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A short history ...
4_4

e 1783/1796: John Mitchell and Laplace first speculate of objects with such
huge gravitation, that even light cannot escape

« 1954: AGN as very energetic phenomena, i.e. 3C 273

e 1969/1971: Lynden-Bell & Rees suggest that many galaxy might harbour a
massive black hole in their center

. 1969/1972: Prediction of SMBH in the MW of about 30 x 10° M_ (Lynden-
Bell) or 0.6 x 10° M_ (Sanders & Lowinger)

« 1978: Central black hole in M87
e 1993: Black hole mass might scale with different host galaxy properties

e 1998: Magorrian: “Most galaxies harbour a SMBH”
e 2004:38;2013:89; 2016: 109 SMBH dynamical mass measurements
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BH demographicsl

« More than 100 SMBH dynamical o Creenerly
measurements for nearby galaxies L 10 1.
. . :_ e ] 5 10
« Most mass measurements for elliptical o T
galaxies I ] |
o - —
« Small number of galaxies measured below <& [ ] |
o.=100 km/s S0 T i
= °f i i
 Dynamical measurements only for the g ._ ] ]
nearby universe P AT e .
« Compared to the number of AGNs, we | ]
expect a large fraction of massive black ° 2 22 24 26
holes in quiescent galaxies log (0. / km s7)
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BH correlations

Creene+16

T T
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elations — Convergence concept

I

Result of a statistical convergence
process (Peng 2007)

"

» Hierarchical assembly of black hole
and stellar mass through galaxy
merging of initially uncorrelated
distributions

Mgy [Mo]

« Extreme MBH/Mbulge ratios would be

sorted out by the large number of
mergers and the ensemble average

7

: 10
e Problem: Not enough major mergers 10 10% 10® 107 10° 10°10'°10!"  10* 10° 10° 107 10® 10° 10'010!!

in the past (Anglés-Alcazar et al. U [ M. (M)
2013) Jahnke&Maccio2011

Mgy [Mo]

« Test: construct dark matter halo
merger trees in a feedback and
coupling-free environment
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Sphere of influence
GMpy

G.Z

Mgy a
3
pc(mﬂ MG)(Z{}O km s-

(isothermal sphere)

« With dynamical mass
measurements we mainly
probe distance scales up to

0lving the sphere of influenc

—
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3 (peNee - ) s
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Effective o, (arcsec)
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12 1 04
ofF |,
 Case of M32 = ok
s O
* Resolving the sphere of & 6[
influence could change th = i F

mass measurement by a :
factor of ~5 2F

O Assumed V(r) function

@® Jeans equation

B Spherical maximum entropy
@ Two-integral model

Three-integral model

> Make synthetic spectrum
X Fith;andh,
I:' Two-dimensional data

<> Triaxial model (adopted)
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easure central black holes

dyamically?

Direct measurement: Use a dynamical TINE - P
. . | g it 3
tracer (gas/stars) which is accelerated by L SRl
the black hole (- Kinematics) | .. VR
e B[ AT Y ]
: - = b7 s sipe &
 The collective potential of stars or gas on E o ._-_:','f:..
scales of the black hole sphere of . TR, g
Influence is modeled, with the central = s,
mass as a free parameter =]
4+ A
r3 Vanden
—_ i Bosch 16 |
0= @ M) + Q(MGE - ML) | .7 . B

velocity dispersion (log km/s )

Phenomenon: Quiescent

Galaxies

Primary Stellar or Reverberation
Methods: jamasers Mapping
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A case study: NGC 4414
_.4

e Coma Berenices

(12h26m27.1s +31d13m25s)

* |solated
« Distance Scale

= 18.0 £ 3.0 Mpc (z=0.002388)
« 0,~110 km/s
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Kinematics: LOSVD l

Right Ascension difference from 17h 45m 40.045s

+0.5"+04" +0.3" +0.2" +0.1" 0.0" -0.1" -0.2"
+0.5"

: . 512 S1
« Key ingredient to measure the mass of the SMBH +o#
with dynamic methods 0.3
. >4 S2
«  Milky Way: 2"" Sl4
£+0.1
* 3d spatial coords (ang. Pos, parallaxes) * 00 S/
* 3d velocities (proper motions, Doppler) gov
2-0.2
—~ 6d phase space coordinates 5
. . 0 - S13
« f(r,v,t) specifies how stars are distributed 04" _/SSm ] SYSMO
throughout the system and with which velocities .. T e el

.~ contributes to the shape of absorption/ Eisenhauer+05

emission lines

« For farther galaxies than Milky Way, we can only
measure the collective motion of stars along the
line of sight (LOSVD)
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lon of Stellar Kinematics '

« Kinematics extracted from 3-d NIFS/GMOS datacube by using pPXF
(Cappellari & Emsellem 2004)

e Assumptions:

e |S(z)=T(z) ® B(x)

« LOSVD Gaussian shaped (V, 0)

NIFS
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« Deviations from Gaussian
given by Gauss-Hermite
h3 (assymmetric), h4 (symmetric)
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Stellar Kinematics'
« Voronoi binning applied to ensure sufficient S/N - |

« Obtain V, sigma, h3 and h4 for each bin

V [-90,90] o [80,125] h3[-0.15,0.15] h4[-0.2,0.2]
: = ; T . T T T o [ £ 1]

15/

1
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W
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.
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E

Stellar Mass Modeh

Parametrization of stellar surface
brightness

- from high-resolution HST/WFPC2/F606
data &

- large scale SDSS/r image data

(both dust-corrected)

S0 T T T T [ T T T T [ T T T T T T T T [ ® T T

450 —

400 —

300 @ -

- @
2ol 0 o o w b
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“

JAM modeli

« Give a solution of the Jeans Equations to model stellar kinematics

« Jeans equations relate the galactic gravitational potential to the second
moments vlos2 , Which are a good approximation for observed gquantity

(Cappellari 2008) Vi . =+/V2 + o2
» Anisotropy parameter describes the orbit configuration

8,=0.12 M/L=1.84MBH=0.0e+00

1.5 '
; 130
1.0F h 125 0.14\\

05F £ -
] 120
c S 0.0
o o _ 115
_O 5 _ . 0.10
’ 110
-1.0r
105 0.08
L L 1 1 . ‘F L 1 1 1 L
-1.5-1.0 -0.5 0.0 05 1.0 -1.5-10-05 0.0 05 1.0 0 1 2 3 & 3
arcsec arcsec Mpy (10° M)
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warzschild orbit based model

Mgy = 5.8%x10° Msuy

Mgy = 2.6X10° Mg, Mg, = 59x10 Msun

arcsec

—1 .0 -0. 5 O 0 05 1.0
arcsec

: == . e
=1 0 0—5 0 0 0 5 1 0
arcsec

« Orbit superposition method
(Schwarzschild 1979)

--------------

 Best model

.............

6 . . )
Mg, < 1.6 x 10" M JEEER. RS X
M/L=1.76
6 s e
Moo 72 > 107 M, SRS RS
* Via high quality IFU data, we can : RESTIITITS
probe a measurement 5 times S g
below resolution limit ol il Ll

0.01 0.10 1.00_ 10.00 100.00
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— Saglia+2016 (All)
- - Greene+2016 (Late-type)

10+
McConnell+2013 (Late-type)
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Error budge'

 Distance : NED [5 — 25 Mpc](Tully-Fisher/Cepheids)

— Distance ~ M
BH

» Dust: Underestimation of stellar light — very significant

« Variation in stellar M/L ~ MBH

* Inclination of the galaxy

« Dark matter - Omission returns higher M/L - Under-assumption by up to
30% (Rusli 2013)
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Outlook to the field

R

 Dynamic measurements

* Fundamental plane of SMBH masses
* Lower and upper mass SMBH region
* Unification of the different methods
* Redshift evolution of the scaling relations
« Black Holes
* Learning about the evolution of black holes
* Fundamental physical connection between black hole and bulge growth
* How do over- and undermassive black holes w.r.t. to correlations form?
* IMBH to fill the gap between stellar BHs and SMBHs

* More component systems (—> LIGO) and BH merging
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Summary l

« Afield of research that grows at a tearing pace

« SMBHSs are thought to coevolve with their host galaxy bulge due to different
correlations by AGN feedback and merging

» Details are still under debate!
* The data resolution is a limiting factor for the measurements

* Problems in adjusting different measurement methods
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Schwarzschild method

== | Observations : Surface brightness & VPs \

* Orbit superposition dynamical 4,
models (Schwarzschild 1979)

_ g Luminous mass distribution I
e Assumption: geometry, =
dynamical equilibrium Y
. . . Superposition Potential - density Option : Add
Integrate orbits from potential of orbits Miss moded Dark Corotint

and store observables

« Generate orbit library 1(

« Construct a superposition of | Qret Wy \

orbits
Y

« Simultanelously reproduces the
total mass distribution and
observed stellar kinematics [

VP of each orbit
including Convolution & Pixel binning

* Re-iterative process
Cretton et al. 1998
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warzschild orbit based model

Orbit superposition dynamical models (Schwarzschild 1979)

* Method: - Integrate orbits from potential and store observables
- Generate orbit library and construct a superposition of orbits
 General method, but numerically expensive
Observation
Model o @

L) I AN 110 1 LT :IIIIPIIIIIIIIIIII'IIIIIIIIIE
-1.0-050.0 0.5 1.0 -1.0-05 0.0 05 1.0

arcsec r r arcsec

HE = 2 HE
641 WE-HeraEUS'SEI —-50 o 50 50 100 "o 120 130 -0.15 -0.90 -0.05 -0.00 0.05 ©10 045 -0.15 -0.10 —0.05 -0.00 ©.05 DIC 015 ; 2017
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BH-size-luminosity relatioi

CT I [ & ok & o LU B T 7 B [
- :;I"IEEISSEI" b -
« Fundamental plane il - E.i -
for black holes "3 tpper it - i !
« All gravitational = rall. e % il |
systems sit on plane = | R 5 e
GM R O 2 8) i 3«52‘?? - :'—-»m- P
12 12712 = L : o > v W:“""
(Virial Theorem) E 6l R L~ )
 Here: Proxies g [ e
af i
i log My, =(-30.542.0)+(3.6640.19)log L/L . -(3.42+0.26)log R_kpc (£=0.5740.04) |
Pleids o« S o s BG G5 bo g 5w Ba o
9.0 95 100 105  11.0

log L/Ls-0.93log R/kpc
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641. WE-Heraeus-Seminar

ation on SMBH formation and

Gas cools
vary slowly
forming a
stable disc

Globally
unslable gas
intalls towards
the galaxy

center and &
Supermassive
star Torms

Locally
unstable

gas flows
towards the

galaxy center

Thater: SMBHs

First stars:
maybe one
slar per
galaxy, up
to hundred
times larger
than the sun

The stellar
core collapses
into a small
black hole,
embedded In
what is left

of the star

Gas
fragments
Into stars,
and a dense
star cluster
forms

Volonteri 1 x 33 picas

and their host galaxies

evolution

_.-‘

i the star is
more massive
than =300 solar
masses, it
collapses into
black hole,
-200 times

the Sun

The black hole
swallows

the envelope
growing up

to a million
solar masses

Stars merge into
i vy massive
star, that
collapses into
black hole -1000
times more
massive than
the Sun
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Dust correction — Method
ellari et al. 2002, Scott et al. 2012)

Dust effects accuracy of MGE
model (o

René Andrae

Assumption: Dust as screen Iin
front of stellar emission

Interstellar Reddening
E(9-1)= (g_i)observed ) (g_i)intrinsic

Extinction correction of dust with
standard galactic extinction law
(Schlegel 1998)

A = 1.15 E(g-i)
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Dust Correction
N

« Perform straight line fit to pixel colors to determine underlying
colour gradient of galaxy

2‘5_| T T T T T T T | T T T T T T T T | T T T T T T T T T T T
2,{}_— = ]
1,5_— il _ _]
3 19_— i i
T [
0,5_— N o
L f(x)=-0.2436%+1.543340.41 = =
YT f(X)=—0.2426+1.5433+0.11 - i
L flx)=—0.24236%x+1.5433 | colour > linefit+0.41, dist < 2.2 .
i sl S ST T, dist < 2.2 il
-05L l l : | | | | | | | | | |

=3
=
=
n
=3
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