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main techniques for BH discovery:

gas disk
dynamics
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integrated
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see: van den Bosch+08 (stellar),
arth+01, Walsh+10 (gas dynamics),
Miyoshi+95, Herrnstein+99 (masers).

slide inspiration: J. Walsh (TAMU)



BLACK HOLES + GALAXIES

McConnell & Ma (2013)
+ some updates
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McConnell & Ma (2013); Kormendy & Ho (2013); Saglia (2016), Thomas (2016)



A CLUE: the most MASSIVE galaxies

McConnell & Ma (2013)

+ some updates _ , , , growth by dry mergers
% Stars/Early-type BCG : ]
e — — BH increases
10 & GusfEalytypadCG_ 1 — O Ssaturates
o Gasniatotype — triaxial intrinsic shapes
ooty with slow rotation (V/o < 0.2)
10"
| | growth by gas
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10| — fast rotators (V/o ~ 0.3)
. — axisymmetric shapes
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McConnell & Ma (2013)



A CLUE: the most MASSIVE galaxies

McConnell & Ma (2013)
+ some updates
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our interpretation depends

on MBH’s at the most
massive end

1. Estimating BH Masses

2. Cross-checking of methods/calibrate
reverberation mapping masses

3. z~0 mass function — BBH merger
rates

4. Comparison to simulations of AGN
feedback modes and mechanisms

... but it's challenging...

[i.e., Yu+2019 (reverberation mapping), Thater+21 (gas dynamics)],
[i.e.,Li+2019, Habouzit+2020]



why are massive ellipticals a challenge?
they’re both rare, and have

extremely faint/flat cores sphere of influence
IS tiny
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' Meanadus () Faber et al (1997) — long exposures on 8-10m

telescopes!



The MASSIVE Survey
McDonaId Observatory

Wide-field IFU
(outto ~2 R_.)

High-resolution,
high SNR IFU
(~0.3” to ~5” at
SNR~125)

MASSIVE |: Ma+2014,
MASSIVE II-XVI: Awesome science + other MASSIVE results!
MASSIVE XVII: Pilawa+22
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a volume-complete survey of the ~100 most MASSIVE,
local galaxies
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The MASSIVE Survey
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stellar kinematics of QLPI”édgz
NGC 1453 and 2693

NGC 1453

NGC 2693

/V

NGC 2694

SDSS DR9 Images




Liepold+20

stellar kinematics of Quenngvile+21
NGC 1453 and 2693
NGC 2693 V [km s-1] o [km s-1] e regular, fast rotator
' P e (V~150 km'/s,
3 * ' ' 0~320 km/s)
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Liepold+20

stellar kinematics of e warss
NGC 1453 and 2693
NGC 2693 V Ikm s-1] o [km s-1] e regular, fast rotator
. -160 -80 0 80 160 270 285 300 315 (V~150 km/S,

0~320 km/s)
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e mostly regular,
elliptical isophotes
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stellar kinematics of
NGC 1453 and 2693

NGC 2693
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regular, fast rotator
(V~150 km/s,
0~320 km/s)

mostly regular,
elliptical isophotes

kinematic and
photometric major
axes are nearly
aligned (AY¥Y~5°)



stellar kinematics of
NGC 1453 and 2693

NGC 2693
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regular, fast rotator
(V~150 km/s,
0~320 km/s)

mostly regular,
elliptical isophotes

kinematic and
photometric major
axes are nearly
aligned (AY¥Y~5°)

properties consistent with
axisymmetric intrinsic

shapes, so let’s test!



triaxial dynamical modeling

a new code for triaxial systems
Schwarzschild modeling:

e 6 knobs to turn:

TriOS: o BH

s . M/L

Triaxial Orbit > DM Halo

Superposition o 3 Shape
(\Bn dergoscmos, / p

Parameters

Quenneville+21 updates)

inputs: stellar kinematics, surface
brightness; galaxy model parameters

box

outputs: set of stellar orbits which best
reproduces the input kinematics

inner long — axis tube outer long — axis tube



stellar dynamical modeling:
applications to NGC 2693

mass shape
e first simultaneous measurements of parameters parameters
DM mass, BH mass, and intrinsic Mis = MR RN
shapes L 10 il il i
| - v %S
° ne1|;her galaxy is axisymmetric (p 2357087 Mo/ Lo LT S
= - 1 N u=0.99110903 i _
o Intermediate-to-major axis ratio: @ f e : ;:j
p=bla~0.9 i ) L7404 5 1090, -
o Minor-to-major axis ratio: q= c/a [T 7 ~ og0ztooos T i ---
0 7 _ p —0.009)
e NGC 2693 M__ =(1.7£0.4) x 10° PSP P g = 0T
M BH 1y, M*/L (109 M)
sun WTMe)  (Mo/Lo) 7
TRIAXIAL AXISYMMETRIC

_ NGC 2693 BH: (1.7£0.4) x 10° M__— (2.4 + 0.6) x 10° M
Pilawa+22 sun sun




Summary

discovery of two new first simultaneous
supermassive black holes: measurements of BH + DM

_> +
NGC 1453: (2.9:0.4) x 10° M _ halo + galaxy shape

NGC 2693: (1.7+0.4) x 10° Mg _

both NGC 1453 and NGC 2693
are mildly triaxial despite =~ |——»
appearing axisymmetric

~20 MASSIVE galaxies are
we are ready for more

complicated kinematic _______» ready _for mOde_“ng, none of
structure which are simple fast

rotators

Thank you!



Extra Slides



Pilawa+22

what about axisymmetric models?
analogy:
Input
f(X) = feven(x) + fodd(x)

V [km s71]

non-bisymmetric( )

100
0
—100
_— V(X) = + V
3 0 -3 (%)
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%Eﬂ -
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-2.5
-5.0
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TRIAXIAL AXISYMMETRIC

NGC 2693 BH: (1.740.4) x 10° M__— (2.4 0.6) x 10°M___




van den Bosch+2008

stellar dynamics pt. 2

3. Assign weights to orbits —
1. Choose a trial potential: Reproduce kinematics

Galaxy =(DM)+ (STARS)+ (BH)+...

2. Integrate orbits in a given potential 4. Repeat for many potentials
— store “observations” (i.e., positions, (BH, M/L, DM halo, galaxy
velocities of tracers) shape, etc...) and find best fit

to data.



modeling results:
applications to NGC 2693

o Triaxial Model GMOS Mitchell
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axisymmetric vs. triaxial models

Bisymmetrized
Data

reproduces more
complicated velocity

e triaxial model fits data
better r,: 100
o g 0 ‘
e triaxial model also = _100
3 0 -3
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5.0
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velocity components _50
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axisymmetric vs. triaxial models

Input Bisymmetrized Non-bisymmetric
Data Data Data Component
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Jeans Modeling

360

340

260

240

GMOS
Mitchell

O Fiducial Model

=== Mpu+30 1
o MBH—SO' 1
...... Mgy =0 |

\-____:é\tl] #'d] % '!1 B om a0 o
Il R BRI *

............... i

SR |

Radius [arcsec]

Galaxy Triaxial Axisymmetric | JAM
Parameter Orbit Model | Orbit Model | Model
Mgy [10°My] | 1.7+£0.4 2.4+0.6 2.9+0.3
M*/L [Ms/Le) | 2.35+0.07 22740.1 2.17+0.03
Ms [10M M) | 71102 7.9+1.3 4.74+0.2
B See caption.” | See caption.t | 0.07 +0.01
T 0.39 +£0.04

T 0.0979 03

Tz 0.1710:04

u 0.99113:908

P 0.902 + 0.009

q 0.7214553

6(°) 6673

6(°) 7243

v () 93.0497

Table 2. Summary of best-fit galaxy models for NGC 2693.
For each parameter, we marginalize over the other dimen-
sions and report the 1o uncertainties. The axisymmetric or-
bit models and JAM models have fixed inclination of 70°. In
orbit models, 6 is the inclination angle in the oblate axisym-
metric limit (¢ = 90°, or equivalenly p = 1), with § = 90°
being edge-on and # = 0° being face-on. We measure 3. in
the orbit model as a function of radius, shown in the bottom
panel of Figure 6. The best-fit JAM value of 5, = 0.07£0.01
is consistent with the range of 38, values measured from this
best-fit model, with values ranging from 5, = —0.27 at small
radii to B, = 0.28 at large radii in both the triaxial and ax-
isymmetric Schwarzschild models.

Cappellari+2014



axisymmetric vs. triaxial models
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“rotating away” the
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component gives an
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brightness profile
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a nice surprise:

'NGC2693

3OII

dust disk
inclination:

0~70 degrees

“Inclination”
from the triaxial
model:

0= 66"4_3
degrees

Pilawa+22



stellar dynamical modeling: Pilawa+22
applications to NGC 1453 and 2693

NGC 1453 e first simultaneous NGC 2693
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LOSVDs
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Slide Inspiration: N. Sahu, Univ. Swinburne

why else are SMBHs important?

1. Estimate BH mass from galaxy properties
where we can’t resolve SOI

2. Cross-checking of gas dynamics, mega-maser - A/ 2
disks, and reverberation mapping BH masses -
[i.e., Yu+2019 (reverberation mapping), Thater+21 (gas dynamics)] = %
4
\g \

3. z~0 mass function/number density — predictions
for long-A gravitational wave signal from Pulsar
Timing Arrays/LISA

4. Comparison to simulations of AGN feedback

modes and mechanisms
[i.e., Li+2019, Habouzit+2020]



stellar dynamical modeling:
applications to NGC 1453 and 2693
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Skilling+06

Nested Sampling in A Single Slide

- *—o @

0 8 samples X 1

€0

0 X; Step5

e®®

0 X, Step4

00— —

0 X, Step3
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0 *—e '_x1 Step 1
*—o ®

0 1

Parameter space Enclosed prior mass X

Figure 4: Nested sampling for five steps with a collection of three points. Likelihood
contours shrink by factors exp(—1/3) in area and are roughly followed by successive
sample points.

*J. Skiling 2006

idea : iteratively sample points, getting rid of
lowest likelihood at each step — volume shrinks
to maxima of distributions



surface brightness

stellar s .
20f o D
dynamical o, (G
del SN
Moaels
_2\ I / s ..
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CENTRAL IDEA: _ _ @0 20020
line of sight velocity
given kinematics + surface distribution
brightness of NGC 2693, V [km s71] o [km s71] hs ha
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galaxy’s mass components
by integrating the orbits of
stars in a gravitational
potential?
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triaxial dynamical modeling

axisymmetric systems ” triaxial systems
e 4 parameters: e 6 parameters:
o BH o BH
o M/L o M/L
o DM Halo o DM Halo
o Inclination o 3 Shape
Parameters
important:
axisymmetric
systems are, by
construction,
bisymmetric

short — axis tube

inner long — axis tube outer long — axis tube



triaxial dynamical modeling

triaxial systems

1. Choose a trial potential:
Galaxy =(DM)+ (STARS) + (BH) +. .. P 6 knobs to turn:

2. Generate stellar orbits in trial O |\B/|I;IL
potential ©
o DM Halo
o 3 Shape

Parameters

3. Determine which orbits most
accurately reproduce kinematics +
photometry for a single trial potential

4. Find which assumed potential fits
kinematics + photometry best across
trial potentials (BH, ML, Shapes)

inner long — axis tube outer long — axis tube



