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Supermassive Black Holes

Mgn > 10°-6 solar mass (M) at the center of galaxies.

Ubiquitous at least in massive galaxies with bulges
BH-Host Galaxy correlation

Formation mechanism is still unknown



Contents

e A Candidate of Intermediate mass black hole (IMBH) in
NGC 5252

e Star Formation in Active Galaxies
- explore BH growth and star formation rate



A Candidate of Intermediate mass
black hole (IMBH) in NGC 5252



Origin of SMBH

most distant QSOs @ z~7.5 (0.7Gyr) : Mgy ~ 1x108 Me

DECaLS z-band Magellan J-band

Quasar J1342 + 0928 at z = 7.54
Banados et al. (2017)
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Origin of SMBH

Eddington limit : BH growth rate is limited!
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Origin of SMBH

Eddington limit : BH growth rate is limited!

xSDSS z=6 quasars
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Origin of SMBH

most distant QSOs @ z~7.5 (0.7Gyr) : Mgy ~ 1x108 Me

DECaLS z-band Magellan J-band

Quasar J1342 + 0928 at z = 7.54
Banados et al. (2017)
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Intermediate-mass Black Holes (IMBH)

-102- 10°Me BH

- Missing link between stellar mass BH and supermassive BH
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Origin of SMBH

Controversy?

We suppose that the initial black holes form via a coherent
collapse. This probably implies Mgn = 10°M. Formation
of lower mass holes would be less efficient, for at least two
reasons. Primordial clouds of mass less than ~ 109M¢ are

readily disrupted by supernova-driven winds (Dekel and
Silk 1986). Given the observed efficiency of black hole
formation, the formation of black holes of mass below ~

106 M 1s likely to be inhibited.

Silk & Rees 1998



Intrinsically Rare vs. Detection limit?

Normal Galaxies
(Sphere of influence) Active Galaxies
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Hubble ALMA

Mgy =
6.86x10% M,

Mpy =
d=22Mpc, ri ~ 25pc (0.23arcsec) 1.45x10° M,

N G C 1 332 ALMA (NRAO/ESO/NAOJ); Hubble Space Teles 1 0 1

Barth etal. 2016 Offset (arcsec)



IMBH Candidates

e Where are leftover IMBHs? (methods to search for IMBH)

- Low-mass active galaxies

- Ultraluminous X-ray sources (ULXSs)
- Massive star clusters (47 Tuc, G1, w Cen, M54)
- Tidal Disruption Events

- Gravitational wave



Searching for IMBH

(Leftover) IMBHs in dwarfs

Nucl
12 Pop I e -)-% = uclear cluster \(

(\ in protogalaxy /
stellar seeds - |1 77 lﬁ{}[‘ ll\. | Direct collapse

Nuclear cluster of ﬁ \

10 seoondgeneratnon

stars } i—‘? \_‘ifg/

GR) 2
8 (7
=
: N h
2 6 O growt
© g (7 Quasars
4
Feedback,
mergers
—
[ ]
. @
2 i /‘ ™)
A J
[ .
‘® Leftover IMBHs o Y
5 / ® in dwarf galaxies .
10 10° 10° 10* 10° 10° 107 10% 10°

Mgy, (M) Mezcua 2018



IMBH in dwart galaxy

Mg ~ 10,000 Mo
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IMBH in dwart galaxy

® Low mass active galaxies (Variability in X-ray)

-]1231+1106 : Mgy ~ 3-7 x 104 Me

X-ray spectrum

Magellan/IMACS spectrum
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IMBH in Globular Cluster

® Massive globular cluster
- 47 Tuc: Mgy ~ 2200 Mg

N-body simulation vs. observation
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IMBH in Compact Star Clusters

® Hyper compact star clusters (recoiling BH)

Prediction from the theoretical model
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IMBH in Compact Star Clusters

® Hyper compact star clusters (recoiling BH)

Prediction from the theoretical model

Ultra Compact Dwarfs (UCD)

M59-UCD3 M85-HCCI

Sandoval et al. 2015




IMBH from TDE

e Tidal Disruption Event with white dwarfs

R M NP My \ Schwarzschild radius
—L x3x10% | — 2 -
R MBH MWD Y-axis (ryjga) in km)

A

Tidal Radigs

15"
1 Mr: WD /lweuzs-nl d radus
194

/ X-axis (Mg, In M)

10102 103 104 105 106 107 108
BH mass

Credit : NASA Goddard



IMBH from TDE

e Tidal Disruption Event with white dwarfs
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IMBH
® Where are they? (methods to find IMBH)

- Low-mass active galaxies (Greene & Ho 2005, Reines
etal. 2013, Ho & Kim 2016, etc.)

- Massive star clusters (47 Tuc, G1, w Cen, M54)
- Hyper-compact star clusters

- Tidal Disruption Events

- GW!

- Ultraluminous X-ray sources (ULXSs)
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Ultraluminous X-ray sources (ULXs)

e off-nucleus

® Lxray>2x103%ergs-1

@ strong candidates of IMBHs

e very faint optical counterpart

@ often associated with low-metallicity HII region



Example 1: HLX-1 in ESO 243-49

Composite

SO galaxy - 95 Mpc -
Farrell et al. 2012



Example 1: HLX-1 in ESO 243-49

® One of the strongest candidates for IMBH

- Hyperluminous X-ray source ~ 1042 erg s-1
400 times brighter than Eddington limit of 20Ms of (stellar) BH

-V ~ 24 mag (~ 10 Mg stellar mass)

- But, very weak optical and radio emission
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ULX in NGC 5252

- Lx-ray ~ 1040 erg s-1
- Ny << 1022 cm2

- Lsguz ~ 1021 W Hz-1

Chandra +

Kim et al. 2015




Magellan /IMACS spectrum of the ULX

- Lx-ray ~ 1040 erg s-1
- Nu << 1022 cm-2

- Lsgaz ~ 1021 W Hz-1
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Magellan /IMACS spectrum of the ULX

e Appears to be associated with the host galaxy (NGC 5252)

e Seyfert-like spectrum
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Gemini/GMOS IFU Follow-up

® GMOS/IFU observation

Flux (Ha) Velocity (Ha)
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Kim et al. 2017



Gemini/GMOS IFU Follow-up

® Relatively low o (20-30 km/s) and high [OIII]/Hf3
-> shock is unlikely to be responsible for the ionization

® Sign of rotation : Mgyn ~ 107> Me (upper limit of BH mass)
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BH mass of the ULX?

BH Fundamental Plane
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J2000 Declination

(1) Follow-up studies (VLBA)
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BH mass of the ULX?

BH Fundamental Plane
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(2) Follow-up studies (NIR photometry)

e Mk~ -16.6 mag=>» M. ~ 107'9M@ (cf. Mgy, ~ 107°5M®)

NIR images (William Herschel Telescope)

J—band K—-band

- H-band
-

r

5arc

Kim et al., submitted



(2) Follow-up studies (NIR photometry)

NIR source : Dusty Torus

Narrow Line
Region
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log (vf, / erg s™' cm™2)

(2) Follow-up studies (NIR photometry)

L ack of Torus?
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Summary (1)

® We found an IMBH (or SMBH) candidate possibly
accreted onto NGC 5252.

e IFU observation (Dynamical mass)
= Upper limit of Mgy ~ 10> M

® VLBA observation (BH fundamental Plane)
= Upper limit of Mgy ~ 10°M

® NIR observation (Stellar mass)
- M. ~ 10"°M_ — Mgy < 10°M(?)
—> Deficit of NIR : Lack of Torus?
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SMBH-Host connection

e AGN feedback: (1) QSO mode feedback (radiative)

T = 830 Myr \

Courtesy of Phillip Hopkins



SMBH-Host connection

e AGN feedback: (2) radio mode feedback (kinematic)

MS0735.6+7421

* 4 X-ray Cavities

E'= 10%2 ergg.

Piat = 3x1 945 erg s’

Hotspot

McN + 05,09

Gitli + 07 Optical,




SMBH-Host connection

¢ AGN feedback

- BH activity suppresses (regulates) star formation in host
galaxies

- probably important mechanism to make dead elliptical
galaxies



SMBH-Host connection

e Low SF efficiency (AGN feedback)

gas accretion * merging

.

N

iv€ stars & SNae  AGN fee K \
heatihg and winds i i
photoionization/ < NS & Bl itational
photoevaporatio gra 'ona

heating®

no Hl o . ‘ .
cooling U 0 B - F -

log (Stellar Mass/Halo Mass)

14 15

10 10° 10" 10
halo mass (M

sun)

log (Halo Mass) Credit : R. Somerville



SMBH vs. Galaxy (Bulge) mass

MBH ~ 02% Of Mbu]ge or Mbu]ge ~ 500 MBH
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BH growth vs. SF

Direct Method : measurements of SFR and BH Growth rate in AGNSs!

= SF (Galaxy Growth)
= = = = BH Growth (m)

0 O O,

SFR = 500m

Present Time (redshift) BigBang  Time (redshift) Time (redshift)
BH = Galaxy BH -> Galaxy Galaxy -> BH



Technical Issues

optical near-IR far-IR
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Technical Issues

Star Formation Rate (SFR; M© /yr) indicators

Ha UV  [OII] X-ray Radio

strong ;: weak ! weak

Padel o RIEK

strong 3 strong

weak i strong i strong

weak ! weak

e X-ray -> AGN activity -> BH Growth rate

e FIR -> SFR



Spectral Decomposition in AGN
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BH Growth vs. SFR (z~0)

SFR/BH Growth ~ 115 (c.f. SFR/BH Growth=500)
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BH Growth vs. SFR (z~0)

@z~0 -> SFR < 500 x BH Growth in luminous AGNs
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Star Birth Rale

But it is really crucial look at z~2

Galaxy and BH grows mostly at z~2!!!

Cosmic Star Birth History The Rise and Fall of Quasars
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ASFR from SFMS

SF in AGNs at z~2

AGN host galaxies are SF Main Sequence
(X-ray selected AGNs)
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No AGN Feedback?
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BH Growth vs. SFR for AGNs @ ~z<?2

e No Link between BH growth and SFR???

e Strong Redshift dependency
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BH Growth vs. SFR for AGNs @ ~z<?2

Flat features (no connection between SFR and BH Growth?)
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Timescale issue

different time scale between
BH accretion (<<100Myr) and SF (~0.1-1Gyr)
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Timescale issue

SF and BH accretion is somewhat linked possibly through (1)
merging process and/or (2) w/o any physical connection

‘normal” galexy e (1) SFR ~ aum on average

(2) time scale of SFR > mpn

(3) FIR LF for z~0-2

Eddington ratio

10° AGN variability from simulation
(Novak et al. 2011)

0 o 20 | | 4‘0 60 o
time (Myr) Hickox et al. 2014



Timescale issue

Successfully reproduced the observational trend!
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Technical issue

AGN are cooler than you think (Symeonidis+2016)
With FIR one may overestimate SFR in AGNSs!
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Summary of Previous Studies

Different Studies reached different conclusions (possibly due to the
biased sample and method).

Mostly relied on FIR luminosity, which can be somewhat biased.

Intriguing caveat : Time scales of SF and AGN are significantly
different at least by an order of magnitude.

Focused on type 2 AGNs (easy to estimate stellar mass but hard to
measure BH mass)

Our goal : Time averaged relative stellar growth rate (specific SF)
and BH growth rate measured by independent methods (not
FIR)!



Young Stars in (nearby) Type I AGNs

« Sample: 235 type I AGNs with deep HST images

« BH mass : Virial method (Single-epoch + multi-epoch)

« Bulge Luminosity : Imaging decomposition
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Decomposition of host galaxy

Kim etal. 2017a



Mgu measurement in Active galaxy

® Reverberation mapping
Mpgh ~ fxrxvZ/G ~ ctx FWHM?
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Mgu measurement in Active galaxy

® Reverberation mapping
MgH ~fXI‘XV2/G ~foxv2/G
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Young Stars in (nearby) Type I AGNs

« Dependency on the accretion rate

BH Mass
! |

3
|

‘etion rate

Low accretion rate —16 -20 24
Bulge Luminosity Kim & Ho (2019)



Young Stars in (nearby) Type I AGNs

« Dependency on the accretion rate

(1) BH is actively growing? %

(2) M(BH) is underestimated? v/

the light excess of the bulge

(3) host galaxy is overluminous

due to young stars? ¢/

Normal Galaxy

9p

S

=
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aa \

< High accretion rate

0.5dex v Low accretion rate

Bulge Luminosity

Kim & Ho (2019)



Young Stars in (nearby) Type I AGNs

« Young stars in the host galaxies?

e Kormendy Relation

High accretion rate o
/ -> overluminous bulges

-> another evidence for young
Low accretion rate

Normal Galaxy Ithe light excess of the bulge

stars in luminous AGNs

Mean surface brightness

Effective Radius Kim & Ho (2019)



Origin of light excess?

« Mass-Luminosity relation in stars

3.3 M —2.3
L xM 7 x M
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Light excess = young star (recent star formation)
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Young Stars in (nearby) Type I AGNs

From MpgH-Lbuige relation

— - —-Power-law fit —
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—— Linear fit

log A

accretion rate »

A<wp,> (mag arcsec?)

From Kormendy relation
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Kim & Ho (2019)



Young Stars in (nearby) Type I AGNs
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g *Stellar growth rate and BH
. L v %M}A%i;:ljw) growth rate appears to be
[ 222 acupn, (Power law) somewhat correlated.
i’ - - WA (but not one-to-one relation)
E I [ w SF Growth and BH Growth
éj o - i is not perfectly synchronized!
R | eIndirect signature of AGN
_ feedback?
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