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Summary (Abstract) of doctoral thesis contents

Galaxy evolution is one of the key topics in contemporary astronomy. Gaining a full
understanding of it is however challenging, because of the myriad of processes
involved. A key result of the 1990s was the realization that supermassive black holes
(SMBHs; Mpu=106"19Msun) are present in the centres of massive stellar spheroids.
More importantly, direct mass measurements of SMBHs in centres of galaxies have
become gradually possible in these 2 decades, by using several dynamical methods
thanks to both developed observing facilities and mass modelling methods. The
derived SMBH masses are revealing a couple of empirical correlations between SMBH
mass and host galaxy properties (e.g., stellar velocity dispersion o km s'!, thus Msu-o
relation). The exact form of the correlation is still under debate, but its implication is
clear -- black holes and galaxies grow hand-in-hand, and the evolutionary process
possibly involves a self-regulating mechanism. The idea is now broadly accepted (and
debated) as a co-evolutionary process of galaxy and black hole, which has been
motivating many theoretical and observational studies of galaxies from nearby to
high redshift.

Dynamical measurements of SMBH masses in nearby galaxies have been reported
so far, by using ionized gas, stars, and masers to trace the rotational motions in
galaxies. We here report an establishment and applications of a new dynamical
method that uses molecular gas to trace the circular motion of a cold disc inside the
galaxy. This new method was first used in 2013, which observed a CO (J=2-1) disc in
a nearby quiescent early-type galaxy. We first examine the method by using two
different molecular species for a barred-spiral galaxy. Both of the molecular species,
HCN (J=1-0) and HCO* (J=1-0), show very similar rotational motion that requires the
same SMBH mass. We thus confirm the flexibility of this method to use multiple
molecular species and to target various types of galaxies. Furthermore, this work for
the first time demonstrated ALMA’s power to measure SMBH masses in a number of
galaxies across the Hubble sequence.

We then extend this method to use the whole data cube instead of a
position-velocity diagram (PVD) as in our first work and other previous works. The
new fitting method enables to fit a larger number of parameters, and thus decreases
assumption in our model. Parameters for the mass model, thus SMBH mass and
stellar mass-to-light ratio, are the only free parameters in previous works. We add
free parameters to describe the properties of the disc, and fit the model to a data cube
of regularly rotating CO (J=2-1) disc observed in a nearby early-type galaxy. The
refinement on this method enabled to further investigate the error of SMBH mass

with less assumption. Systematic error is also investigated in the work, but we do not
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find any evidence for the SMBH systematic error being larger than its statistical
error.

We then apply this method to another nearby galaxy imaged at ~30pc spatial
resolution, three times higher than the first two. The velocity dispersion distribution
1s newly considered to model a realistic gas disc in this spiral galaxy. Despite the
high angular resolution, we do not measure the SMBH mass to very good accuracy.
The model needs to be more precise for this case by, for example, checking with an
asymmetric velocity dispersion distribution of the molecular gas.

Results from our method are finally added to the empirical Msu-o relation. We
comment that the results do not conflict with the existing relation, while the number
of plots is too small to give a statistically meaningful conclusion. In order to further
constrain the Msu-o relation and thus to discuss the co-evolutionary process of galaxy
and black hole, cross checks of the SMBH masses measured with different dynamical
methods will be of great importance. Systematic error among methods needs to be
investigated in the near future to resolve the origin of the scatter seen in the MgHu-0
relation.

Unlike other dynamical methods, the molecular gas method provides a broad range
of target galaxy types and SMBH masses. Moreover, gas kinematics sometimes can be
observed with a surprisingly short integration time (only a few to several tens of
minutes of on-source time for CO detection). We examine and confirm the capability
of the molecular gas method to help dramatically increasing the sample for the Msu-o
relation. The dynamical method will thus be a powerful tool to help understanding

the key question about the co-evolutionary process of galaxy and black hole.
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Summary of the results of the doctoral thesis screening

SR OFLICHFET HREET T v 7R —/ (SMBH) 1. TELE B AR 23 W B 22 19 1< Bk 18
WXFRTH D LI, MR EMICEERER 2R, BEREERENH L5 HIC
TIEE R (AGN) & L TET— XX — IR & 725, SMBH IELE —IZE & TR T &
WHDT, ZTOFHNILSMBH A & OO 7= DI K720y, & 52, SMBHE & (My,) & R
WAL ONE, &, VLT HEESHEEOMICHBEANREOND My, —o BFR) 2 &0
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A AZFIA L. ALMA 72 & @I EE - & oy R EE O BB I T EH IS KX o T SMBH B & EHH O
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ﬁ%(@%@%L@@,mimﬁf , KA=F =MD 77 —[alds, BEET A OHE
B, BT HAOEEYR) ORTHIEELE2—L, TRENOEFEMEREZ T LD T
2o
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Sy FFE (HCN & HCO') IZ Xk o T—&T 25 AR 22, S HIC, REDOEHERN 7
T HAAMBEOERAREEICHD 2 2R LT, 5 3% TIiE NGC 3665 O CARMA |2 X % CO
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a7 BT T ik (MCMC) TR, PVDIZ XD My, & FJE L7222 W EF e R 2 15
7oo El2, T SMBH EABE LV KE W CONAMDLEZNH > TH, MCMC T 25%D K E T
My ZHEETEX D2 L 2R LT, & 43 TlINGC 5064 (22T MCMC T My 2H 1 23 7 .
WHBET VTIIERENRRENWZ NG, FHAOHEZMENRT A —FIZMA DT &
Lo T, BWHBEEZFF ORI bRIETED X IC®WB LT,
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KRHFFENT AL D My et HIE AN L, B R - BEm LA ER LR E S L
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