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Introduction

✦ It has become increasingly clear that BHs are essential components of galaxies (e.g., 
Kormendy & Ho 2013).

✦ The strongest evidence we have for the presence of 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 (Saglia et al. 
2016, van den Bosch 2016).

(These images/animations were created by Prof. Andrea Ghez and her research team at 
UCLA and are from data sets obtained with the W. M. Keck Telescopes.)



The Connection Between Black Holes and Galaxies
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✦ The masses of BHs correlate with the large-scale properties of their host galaxies, suggesting 
that BHs and galaxies co-evolve.

✦ However, it remains unclear exactly what role BHs play, and what primary physical 
mechanisms drive the empirical relations.

✦ We need to 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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A Gemini Large Program to Measure Black Holes
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A Gemini Large Program to Measure Black Holes

✦ 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).



NIFS Sample
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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.



NIFS Observational Strategy

✦ Obtained LGS AO NIFS observations using the HK filter and K 
grating centered on 2.20 microns.

✦ Acquired object - sky - object exposures of the galaxies, with 
small dithers between object exposures.

✦ Used nearby bright stars, or galaxy nuclei, for guiding. For galaxy 
nuclei, required that the surface brightness profile drop by at 
least 1 mag within the inner 1”.

✦ Observed A0 V stars for telluric correction, roughly every ~3 
hrs, using back-to-back object - sky - object sequences.

✦ Observed the guide star (or other nearby star) for PSF 
estimation. 
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NIFS Reduction Pipeline

✦ There are several available resources for reducing NIFS 
data:

✦ Scripts that call IRAF tasks within the Gemini 
package (by R. McDermid): https://www.gemini.edu/
sciops/instruments/nifs/data-format-and-reduction

✦ NIFS pipeline on the Gemini Data Reduction User 
Forum (by M. Lemoine-Busserolle): http://
drforum.gemini.edu/topic/nifs-python-data-
reduction-pipeline/

✦ There were a few features we were interested in adding, so 
we’ve developed a pipeline: https://github.com/jlwalsh12/
NIFS-pipeline

✦ Will be releasing the second version with 
documentation soon.

✦ Caveat - pipeline has only been tested on our data.

IFU Zoo: IFU Zoo: How to map 3D on 2DHow to map 3D on 2D

NIFS
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NIFS Files For A Single Night

5s; ~13K counts

Flats (5 frames) Flat darks (5 frames) Arcs (Ar, Xe); frames 
taken throughout 

the night

30s; lines peak at 
~10K counts

Also, arc darks (2 
frames); 30 s

Ronchi masks (2 
frames)

5s; features peak at 
~10K counts

Also, a Ronchi mask 
dark; 5 s

5s

Telluric Star

K=7.4 mag; 20s; ~10K 
counts at center

Galaxy

600s

✦ Darks (for galaxy exposures); 5 
frames, 600 s

✦ PSF star exposures (2 frames on, 1 
frame off)



The Main Data Reduction Steps

Working with the Baseline Calibrations

✦ Locate the spectra by comparing a mask definition file (with relative locations of 
slices) to one of the flats. Save offset, and apply to all files as a first step. 
[nfprepare]

✦ Create an average flat and an average flat dark. Extract slices from the flat, subtract 
the dark, and generate a normalized flat. Correct for variation between slices. 
[gemcombine, nsreduce, nsflat, nsslitfunction]
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✦ After nfprepare, create an average arc dark. 
Extract slices from the arc, subtract the dark, 
and apply normalized flat. [gemcombine, 
nsreduce]

✦ Identify arc lines for groups of rows in each 
slice of each arc exposure, and determine 
the dispersion function. [nswavelength]
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The Main Data Reduction Steps

Working with the Baseline Calibrations

✦ After nfprepare, create an average Ronchi 
mask. Extract slices from the Ronchi mask, 
subtract the dark, and apply normalized flat. 
[gemcombine, nsreduce]

✦ Identify features for groups of columns in 
each slice of the Ronchi mask, and determine 
the distortion correction. [nfsdist]
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Working with the Telluric Star

✦ After nfprepare, subtract each star frame by the neighboring sky frame. 
[gemarith]

✦ Extract slices from each star exposure, apply normalized flat, and correct bad pixels. 
[nsreduce, nffixbad]

(spatial location)



The Main Data Reduction Steps

Working with the Telluric Star

✦ Combine the 1D dispersion and 1D distortion solutions into a 
2D surface for each slice and apply the transformation. 
Produces rectified slices (almost a cube). [nsfitcoords, 
nstransform]

✦ Extract a 1D spectrum within a circular aperture for each star 
observation. Median combine the 1D spectra for the star. 
[nfextract, gemcombine]

✦ Remove the star’s absorption line(s) and blackbody 
shape to create a 1D telluric spectrum.

Working with the Galaxy

✦ After nfprepare, subtract each galaxy frame by the 
neighboring sky frame. [gemarith]

1D A0 V spectrum

telluric star (A0 V)



The Main Data Reduction Steps

Working with the Galaxy

✦ Extract slices from each galaxy exposure, 
apply normalized flat, and correct bad pixels. 
[nsreduce, nffixbad]

✦ Combine the 1D dispersion and 1D 
distortion solutions into a 2D surface for 
each slice and apply the transformation. 
Produces rectified slices (almost a cube). 
[nsfitcoords, nstransform]

✦ Correct for telluric features by extracting a 1D 
galaxy spectrum within a circular aperture and 
applying a 1D shifted/scaled telluric spectrum. 
[nfextract]

✦ (Could) assemble a cube for each galaxy exposure, 
determine spatial offsets between cubes, then 
merge to a form a single cube. [e.g., nifcube, 
imcombine]

galaxy

1D galaxy spectrum

telluric-corrected 1D 
galaxy spectrum



New Additions

General Improvements

✦ Added more automation. The user has the option to run many tasks interactively 
though.

✦ Updated several tasks [nffixbad, nftelluric, nifcube] for better treatment 
of the variance extensions and removal of error messages printed to the screen 
[nfsdist].

✦ Included further cosmic ray cleaning for galaxy exposures, with la cosmic, prior 
to dispersion and distortion correction.

Rough Flux Calibration

✦ A rough flux calibration is performed using an A0 V star (itself corrected for telluric 
features) with known magnitude.

Working with the PSF Stars

✦ Same as the reduction of galaxy exposures, but merged cubes are created for each 
night of observations, as well as over all nights the corresponding galaxy was 
observed.



New Additions

Working with the Telluric Star 

✦ Kurucz models of Vega and A-stars are fit to the 
combined 1D A0 V star spectrum over the Brɣ 
region with pPXF (Cappellari et al 2004, 2017). The 1D 
star spectrum is divided by the best-fit pPXF model 
to derive the final 1D telluric spectrum.

combined 1D A0 V 
star spectrum

1D telluric spectrum

Fitting models to 1D A0 V star over Brɣ 
region with pPXF 



New Additions

Creating a Merged Cube

✦ Generated a temporary cube for each of the on-source galaxy exposures. The 
cubes are summed along the wavelength axis to produce images, and the images are 
cross-correlated to determine the x,y spatial offsets (relative to the first image).

✦ Instead of merging the cubes together, went back to the telluric-corrected, rectified 
slices and put the slices of all the exposures directly into a single cube, accounting 
for spatial and spectral offsets all in one step. [modified version of nifcube]

✦ Less interpolation is used.
✦ Non-integer spatial offsets are handled.
✦ Heliocentric correction can be made.
✦ Masks can be supplied so that the bad edges of individual slices are excluded.
✦ Variance and data quality cubes are treated.



New Additions

Measuring the LSF

✦ After running nfprepare on the 600s darks, create an 
average dark. Subtract dark from each sky exposure. 
[gemcombine, gemarith]

✦ Extract slices from each sky exposure, apply normalized 
flat, and correct bad pixels. [nsreduce, nffixbad]

✦ Combine the 1D dispersion and 1D distortion solutions 
into a 2D surface for each slice and apply the 
transformation. Produces rectified slices (almost a cube). 
[nsfitcoords, nstransform]

✦ Correct for telluric features. [nftelluric]
3.4 Å

6.0 Å

✦ Merge sky cubes in the same way as the galaxy cubes, using the same spatial offsets.

✦ For each spaxel, fit Gaussians to 13 OH lines between 2.00 - 2.25 microns, and determine 
the median FWHM. Save the LSF map.



Summary
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NGC 1022

(1 raw frame) (merged datacube)

✦ Our Gemini Large and Long Program is aimed at addressing a bias in the kinds of 
galaxies for which BH mass measurements have been made. We will produce the 
largest uniform survey of dynamical BH mass measurements carried out to date.

✦ The LGS AO NIFS observations include baseline calibrations, telluric stars and PSF 
stars,  and 600 s galaxy observations (following an object - sky - object pattern). We 
are guiding on nearby, bright stars or galaxy nuclei.

✦ Using the previous NIFS processing scripts as a starting point, we have created a 
data reduction pipeline publicly available on GitHub.


