift QSOs. We do not
assign great signiÞcance to this overall offset, which may be within
the uncertainties in the calibration of the formula forMBH and of
the use of!½O iii" for!#. The mean! logMBH for the MO2 sample
is +0.41 dex.

Figure 7 shows an upward trend in! logMBH, amounting
to an increase of roughly 0.45 dex from low redshift toz ' 1.

Fig. 6.Ñ MBH-!# relationship for our combined sample (excluding radio-loud
QSOs). Small open and Þlled circles denote HO3 and MO2, respectively. For the
HO3 sample,MBH is derived from the FWHM of H" and the continuum luminosity
at 51008; the velocity dispersion,!NL, is inferred from the FWHM of [Oiii]. For
the MO2 sample, FWHMs of Mgii and [Oii] are used in place of FWHMs of H"
and [Oiii]. The continuum luminosity at 40008 is scaled to 51008 by assuming a
power-law function,F# / #%0:44. The solid line represents theMBH-!# correlation
for nearby galaxies (eq. [1]; Tremaine et al. 2002) and is not a Þt to the data. Large
circles and triangles represent meanMBH and!NL for HO3 and MO2, respectively,
in redshift bins!z ¼ 0:1. Error bars show the standard error of the mean. HO3 sam-
ple error bars are smaller than the data points. Note that the bins increase mono-
tonically inMBH with redshift for HO3 (see Table 1).

Fig. 7.ÑRedshift dependence of!logMBH, where!logMBH ¼ logMBH%
logM! (excluding radio-loud QSOs). Small open and Þlled circles denote the HO3
and MO2 samples, respectively. Large circles and triangles show the mean!logMBH
in redshift bins!z ¼ 0:1 for the HO3 and MO2 samples, respectively. Error bars
show the standard error of the mean. HO3 sample error bars are smaller than the data
points.
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FEEDBACK MODELS

Self-regulated BH Growth

Eddington Limited rapid BH growth

Bulge and BH grow in tandem

Begelman and Nath (2005)
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ACCRETION MODELS

Supercritical accretion rates create an outflow that forms a 
shell from a shock

As the BH accretes mass the velocity of the shell increases 
to reach sigma forming the                relation

Therefore, the                relation only holds at the end of the 
formation of a galaxy

King (2003)
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COMBINATION MODELS
Star Formation Feedback (SNe and Radiation pressure) 

where !3 ¼ !/10"3. Substituting equation (7) into equation (8) and
using equation (12), we obtain the threshold SFR in the central
starburst region as

Ṁ? ¼
"4

1:1G#m!c
# 1000"4

200#
"1
m !"1

3 M$ yr"1 ð13Þ

and the star formation timescale as

t? ¼
tdyn
$

¼ #m!c

%!G

# 1:0 ; 108#m!3M"0:07
v;12 &"1

c (z) yr: ð14Þ

It is interesting to note that the SFE and the SFR are closely
related to the velocity dispersion. The larger the velocity disper-
sion is, the higher the SFR and SFE are. The result implies that
there is a higher fraction of gas converted into stars in more mas-
sive galaxies (e.g., giant elliptical ), and the high-redshift SMG
observations show that this may be just the case (Alexander et al.
2005).

4. THE INWARD STAR-FORMING FEEDBACK
AND THE OBSCURED BLACK HOLE GROWTH

Because the star formation is unlikely to proceed efficiently at
very small scales (e.g., galactic nuclei), the starburst region can-
not be regarded as a point source compared with the central BH,
and the momentum feedback from starbursts should transport in
two directions: outward to resist the gravity and inward to drive

some part of the gas to feed the BH. If the initial BH mass is not
very large ('106 M$), the inflow gas is sufficient for the BH to
accrete at the Eddington accretion rate for a long time. Initially,
the feedback exerted on the surrounding gas of the BH cannot
balance the inward feedback from the starburst region; theBHwill
hide in a gas shell (see Fig. 1 for a cartoon view) and be optically
thick to optical and UV radiation. Hence, the main growth phase
of the BH should be obscured (so-called prequasar phase), which
is consistent with SMG observations (Alexander et al. 2005).

The feedback from the BH will be stronger as the BH grows
bigger. Because of the obscured growth environment and the pos-
sible high accretion rate, the momentum flux may be transported
outward via a Compton-thick wind launched from the BH’s ac-
cretion disk. If we assume that the covering factor of the wind is
large enough, the net momentum flux rate deposited in the wind
driven by the radiation pressure from BH can be expressed as
(King & Pounds 2003)

Ṗwind ¼ Ṁoutvout ¼
2LEdd
c

¼ 8%GMBH

'
; ð15Þ

where Ṁout is the outflow rate and vout is the outflow velocity. Once
the balance between the inward starburst feedback and outward
BH feedback is achieved, we have

Ṗwind ¼ #m!Ṁ?c; ð16Þ

then the BH’s feedback is large enough to halt the further gas
supply, so we can say that a BH will end its main growth phase
after equation (16) is satisfied. Based on the argument in x 2, the

Fig. 1.—Obscured growth of the central BH at the early growth stage. The shaded part is the starburst region, which generates momentum feedback in two directions
if there is enough dust. The outward feedback resists the gravity, while the inward one regulates the growth of the BH. Because the mass of the BH is small at early
stages, the feedback from the BH cannot balance the inward feedback from the starburst. The push of the inward starburst feedback combines with the remaining angular
momentum to force the gas to form the above shape. The BH will hide in the thick gas shell and cannot be seen in the optical band. [See the electronic edition of the
Journal for a color version of this figure.]

GALAXY BULGE FORMATION 201No. 1, 2007

Xu et al. 2007
Tuesday, December 8, 2009



MODEL PREDICTIONS

Feedback models predict that there should be no 
dependence on redshift and insensitive to dark matter halo  
(Begelman and Nath 2005)

There could be redshift dependence in Accretion models 
(King 2003)

There is predicted redshift dependence from the 
combination model and is dependent on an NFW dark 
matter profile (Xu et al 2007). 
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CONCLUSIONS
There is a tight correlation between the Mass of the Central Black 
Hole and the Stellar Velocity Dispersion

From the Virial Theorem we can use       as a tracer of mass

 We find a tight correlation between the Mass of the Central Black 
Hole and the Mass of the Bulge: The Magorrian Relation

This phenomenon is not well understood theoretically

There are two main types of physical interpretations

Accretion models 

Feedback models
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