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angle on the sky
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200,000 galaxies and quasars with their
actual positions and colors, from the Milky Way all the
way to the Cosmic Microwave Background — the edge
of the Observable Universe. Data from the Sloan Digital
Sky Survey and the Planck satellite.
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Not today: galaxy mergers










What are active galaxies?







Sevyfert galaxies, AGN & Quasars

e Seyfert 1 (type-I AGN): strong, broad permitted &
semiforbidden emission lines

 Seyfert 2 (type-Il AGN): heavy obscuration
extincts nearly all optical-UV radiation

 Observational difference: restrame UV
obscuration in spectra

e Quasars: radio loud, z > 0.2, luminous L > 104
erg/s




Active Galactic Nucleus Classification

* At least one of the following points fulfilled:

* Object contains compact nuclear region emitting significantly beyond what is
expected from stellar processes typical of its galaxy type

* Object shows clear signature of nonstellar continuum emitting process in its
center

* Object’s spectrum contains strong emission lines with line ratios typical of
excitation by nonstellar radiation field

* Object exhibits line and/or continuum variations
* Terminology contentious

* AGN is a transient phenomenon! Starbursts can potentially trigger
AGN activity, which can also decay
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Unified AGN Model

SMBH with accretion disk & relativistic jet
* Typically 10%-101° Msol
» Size: a few light days (Solar system)
* Jets can extend from AU to 1 Mpc scales!

Broad Line Region (BLR)
e 100 light days across
* Very broad emission lines (2000-10000 km/s)
* Inner spherical zone highly ionized & dense
* Quter zone more flattened & low ionization

Molecular torus
* Dusty doughnut, 100ly across
e Optically thick: viewing angle relevant

Narrow Line Region (NLR)

* Lower density than BLR
* Emission lines less broadened (<1200 km/s)

Obscuring
Torus

Urry & Padovani 1995
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Credit: ESO/M. Kornmesser



https://www.eso.org/public/images/eso2203d/

Gas & dust disk of NGC4261 seen by Hubble

Credit: HST/NASA/ESA Ferrarese et al. 1996



https://ui.adsabs.harvard.edu/abs/1996ApJ...470..444F/abstract
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Megamasers orbiting SMBHSs



M106 =
NGC4258

One of 22 nearby mega-
maser hosting galaxies.
Yet uniquely important
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Credit: X-ray: NASA/CXC/Caltech/P.Ogle et al; Optical: NASA/STScI & "

R.Gendler; IR: NASA/JPL-Caltech; Radio: NSF/NRAO/VLA . 5“&9”:3:5:‘"-’
., black hole «



Megamasers

* MASER: Microwave/Molecular amplification by stimulated emission of radiation
* Water (H,0) at A = 1.35cm, Methanol, SiO Molecular Cloud masers

 Megamasers: extremely high power compared to other astrophysical masers (e.g.
in Mira stars or Molecular clouds)

* Extremely useful due to high L and narrow lines (monochromatic)

 AGN megamasers: localized regions @ 0.1pc from central BH

* Megamasers like it dense (108 — 101° cm3) and warm (300-800 K): dusty torus!
* Amplification varies exponentially with path length

* Emission seen from regions where velocity coherence is large

 Disks show 3 points: in front of continuum source (v=0) and tangent points

* Concentric rings should show multiple masers at each of these three



NGC4258: measuring orbital motion at 7.6 + 0.2 Mpc

Herrnstein et al. (1999) Reid et al. (2019)

* Masers trace motions by 30
discrete clumps of gas

* Clumps fairly stable: 70%
persisted 1994-1997 s | :‘ e
* Very Long Baseline Array (VLBA) 5°| £ !
observations .05
5 B8 ]
* Now based on 18 VLBI epochs g} ool T
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https://www.nature.com/articles/22972
https://iopscience.iop.org/article/10.3847/2041-8213/ab552d

Angular resolutlon 200 uas (0. 006 pc at 7. 2 Mpc)

Specitral resolution < 1 km s!



NGC4258: measuring orbital motion at 7.6 + 0.2 Mpc

Humphreys et al. (2013)

Reid et al. (2019)

Maser distances 0.13 — 0.26pc
from BH

BH mass 3.9 x 107 Msol

Rotation axis of disk nearly
perfectly aligned with jets

Velocity centroid = average
velocity of M106

>100 megamasers known, 12
BH masses

Redshifted

<
¥

Observer’s view 0.1pc

—e

NGC
4258

Systemic
Masers

Blueshifted
masers

Courtesy CfA Maser Group, Humphreys, et al. (in prep)

LA

Inclination warp (flattening of

high velocity rotation curve): 8°

across reds

Position angle warp

(declinations): 9° across reds

Disk obscures much of central

region Tt i
Systemic masers in bowl on op view
front side of disk —



https://iopscience.iop.org/article/10.1088/0004-637X/775/1/13
https://iopscience.iop.org/article/10.3847/2041-8213/ab552d

NGC4258: measuring orbital motion at 7.6 + 0.2 Mpc

Humphreys et al. (2013) Reid et al. (2019)

Assuming circular Keplerian disk
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https://iopscience.iop.org/article/10.1088/0004-637X/775/1/13
https://iopscience.iop.org/article/10.3847/2041-8213/ab552d

How to Get a Distance? Measure
accelerations & proper motions

Acceleration Distance
Vie2 o« M/DG,; —— M/D

NGC4258:
dVos/dOoc [MDOT2 64y 7.6 + 0.2 Mpc

3 € V2/ D&,,s D M

or

Proper Motion Distance
0 ~ /D oc (M/D)2/D6, "2 D M







Sagittarius A* - the MW’s SMBH
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Credit: SARAO/MeerKAT


https://www.sarao.ac.za/media-releases/meerkat-radio-telescope-inaugurated-in-south-africa-reveals-clearest-view-yet-of-center-of-the-milky-way/

GRAVITY/VLTI weighs MW’s SMBH







The orbit of S2 around Sgr A*

GRAVITY collaboration (2018)
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https://ui.adsabs.harvard.edu/abs/2018A%26A...615L..15G/abstract

Nobel prize 2020: Black Holes

Roger Penrose (1/2), Reinhard Genzel (1/4), Andrea Ghez (1/4)

* Penrose: for the discovery
that black hole formation is a
robust prediction of the
general theory of relativity

* Genzel & Ghez: for the
discovery of a supermassive
compact object at the center
of our Galaxy




SZ |S n Ot a ‘O n e | Orbits in extreme gravitational well

allow for tests of GR, cf. lecture 13
Gravity Collaboration (2021)
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https://www.aanda.org/articles/aa/full_html/2021/01/aa39544-20/aa39544-20.html

s Sgr A* an AGN?




1GeV<E<2GeV 2GeV<E<5GeV
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Figure 2. All-sky residual maps after subtracting the Fermi diffuse Galactic model from the LAT 1.6 year maps in four energy bins (see Section 3.1.1). Two bubble
structures extending to b £ 50° appear above and below the GC, symmetric about the Galactic plane.



https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044

The “Fermi Bubbles”

Su et al. (2010)

* Evidence of the Milky Way’s past as an AGN?
* Signs of dark matter annihilation?

Galactic wind?

Gamma-ray emissions

WMAP haze - Xrayemissions 1 ' : ' A G
< sun o - N - 50,000 lightyears
'\ ) & Milky Way e g ;

Galactic disk



https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044
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http://www.eso.org/public/images/eso0903a/

Imaging M&87/’s Supermassive BH



10m Heinrich Hertz Sub-mm Telescope,

Mt Graham, AZ, USA f
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15m James Clerk Maxwell Telescope

o ¥AM, Spain, Sierra Nevada
MA, Chile, Atacama Desert e : : 3
x12m. 12x7m dishes . M tilieis 10m South Pole Telescope
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SMA+JCNT
[ CARMA

Filling the (u,v) plane

* Interferometers measure interference patterns
observed by aperture pairs

1
PR N T T S |

e 2D Fourier transform of on-sky brightness T(x,y) is the —5:
complex visibility V(u,v) [van Cittert-Zernike theorem]

* (u,v) sampling crucial for y
image quality image plane

e Time (Earth’s rotation)
increases (u,v) coverage



Credit: EHT Collaboration



https://eventhorizontelescope.org/blog/astronomers-image-magnetic-fields-edge-m87s-black-hole

Imaging Magnetic Fields at 16.4 Mpc using Polarization

Credit: EHT Collaboration



https://eventhorizontelescope.org/blog/astronomers-image-magnetic-fields-edge-m87s-black-hole



https://eventhorizontelescope.org/blog/astronomers-reveal-first-image-black-hole-heart-our-galaxy

M87 Black Hole — Event Horizon Telescope

EHT image of the
black hole shadow

ALMA image of the jet
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“A curious straight ray lies in a gap in the nebulosity in p.a. 20°, apparently connected with

the nucleus by a thin line of matter. The ray is brightest at its inner end, which is 11" from

the nucleus.” — Heber D. Curtis description of a 5 min exposure of NGC4486 (



M87’s variable morphology

2009 2011 2012 2013 2017/04/06 2017/04/11

@)’. Event Horizon Telescope

© M. Wielgus & EHT-Kollaboration

Wielgus et al. (2020)



https://iopscience.iop.org/article/10.3847/1538-4357/abac0d

Reverberation Mapping

X-ray and optical variations are offset in time, allow to probe the size of BLR



SDSSV — Black Hole Mapper & Reverberatior
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Measuring BLR sizes and BH masses ' I ‘
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https://ui.adsabs.harvard.edu/abs/2018ApJ...860...29Z/abstract

Time Delay Cosmography
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Strong gravitational lensing

e~ : o
Multiple images
the background quasar

Background quasar




Time-delav cosmographyv
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17 years of
time delays
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Rapid time
delay tracking

DES0408 — 5359
October 2016
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Hubble’s constant from time delays

Hy €10,150] Q,, €[0.05,0.5]

Hp measurements in flat ACDM - performed blindly
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https://academic.oup.com/mnras/article/498/1/1420/5849454
https://www.aanda.org/articles/aa/full_html/2020/11/aa38861-20/aa38861-20.html

Questions?




