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Introduction: Black Holes are Everywhere!

Types of Black Holes
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✦ Supermassive BHs reside in essentially every 
massive galaxy.

✦ The strongest evidence we have for a BH 
comes from the Milky Way (e.g., Genzel et al. 2010, 
Boehle et al. 2016). 

✦ Beyond the Milky Way, BHs have been 
dynamically detected in ~100 galaxies (e.g., 
Saglia et al. 2016).

(This image 
was created 

by Prof. 
Andrea 

Ghez and 
her 

research 
team at 

UCLA and 
are from 
data sets 
obtained 

with the W. 
M. Keck 

Telescopes.)



Dynamical Searches for Black Holes

✦ Precise MBH measurements require 
high angular resolution observations.

✦ Observations need to probe region 
over which the BH potential 
dominates — the BH sphere of 
influence (rsphere).

✦ Typical values for rsphere are small, so 
we are limited to studying nearby 
(~100 Mpc) objects.

✦ HST has played a fundamental role in detecting 
BHs over the past two decades.

✦ Significant progress has recently been made 
using large ground-based telescopes + AO (e.g., 
Mazzalay et al. 2016, Erwin et al. 2018, Krajnović et al. 2018).

✦ ALMA also provides superb sensitivity and 
angular resolution high enough to directly 
detect molecular gas within rsphere (e.g., Barth et al. 
2016, Onishi et al. 2017, Davis et al. 2017).

(HST)

(ALMA)

(Gemini North)

(credit: ESA/Hubble)

(credit: Stephane Guisard/ESO)

(credit: Gemini Observatory/AURA)



The Current Black Hole Relations
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✦ The correlations suggest that BHs and galaxies grow in tandem, but we still do not 
have a good understanding of the exact role that BHs play in galaxy evolution. We need 
more robust MBH measurements that:

✦ better sample the extremes of the BH mass scale
✦ probe a wider range of galaxy types with diverse evolutionary histories
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Figure 16
Correlation of dynamically measured BH massM• with (left) K-band absolute magnitudeMK,bulge

and luminosity LK,bulge and (right) velocity dispersion σe for (red) classical bulges and (black)
elliptical galaxies. The lines are symmetric least-squares fits to all the points except the monsters
(points in light colors), NGC 3842, and NGC 4889. Figure 17 shows this fit with 1-σ error bars.

6.6 The M• – Lbulge, M• –Mbulge, and M• – σe correlations for
classical bulges and elliptical galaxies

Figure 16 shows the updated correlations of M• with bulge luminosity and velocity dispersion.
Recent advances allow us to derive more robust correlations and to better understand the
systematic effects in their scatter. First, we distinguish classical bulges that are structurally
like ellipticals from pseudobulges that are structurally more disk-like than classical bulges. There
is now a strong case that classical bulges are made in major mergers, like ellipticals, whereas
pseudobulges are grown secularly by the internal evolution of galaxy disks. We show in Section 6.8
that pseudobulges do not satisfy the same tight M•–host-galaxy correlations as classical bulges and
ellipticals. Therefore we omit them here. Second, we now have bulge and pseudobulge data for all
BH galaxies (Kormendy & Bender 2013b). Third (Section 3), we have more accurate BH masses,
partly because of improvements in data (ground-based AO and integral-field spectroscopy), partly
because of improvements in modeling (e. g., three-integral models that include dark matter), and
partly because we are now confident that emission-line rotation curves underestimate M• unless
broad line widths are taken into account (Section 6.3). We omit these masses. Fourth, we have
reasons to omit BH monsters, mergers in progress, and (Section 6.7) the two largest BHs known
in ellipticals. Finally, the sample of galaxies with dynamical BH detections is larger and broader
in Hubble types. These developments lead to a significant recalibration of the ratio of BH mass to
the mass of the host bulge and, as we have already begun to see, to qualitatively new conclusions.
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HET Massive Galaxy Survey

✦ Obtained optical spectra with HET/
LRS.

✦ Observed 1022 galaxies over the 
course of 9 trimesters.

✦ Measured stellar velocity dispersions 
of nearby, massive galaxies.

(van den Bosch et al. 2015)

(Hobby-Eberly Telescope)

✦ The survey allows us to make best use 
of high-angular resolution facilities.

(credit: Marty Harris/McDonald Observatory)



Compact, High-dispersion Galaxies

✦ The HET survey uncovered early-type 
galaxies that have small sizes and luminosities 
for their large stellar velocity dispersions:

‣ re ~ 1-3 kpc
‣ LK ~ 5x1010 L⊙ - 2.5x1011 L⊙

‣ σc > 250 km s-1

✦ Objects are interesting because they:

‣ could host some of the most massive BHs 
known

‣ are different from the massive elliptical 
galaxies expected to host the largest BHs 
(e.g., McConnell et al. 2011, 2012, Thomas et al. 2016)

‣ appear similar to z~2 galaxies (“red 
nuggets”) (e.g., Ferré-Mateu et al. 2015, 2017, Yildirim 
et al 2017, Beasley et al. 2018)

NGC 1277

NGC 1275

(SDSS)



Compact, High-dispersion Galaxies: Observations

✦ Acquired HST near-infrared images and large-scale IFU data from PPAK at Calar Alto 
Observatory (Yildirim et al. 2017).

✦ Obtained IFU data assisted by LGS AO from Gemini/NIFS (Walsh et al. 2015, 2016, 2017) 
and Keck/OSIRIS for 6 galaxies.
‣ probes the central ~1” (~330-530 pc) region with a PSF ~0.15”
‣ with the AO system, rsphere is resolved if galaxies follow M-σ

✦ From IFU data, we measured the velocity 
distribution of stars (V, σ, h3, h4) as a function of 
spatial location.

N1277
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FIG. 2.— Results of stellar-dynamical models fit to the NIFS kinematics. The χ2 is shown with black hole mass (left panel) and V -band mass-to-light ratio
(middle panel). Each black dot corresponds to a single model, with the best-fit model highlighted as the red square. The red solid line indicates where ∆χ2 = 9.0,
corresponding to the 3σ confidence level for one parameter. χ2 contours are shown for a grid of black hole masses and mass-to-light ratios (right panel). Each
gray point represents a model, and the best-fit model (red square) corresponds to MBH = 4.9× 109 M⊙ and ΥV = 9.3 Υ⊙. Relative to the minimum, the χ2

has increased by 2.3 (thick black contour), 6.2 (thin black contour), and 11.8 (red contour), corresponding to the 1σ, 2σ, and 3σ confidence intervals for two
parameters.

FIG. 3.— The observed NIFS kinematics (top) show that NGC 1277 is rotating, with the west side of the galaxy being blue-shifted, that there is a sharp rise
in the velocity dispersion and generally positive h4 values at the nucleus, and that h3 and V are anti-correlated. The best-fit stellar dynamical model (bottom) is
shown on the same scale given by the color bar to the right and the minimum/maximum values are provided at the top of the maps. The best-fit model nicely
reproduces the NIFS observations and has a reduced χ2 of 0.7.

ited mass degeneracies with the galaxy’s dark halo (e.g., Geb-
hardt & Thomas 2009; Rusli et al. 2013) and uncertainties
associated with the assumption of a constant stellar mass-to-
light ratio (e.g., McConnell et al. 2013). Moreover, owing to
the presence of the nuclear dust disk, uncertainty in the view-
ing orientation is minimal, unlike some past stellar-dynamical
studies (e.g., Shapiro et al. 2006; Onken et al. 2007). The dust
disk, however, may be problematic for construction of the lu-
minous mass model in Section 2. We conservatively masked
the dust when generating the MGE model, but acknowledge
that if the MGE under-predicts the nuclear stellar mass then
the black hole mass would be overestimated.

8.1. Models with Large-scale Kinematics

Large-scale data is commonly used to complement high
angular resolution spectroscopy in order to better constrain
the stellar mass-to-light ratio and orbital distribution (e.g.,

Shapiro et al. 2006; Krajnović et al. 2009). The NIFS kine-
matics extend out to a radius of 1.′′3 (442 pc), or ∼0.4 Re.
Therefore, the NIFS data not only resolve the black hole
sphere of influence, but also probe the region where the stars
begin to dominate the potential. It is encouraging that the
best-fit model constrained by only the NIFS kinematics pre-
sented at the beginning of Section 8 largely reproduces the
observed HET kinematics over the radial range of the NIFS
data, as can be seen in Figure 4. Nevertheless, we also ran
dynamical models that fit to the combination of the NIFS and
HET kinematics, continuing to use the same sampling of dark
halos described in Section 7. We recovered best-fit values of
MBH = 4.8× 109 M⊙ and ΥV = 10.3 Υ⊙ when fitting all 31
HET spatial bins, and MBH = 4.6×109 M⊙ and ΥV = 9.8 Υ⊙

when excluding three outer bins because their dispersions are
below the HET/LRS instrumental resolution. Thus, we find
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Shapiro et al. 2006; Krajnović et al. 2009). The NIFS kine-
matics extend out to a radius of 1.′′3 (442 pc), or ∼0.4 Re.
Therefore, the NIFS data not only resolve the black hole
sphere of influence, but also probe the region where the stars
begin to dominate the potential. It is encouraging that the
best-fit model constrained by only the NIFS kinematics pre-
sented at the beginning of Section 8 largely reproduces the
observed HET kinematics over the radial range of the NIFS
data, as can be seen in Figure 4. Nevertheless, we also ran
dynamical models that fit to the combination of the NIFS and
HET kinematics, continuing to use the same sampling of dark
halos described in Section 7. We recovered best-fit values of
MBH = 4.8× 109 M⊙ and ΥV = 10.3 Υ⊙ when fitting all 31
HET spatial bins, and MBH = 4.6×109 M⊙ and ΥV = 9.8 Υ⊙

when excluding three outer bins because their dispersions are
below the HET/LRS instrumental resolution. Thus, we find

6

FIG. 2.— Results of stellar-dynamical models fit to the NIFS kinematics. The χ2 is shown with black hole mass (left panel) and V -band mass-to-light ratio
(middle panel). Each black dot corresponds to a single model, with the best-fit model highlighted as the red square. The red solid line indicates where ∆χ2 = 9.0,
corresponding to the 3σ confidence level for one parameter. χ2 contours are shown for a grid of black hole masses and mass-to-light ratios (right panel). Each
gray point represents a model, and the best-fit model (red square) corresponds to MBH = 4.9× 109 M⊙ and ΥV = 9.3 Υ⊙. Relative to the minimum, the χ2

has increased by 2.3 (thick black contour), 6.2 (thin black contour), and 11.8 (red contour), corresponding to the 1σ, 2σ, and 3σ confidence intervals for two
parameters.

FIG. 3.— The observed NIFS kinematics (top) show that NGC 1277 is rotating, with the west side of the galaxy being blue-shifted, that there is a sharp rise
in the velocity dispersion and generally positive h4 values at the nucleus, and that h3 and V are anti-correlated. The best-fit stellar dynamical model (bottom) is
shown on the same scale given by the color bar to the right and the minimum/maximum values are provided at the top of the maps. The best-fit model nicely
reproduces the NIFS observations and has a reduced χ2 of 0.7.

ited mass degeneracies with the galaxy’s dark halo (e.g., Geb-
hardt & Thomas 2009; Rusli et al. 2013) and uncertainties
associated with the assumption of a constant stellar mass-to-
light ratio (e.g., McConnell et al. 2013). Moreover, owing to
the presence of the nuclear dust disk, uncertainty in the view-
ing orientation is minimal, unlike some past stellar-dynamical
studies (e.g., Shapiro et al. 2006; Onken et al. 2007). The dust
disk, however, may be problematic for construction of the lu-
minous mass model in Section 2. We conservatively masked
the dust when generating the MGE model, but acknowledge
that if the MGE under-predicts the nuclear stellar mass then
the black hole mass would be overestimated.

8.1. Models with Large-scale Kinematics

Large-scale data is commonly used to complement high
angular resolution spectroscopy in order to better constrain
the stellar mass-to-light ratio and orbital distribution (e.g.,

Shapiro et al. 2006; Krajnović et al. 2009). The NIFS kine-
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✦ Construct orbit-based models using supercomputers.

✦ Potential consists of contributions from the BH, stars, and dark matter.

✦ Integrate orbits in the potential.  Assign weights to each orbit such that the 
superposition matches the observed kinematics and surface brightness.

✦ Repeat for different combination of parameters until lowest χ2 is found.

STELLAR DYNAMICAL 
MODELING

(van den Bosch et al. 2008)

Compact, High-dispersion Galaxies: Modeling Procedure



Compact, High-dispersion Galaxies: Modeling Results

MBH = (4.9 ± 1.7)x109 M⊙

6

FIG. 3.— Contours of χ2 for various stellar-dynamical models (gray dots) with different combinations of black hole mass and H-band stellar mass-to-light
ratio after marginalizing over the dark halo parameters. The red square is the best-fit model, the red contour indicates where ∆χ2 = 2.3, and the subsequent black
contours correspond to ∆χ2 = 6.2 and 11.8, respectively. The results are shown for dynamical models fit to the combination of NIFS and PPAK data sets (left)
and for models fit to only the NIFS kinematics (right). The two grids produce consistent results.

FIG. 4.— The observed NIFS (left) and PPAK (right) kinematics, plotted as a function of projected radial distance from the nucleus, are compared to the best-fit
stellar dynamical model (red) with MBH = 4.9× 109 M⊙ and ΥH = 1.3 Υ⊙. The data are folded and multiple position angles are depicted. The best-fit model
reproduces the kinematic features well, and has a reduced χ2 of 0.6.
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ited mass degeneracies with the galaxy’s dark halo (e.g., Geb-
hardt & Thomas 2009; Rusli et al. 2013) and uncertainties
associated with the assumption of a constant stellar mass-to-
light ratio (e.g., McConnell et al. 2013). Moreover, owing to
the presence of the nuclear dust disk, uncertainty in the view-
ing orientation is minimal, unlike some past stellar-dynamical
studies (e.g., Shapiro et al. 2006; Onken et al. 2007). The dust
disk, however, may be problematic for construction of the lu-
minous mass model in Section 2. We conservatively masked
the dust when generating the MGE model, but acknowledge
that if the MGE under-predicts the nuclear stellar mass then
the black hole mass would be overestimated.

8.1. Models with Large-scale Kinematics

Large-scale data is commonly used to complement high
angular resolution spectroscopy in order to better constrain
the stellar mass-to-light ratio and orbital distribution (e.g.,

Shapiro et al. 2006; Krajnović et al. 2009). The NIFS kine-
matics extend out to a radius of 1.′′3 (442 pc), or ∼0.4 Re.
Therefore, the NIFS data not only resolve the black hole
sphere of influence, but also probe the region where the stars
begin to dominate the potential. It is encouraging that the
best-fit model constrained by only the NIFS kinematics pre-
sented at the beginning of Section 8 largely reproduces the
observed HET kinematics over the radial range of the NIFS
data, as can be seen in Figure 4. Nevertheless, we also ran
dynamical models that fit to the combination of the NIFS and
HET kinematics, continuing to use the same sampling of dark
halos described in Section 7. We recovered best-fit values of
MBH = 4.8× 109 M⊙ and ΥV = 10.3 Υ⊙ when fitting all 31
HET spatial bins, and MBH = 4.6×109 M⊙ and ΥV = 9.8 Υ⊙

when excluding three outer bins because their dispersions are
below the HET/LRS instrumental resolution. Thus, we find

MBH = (4.9 ± 1.6)x109 M⊙
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(Walsh et al. 2015, 2016, 2017)



✦ NGC 1271, NGC 1277, and Mrk 1216 host some of the most massive BHs dynamically 
detected to date, with MBH ~(3-5)x109 M⊙.

✦ All are surprising positive outliers from MBH - Lbul. Even when conservatively using the 
galaxy’s total luminosity (instead of the bulge luminosity), the galaxies are 2σ outliers.

Compact Galaxies and the Black Hole Scaling Relations
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Over-massive Black Holes in Compact Galaxies

How did such large BHs end up in a relatively modest galaxies?

✦ Maybe the compact galaxies fall in the tails of a distribution between BH 
and galaxy properties that have yet to be fully established.



Over-massive Black Holes in Compact Galaxies

How did such large BHs end up in a relatively modest galaxies?

✦ Maybe the compact galaxies fall in the tails of a distribution between BH 
and galaxy properties that have yet to be fully established.
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Fig. 4.— Schematic view of the scenario proposed in this work: galaxies hosting ÜMBHs depart from the mass scaling relationship due
to their unusual growth channel. The figure shows the assumed evolutionary track over cosmic time in the SMBH mass- host galaxy mass
plane for massive galaxies following the two-phase growth channel (left) and for the relic galaxies (right), who skip the second phase of
such channel of formation, remaining unaltered over cosmic time.

relic galaxies in the nearby Universe.

• When we plot the M•-σ and M•-Mbulge relations,
the loci of the galaxies hosting ÜMBHs should rep-
resent the position of the massive galaxy popula-
tion at z∼2. As cosmic time progresses, galaxies
following normal growth paths should evolve to-
wards galaxies with larger host masses in those
planes.

• We can pose a lower limit to the age on the SMBH
growth at ∼ 10Gyr, based on the derived SFHs.

This work was supported by the Japan Society for
the Promotion of Science (JSPS) Grant-in-Aid for Sci-
entific Research (KAKENHI) Number 23224005 and by
the Spanish Ministerio de Economı́a y Competitividad
(MINECO; grants AYA2009-11137, AYA2011-25527 and
AYA2013-48226-C3-1-P).

APPENDIX

STARLIGHT AND THE STAR FORMATION HISTORIES

We briefly summarize here how the full-spectral-fitting code STARLIGHT works, but the reader is referred to the
source code papers for a more detailed explanation (Cid Fernandes et al. 2005, Cid Fernandes & González Delgado
2010). The code models the extinction as due to foreground dust, and different reddening-laws can be selected to
correct from Galactic extinction. Then, it finds the fraction xj that a given jth SSP contributes to the total flux of the
galaxy (normalized to a certain wavelength λ0), creating a synthetic spectrum. In other words, it creates a combination
of SSPs that best resemble the observed galaxy spectrum and that minimize the χ2. The first two parameters presented
in Table 2 are indicative of the quality of the fit. [χ2] represents the total χ2 divided by the number of λ’s used in the
fit. The second parameter, adev, is a proxy for the mean deviation over all fitted pixels. Good values for a fit are those
with adev below 2-3%. A visual inspection of the fits and their residuals confirms the quality of the results obtained
(see Figures A1 and A2).
From each xj we can derive its contribution in mass, γj , directly from the mass-to-light ratio of each individual SSP
(from the models), to obtain the desired mass-weighted estimates such as the star formation episodes and mean stellar
populations parameters, which are derived as:

⟨t⋆⟩M =
N⋆!

j=1

γj tj ; for the age (A1)

⟨Z⋆⟩M =
N⋆!

j=1

γjZj ; for the metallicity (A2)

We can therefore reconstruct the SFH of the galaxy by summing up all the fractions of stellar mass created at a given
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✦ Given the similarities to the z~2 galaxies, perhaps the local compact 
galaxies are relics, and reflect the relationship between BHs and galaxies at 
earlier times.

‣ perhaps BH growth precedes that of its host galaxy!



✦ There are 8 compact, high-dispersion galaxies from the HET survey that have nuclear 
dust disks. This suggests the presence of cleanly rotating molecular gas.

✦ Obtained Cycle 4 ALMA data to test for the presence of CO emission within rsphere, 
measure the emission-line kinematics, and calculate gas-dynamical MBH’s for 3 compact 
galaxies from the HET survey. 

ALMA Observations of the Compact Galaxies

N1270

N1271N1282 P12562

N384 P11179 U2698



✦ Initial kinematic measurements of the CO gas for all 3 compact galaxies observed with 
ALMA show regular rotation [courtesy of Benjamin Boizelle (UC Irvine)].

0.22” 
resolution, 
on-source 
time of 25 
min.

0.14” 
resolution, 
on-source 
time of 33 
min.

0.20” 
resolution, 
on-source 
time of 30 
min.

 

−1

0

1

2
NGC 384

CO (2−1)
Surface

Brightness
(mJy km s−1)

200 pc

0.6 / 7.5

 

−1

0

1

2

vLOS
(km s−1)

−335 / 335

2 1 0 −1 −2
−2

−1

0

1

2

σ
(km s−1)

5 / 60
∆

D
ec

. (
ar

cs
ec

)

∆R.A. (arcsec)

 

−1

0

1

2
1.4 / 9.0

PGC 11179

 

−1

0

1

2
−410 / 410

2 1 0 −1 −2
−2

−1

0

1

2
6 / 240

−0.5

0.0

0.5
1.3 / 7.0

UGC 2698

−0.5

0.0

0.5
−475 / 475

0.5 0 −0.5

−0.5

0.0

0.5
5 / 250

 

 

 
 

−1

0

1

2
NGC 384

CO (2−1)
Surface

Brightness
(mJy km s−1)

200 pc

0.6 / 7.5

 

−1

0

1

2

vLOS
(km s−1)

−335 / 335

2 1 0 −1 −2
−2

−1

0

1

2

σ
(km s−1)

5 / 60
∆

D
ec

. (
ar

cs
ec

)

∆R.A. (arcsec)

 

−1

0

1

2
1.4 / 9.0

PGC 11179

 

−1

0

1

2
−410 / 410

2 1 0 −1 −2
−2

−1

0

1

2
6 / 240

−0.5

0.0

0.5
1.3 / 7.0

UGC 2698

−0.5

0.0

0.5
−475 / 475

0.5 0 −0.5

−0.5

0.0

0.5
5 / 250

 

 

 N384

P11179

U2698

ALMA Observations of the Compact Galaxies



A Gemini Large Program to Measure Black Holes

USA
Jonelle Walsh (PI)

Karl Gebhardt
Aaron Barth

Benjamin Boizelle
Jenny Greene

Kayhan Gültekin
Inger Jørgensen

Tod Lauer
Nora Lützgendorf

Chung-Pei Ma
Renuka Pechetti

Anil Seth
Monica Valluri

Germany
Markus Kissler-Patig

Davor Krajnović
Sabine Thater

Glenn van de Ven
Jakob Walcher
Akin Yilidirm

Canada

John Blakeslee
Laura Ferrarese

Australia

Holger Baumgardt
Richard McDermid

Brazil
Roderik Overzier

Thaisa Storchi-Bergmann
Daniel Grün

Netherlands
Mariya Lyubenova

Chile

Bryan Miller

Argentina

Carlos Donzelli

✦ Awarded 253 hours with Gemini North to measure MBH using stellar-dynamical 
modeling methods in 31 galaxies using AO-assisted NIFS. 

Finland

Ronald Läsker



(adapted from Cappellari 2016)

✦ MBH measurements have been preferentially made in galaxies with small sizes at a given 
luminosity relative to the nearby galaxy population.

✦ Proper sampling of the luminosity-size space is crucial for covering a wide variety of 
galaxies that have experienced diverse growth pathways (e.g., Cappellari 2016, Krajnovic et al. 
2018).

A Gemini Large Program to Measure Black Holes
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Figure 2: Numerous galaxy properties such as velocity dispersions, mass-to-light ratios, bulge
fractions, molecular gas content, stellar populations, and morphology vary from the top left to the
bottom right of the galaxy size – mass plot. The prevailing growth process that moves galaxies
in this direction are those associated with cold gas accretion, minor gas-rich mergers, and secular
evolution. Conversely, dry merging increases galaxy size and mass, but not dispersion, and is
the main growth channel for slow rotators found to the top right of the plot. Measuring MBH

for objects that populate different regions of the galaxy size – mass (or similarly luminosity) plot
is vital for properly characterizing the distribution of BH masses with galaxy properties and for
gaining insight into the role BHs play in galaxy evolution. Figure adapted from Cappellari 2016.

4.2 Analysis Methods

After reducing the NIFS data with our custom pipeline, we will use velocity template stars to
measure the kinematics from the K-band CO bandheads as a function of IFU location for each of
the galaxies. The line-of-sight velocity distribution (LOSVD) of the stars will be parameterized
in terms of a Gauss-Hermite expansion, and we will measure the first two terms, V and σ, as
well as the higher order moments, h3 and h4, which quantify the distribution’s asymmetric and
symmetric deviations from a Gaussian. Spatial pixels will be binned together as needed to yield
sufficient S/N in the outer regions of the IFU for accurate kinematic measurements.

We will then construct state-of-the-art, orbit-based, stellar-dynamical models. The main idea
behind this method is that the galaxy’s gravitational potential consists of contributions from the
BH, stars, and dark matter. The BH potential is given byMBH, and we will adopt a functional form
for the dark halo, such as a Navarro-Frenk-White (Navarro et al. 1996) profile. The stellar potential
is determined from imaging observations, which we will parametrize as the sum of concentric, two-
dimensional Gaussians (e.g., Emsellem et al. 1994, Cappellari et al. 2002). This multi-Gaussian
expansion (MGE) will be deprojected assuming a viewing orientation, and converted to an intrinsic
stellar mass density using the M/L. Next, we will set up a representative orbital library and
integrate orbits in the potential. We will assign weights to the orbits such that the superposition
reproduces the observed kinematics and stellar density (e.g., Gebhardt et al. 2003, Valluri et al.
2004, van den Bosch et al. 2008). Finally, we will calculate many models, varying the parameters
of interest, such as MBH, M/L, the dark halo parameters, and the viewing orientation angles. The
best model will be taken to be the one that most closely matches the data in a χ2-sense. Moreover,
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Figure 2: We selected a sample that improves coverage of galaxy properties by examining a near
face-on projection of the galaxy fundamental plane. Most MBH measurements have been made
for galaxies that fall within the oval. Our sample of 28 galaxies, suitable for AO observations and
dynamical modeling methods, significantly improves coverage of parameter space without popu-
lating the region already well covered by previous work in the field. SDSS r-band images for 20
galaxies in the sample are shown along with their (⟨µe⟩, Re) locations. Each box is 20 kpc on a side.
We will significantly increase the number of MBH measurements for small galaxies, large galaxies,
high-luminosity galaxies, low-luminosity galaxies, low-dispersion galaxies, and spiral galaxies.

Figure 3: The Kormendy & Ho (2013) relations (black dot-dashed line) are shown along with the
galaxies used to derive the relations (gray circles). Objects with BH masses that occupy sparsely
sampled galaxy property regimes (i.e., the green triangles outside of the oval in Figure 2) are
shown by the green triangles here as well. A number of these measurements are offset from the
MBH−σ⋆ and MBH−Lbul relations. We show where our proposed sample could fall on the relations
(red crosses). The sample is placed on MBH−σ⋆ using MBH from the MBH−Lbul prediction and on
MBH−Lbul using MBH from the MBH−σ⋆ expectation. We have adopted the HET σc measurements
and bulge luminosities measured from decompositions of 2MASS images. Our sample is ideal for
gaining a better understanding of the distribution of MBH with galaxy properties, thereby honing
the only practical tool for exploring the role of BHs in galaxy evolution throughout the Universe.
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✦ We obtained AO Gemini/
NIFS observations of 6 
galaxies using 36 hrs.

PGC 12557 NGC 1022NGC 1589

NGC 772 UGC 11537 NGC 7242
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✦ We obtained AO Gemini/
NIFS observations of 6 
galaxies using 36 hrs.
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Figure 3: Left: Isophotes of the MGE (red) are compared to the central region of the HST WFC3 F160W
image (black). Contours are logarithmically spaced, but arbitrary. The MGE method is able to replicate
a wide range of galaxy surface brightness profiles, and here there is an excellent match to the data. Right:
Stellar kinematics measured over the NIFS field of view. The minimum and maximum values displayed are
shown to the top of the maps. PGC 12557 is rotating, with the west side of the galaxy blueshifted (north
is to the right, and east is up). The galaxy exhibits a strong rise in the velocity dispersion at the nucleus,
an anti-correlation between h3 and the velocity, and a slight peak in h4 at the center. Typical errors on the
extracted kinematics are 10 km/s, 11 km/s, 0.03, and 0.03 for the velocity, velocity dispersion, h3, and h4,
respectively. At a distance of 69 Mpc, 1′′ corresponds to 335 pc.

Figure 4: Left: Contours of χ2 as a function of black hole mass and H-band stellar mass-to-light ratio. An
orbit-based stellar dynamical model was run at each gray point, and the red square denotes the best-fit
model, with MBH = 1.0×109 M⊙. Right: Comparison between the observed NIFS kinematics (black points)
and the best-fit dynamical model (red), plotted as a function of projected radial distance from the nucleus.
The data are folded and multiple position angles are depicted.
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We	masked	those	pixels	above	a	threshold	color	(color	maps	from	the	F475W	and	F814W	
images	mapped	onto	the	F160W	scale).	They	were	pretty	red.	Here	are	the	MGE	parameters	
from	the	initial	set	of	models.	All	the	magnitudes	are	in	Vega	magnitude	system	and	the	MGEs	
are	extinction	corrected.		
	
	
Luminosity						Sigma												q	
(L/pc2)												(arcsec)	
	
307728.62							0.062989						1.000000	
	87434.17								0.314224						0.567589	
	25394.49								0.555470						1.000000	
	10664.01								1.166953						0.748874	
	1838.23										2.307515						0.579638	
	2690.83										3.606608						0.792655	
	1066.01										8.599233						0.538170	
	436.99												15.590861				1.000000	
	129.28												32.013629				1.000000	
	

Figure 1: Current BH mass measurements (green dots) have been made for galaxies with small sizes at a given
luminosity relative to the nearby galaxy population (gray contours). Possible future BH mass measurements
from archival AO data (black dots) will not alleviate the problem either. Our program addresses this
bias in the kinds of galaxies for which dynamical BH mass determinations have been made (red crosses,
blue numbers) while avoiding the already well studied population shown by the dotted oval. In 2016B, we
obtained completed AO NIFS observations for 6 galaxies (blue numbers, Sloan Digital Sky Survey/2MASS
images to the left). This subsample already significantly enhances the diversity of BH host galaxies. We
observed the largest, most luminous galaxy in our sample, as well as lower luminosity galaxies at different
effective radii. The Hubble types range from E to Sc, and the HET central stellar velocity dispersions span
from 77−302 km s−1.
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PGC 12557

NGC 1022

✦ We have approved HST 
cycle 25 and mid-cycle 24 
observations for all 31 
galaxies.  Thus far, 16 
galaxies have been 
observed with WFC3 in 
the F475W, F814W, and 
F160W filters.

✦ We have observed most 
of the 31 galaxies with 
HET/LRS2 and have 
completed VIRUS-P/
VIRUS-W observations of 
16 galaxies from the 2.7m 
telescope at McDonald 
Observatory.
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✦ Using the NIFS stellar 
kinematics and HST F160W 
image, we constructed orbit-
based models (van den Bosch et al. 
2008), assuming an oblate 
axisymmetric shape and i=75°.

✦ The AO PSF was described by 
the sum of two circular 
Gaussians, with dispersions of 
0.07” and 0.27” and weights of 
0.51 and 0.49, respectively.

✦ Sampled 31 values of MBH 
between 108-1010 M⊙, 28 M/LH 
values between 0.3-3.0 M/L⊙, 
and 3 NFW halos with c=10 
and dark matter fractions of 
10, 100, 1000.

PGC 12557
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Figure 3: Left: Isophotes of the MGE (red) are compared to the central region of the HST WFC3 F160W
image (black). Contours are logarithmically spaced, but arbitrary. The MGE method is able to replicate
a wide range of galaxy surface brightness profiles, and here there is an excellent match to the data. Right:
Stellar kinematics measured over the NIFS field of view. The minimum and maximum values displayed are
shown to the top of the maps. PGC 12557 is rotating, with the west side of the galaxy blueshifted (north
is to the right, and east is up). The galaxy exhibits a strong rise in the velocity dispersion at the nucleus,
an anti-correlation between h3 and the velocity, and a slight peak in h4 at the center. Typical errors on the
extracted kinematics are 10 km/s, 11 km/s, 0.03, and 0.03 for the velocity, velocity dispersion, h3, and h4,
respectively. At a distance of 69 Mpc, 1′′ corresponds to 335 pc.

Figure 4: Left: Contours of χ2 as a function of black hole mass and H-band stellar mass-to-light ratio. An
orbit-based stellar dynamical model was run at each gray point, and the red square denotes the best-fit
model, with MBH = 1.0×109 M⊙. Right: Comparison between the observed NIFS kinematics (black points)
and the best-fit dynamical model (red), plotted as a function of projected radial distance from the nucleus.
The data are folded and multiple position angles are depicted.
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MBH = (1.0+1.2-0.1)x109 M⊙

PGC 12557
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✦ We tested running an independent axisymmetric stellar-dynamical modeling code (Valluri 
et al. 2004) and found consistent results for PGC 12257, with MBH = 2.0x109 M⊙ and M/LH 
= 1.5 M/L⊙.

✦ This study will address a bias in the galaxies for which MBH’s have been measured, could 
re-invent the BH scaling relations, and will provide a deeper understanding of the 
interplay between BHs and galaxies.

better fit to the observed kinematics (except for that underestimation of velocity). Also, none of 

our models are able to fit -ve values of h4 which is evident from the plots. 
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Fig 1:  Best fit models for two different angles between the NIFS IFU and the major axis of the galaxy. An angle of 

97.5 degrees clockwise gives a better fit to the data (in Fig 2.a below). 

 

Eventually a set of 15 black hole masses (ranging from 5.0e7 to 5.0e9 M⊙) with 10 M/L ratios 

(ranging from 0.6 to 2.4) were modeled and the results suggest a black hole mass of around 

2.0e9 M⊙ and a M/L of 1.5. 
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[courtesy of Chinmaya 
Verma (IIT Kharagpur) and 
Monica Valluri (Michigan)]



Summary

✦ Detailed investigations of large, carefully selected samples using a homogenous approach 
is the ideal way to make major progress in the field prior to the next generation of 
extremely large telescopes.

✦ We need more MBH measurements, particularly at the extremes of the BH mass scale 
and in a wider range of galaxy types with varied evolutionary pasts.

✦ From stellar-dynamical modeling of AO observations, we find MBH ~ (3-5) x109 M⊙ for 3 
HET compact, high-dispersion galaxies. The objects are outliers from MBH-Lbul and, given 
the similarities to the z~2 galaxies, could hint that BH growth precedes host galaxy 
growth. 

✦ ALMA provides an exciting opportunity to measure MBH through gas-dynamical methods. 
We will derive MBH for 3 compact, high-dispersion galaxies, ultimately looking to 
compare to stellar-dynamical determinations.


