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Bower et al. (1998)
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SMBH ubiquitous in bulges
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Correlation Between Black Hole Mass
and Bulge Mass

One
billion
solar
NEEEER

One
million
solar
NEERER

Black hole mass

No
black
hole

>
Increasing

Mass of central bulge
Magorrian et al. (1998)



M(M,)

black hole mass

Gebhardt et al. (2000 ); Ferrarese & Merritt (2000); Giiltekin et al. (2009)
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MQ — Mbulge RElation

M, M 1o 1.1640.08
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When were BH-galaxy scaling relations established?
How evolved?




Virial BH Masses
for Type 1 AGNs
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Virial BH Masses
for Type 1 AGNs
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Ho & Kim (2014, 2015)
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Ho & Kim (2014, 2015)
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Filippenko & Ho (2003 ); Barth et al. (2004); Ho (2008, ARA&A)
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Filippenko & Ho (2003 ); Barth et al. (2004); Ho (2008, ARA&A)
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lOg (@ / # MpC—S log M

Greene & Ho (2004, 2007a,b);, Dong, Ho et al. (2012)
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Bii)

lOg ($ / # MpC—S log M

Greene & Ho (2004, 2007a,b);, Dong, Ho et al. (2012)

200-300
new sources!

. -5 ;_ !fll! I(I}alaxy _:_ - QSIOI : )
o F -;! I iﬂ"‘-, : i
i T Ti R ]
-7 F T ] § -
A : { ;3 -
:_82_|,,|...|...I.1L—:_| Ll -I..?E :
B 3] 6 7 8 9 5 6 8 S }
- T R R N TN NN TR SR N NN N S R



H S T/ ACS Greene, Ho & Barth (2008 ); Jiang, Greene & Ho (2011a, b)
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Baby BHs in baby galaxies.
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Summary

@ Central BHs detected from 104 - 1010 M _

@ All bulges contain BHs, but not all BHs live in bulges
@M, ~ Mpylge  (Mo/Mpyjge) ~0.5%

@M, x g*4

@M,-cand M, — Mpy1ge Suggest BH-galaxy coevolution

@ Scaling relations already in place for high-z QSOs

@ Mild evolution for most massive BHs
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Opportunities with ALMA

@ BH masses using nuclear (cold) gas disks
@ ISM content of quasars at all redshifts

@ Dynamical masses of quasar host galaxies (CO ladder, [C II])

Gas distribution and kinematics

Surpav(q “4a)vg ‘ol ‘Yiivg



MEASUREMENT OF THE BLACK HOLE MASS IN NGC 1332 FROM
ALMA OBSERVATIONS AT 0.044 ARCSECOND RESOLUTION

AARON J. BARTH!. BENJAMIN D. BOIZELLE'. JEREMY DARLING?. ANDREW J. BAKER".
DAvVID A. BUOTE'. Luis C. Ho*. JONELLE L. WALSH"
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Thirty-Meter Telescope (TMT)




Future Directions with TMT

- . - — - -
1 .000 E"1.0s Me ~ 6 M® M@ ..\_1. O8 M® \ \ 1 0‘: M@ :
— - . I~ ~ N
8 10 M, . RN -
8 — ‘N, ’..\ ~ N -
s » ervations~. N o _
o 0100 ~ N R E
> - ~ .\'\ . ~ E
QC) = ~ - '\,\ "\_. ~ ~ -
E - . . ~ -
E - s s '.\. ~ . -
: N N ‘.\. \ - ~
© 0.010F S S ~, N
w - ~ e ~. N
.2 — = ~ ‘\.\ .'\. -
-8 : h = ~ -\'\ ..\- :
m ~ - '\.\. ':
0.001 y o TR SN
10° 10° 10’ 10° 10°
Distances (pc)
- 0.017" resolution -7
10 - - - = 0.050" resolution et -
- 0.008" resolution
s _
@ 10°-
=
P i
2 10
X
(&)
© i
m
10° . Do et al. (2014) -
10° 10° 107 10° 10°

Distance (pc)



LIGO, NSF, I-l‘hi:ét.f:z;tion:f}z&l Simonnet (éSU) . -

o BRSNS F O o
I o o . "RINGDOWN
- .f t “ay ‘ .".: \ g . '_
. % " .:‘.i.}\ :. » B ‘. ol .-.
Rue " e -~ .
© U CINSPIRAL ™ X

9

. ||/ | AL Wy
ARIAIER

HANFOR. D, WASHINGTON
LIVINGSTON, LOUISIANA









a - N ——— T
- s ——
: “:M =
. e A —
- « “:(_\_"-'IC‘(‘ \ ~ \'::‘«‘\\
—_dp ~~_.\\
\ %
LA,
- - W a3
3 ‘W m
b a b W CR
2 “ o=y
Yﬁii."‘\. g

: - e - ~
"r‘“ — . A WA, e, e L a e
N - ’ -~ ——y —, Wi, VR - . - o
- > _—— . -, S Y
‘\.“‘l ~ - o s pUThE
‘-s: - - - ' ~ N r&© C \ TN \\.ﬁﬁ
. - - " N ~ RS,
e - -’ . .;‘\“"







Future Directions with TMT

@ Direct measurement of low-mass BHs in dwarf galaxies

@ Direct measurement of BH masses in high-z inactive galaxies
@ Direct measurement of BH-host scaling relations at high-z

@ Calibration of BH masses in reverberation-mapped AGNs

@ Stellar orbital structure of centers of BCGs, constrain growth

mechanism of most massive BHs
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