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Simulated dark-matter distribution today

Intensity
indicates
surface
density,

color
indicates
velocity
dispersion.
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Simulated galaxy light distribution today

Intensity
Indicates
surface
brightness,

color

Indicates
light color.
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What is wrong with simple DM collapse?

1) There are no 10 M

galaxies
2) The biggest galaxies
are “red and dead”
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Feedback from supermassive black holes:
|. Radiative mode Rl

Galaxy binding energy: Eo. ~ M, 0?2

Energy released by black hole: E,, ~ 0.1 M,, c?

If 0~ 103cand M, ~ 10° M,;, then E,, ~ 10 E_,

Quasar 3C 273

Eddington’s luminosity limit: radiation force on surrounding ionized gas
cannot exceed gravity.

Dusty galaxy luminosity limit: Lgal ~ 500 Lg,, for typical dust/gas ratio

can limit My, = M., / 500, retard growth of M, and star formation.

gal
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Feedback from supermassive black holes:
Il. Kinetic mode

Radio jets can inject
E.,~ 10% ergs of
kinetic energy into the
intracluster gas in
clusters of galaxies,
retarding the growth
of the most massive
galaxies in the centers
of clusters of galaxies.
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How to weigh a black hole

Circular Orbit

M=R v?/G is total enclosed mass
R=6D 6 from VLBA, D = Hubble distance

v =v, /sini v, = Doppler velocity, /= inclination
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A = 1.3 cm imaging with HSA = GBT +viea

Resolution: A/ D =
0.0003 arcsec

Relative astrometric

accuracy:
> (0.000002 arcsec =
10-" radians
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UGC 3789

D ~ 50 Mpc
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UGC 3789 maser rotation curve

1k i
D, ~ 50 Mpc so UGC 3789
0.1 mas ~ 0.024 pc
£
M, =2 E1G) D, T

Keplerian ——

= .12 x 107 M, 3 Plummer ... ...
0
x (D, / 50 Mpc)

vl (km/s)
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Accurate SMBH masses

Galaxy

NGC 1194
NGC 2273
UGC 3789
NGC 2960
NGC 4388
NGC 6264
NGC 6323

Kuo et al. 2011, ApJ, 727, 20

Rmaser

0.58 — 1.41
0.03 —0.08
0.08 —0.30
0.05-0.30
0.24 -0.29
0.23 - 0.78
0.11 -0.29

(pc) M,/10° Mg

66
7.6
11
7.5
8.4
25
10
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SMBH masses in Seyfert galaxies lie below
the line defined by SMBH’s in elliptical
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Real SMBH or just a dense star cluster?

a< 002 pC i UGC 3789
Po = 4x10" Mg pc —
N, =108 :
M, < 0.08 M, -
1< 2x10%yr j Plummer ... ..
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Most large galaxies contain SMBHs.
What happens when they merge?

% UVa Physics 2011 Feb |1



Inspiraling, Binary, and Recoiling SMBHs

* Dynamical friction inspiraling time scale
T4~ 1.7720, | (Gm2n \)
where r = distance to galaxy center, 0, = rms stellar velocity dispersion,
m = black hole mass,and In/A\ ~ 5 is the Coulomb logarithm.

For r =1 kpc, 0,= 200 km/s,and m = 108 M, T ,~ 108 years

* Binary SMBH maximum orbit diameter
d,=3G(m, +m,/ 02
where m, and m, are the black hole masses.

For m; =m,= 108 M, d, ~10% pc
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Inspiraling, Binary, and Recoiling SMBHs

The “last parsec problem”

* Binary SMBH “stalling” orbit diameter
d,~02d, (m / my)/(l +m [ m,)?
Form, =m,= 108 M,d.~ 10 pc

* Binary orbit diameter for gravitational coalescence within Hubble time
d, =8 [Hy' G* (mym,)* (m; + my)* / (5¢)]'*
where H,! = 13.6 Gyr.
For m; =m,=10°Mg,d,~ 0.2 pc
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How can we find them?

Make a high-resolution 8.6 GHz VLBA search for off-nuclear and binary
SMBHs in a complete sample of ~103 nearby (<D,> ~ 200 Mpc)
massive galaxy bulges to:

(1) discover off-nuclear inspiraling SMBHs predicted by the “merger
tree” theory for massive galaxy evolution

(2) resolve “stalled” binary SMBHs in tight (d ~ 10 pc) orbits

(3) discover off-nuclear recoiling SMBHSs kicked out by the strong
anisotropic gravitational radiation sought by LISA and NANOgrav

(4) discover currently active nearby SMBHs (no dust bias)

-
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Nearby galaxy
sample

2MASS Kyo < 12.25
NVSS S, , > 100 mdy
0 = -40° |b| 2 5°
N = 923 galaxies

<D,>~ 200 Mpc so

1 mas ~ 1 pc
<L,,>~10%* W Hz"

> 90% are radio-loud AGN

-
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The VLBA observations
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Relative Declination
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Clean RR map. Array: BFHKLMNOPS
1801+007 at 8.648 GHz 2010 Aug 03

Clean RR map. Array:

BFHKLMNOPS

1834+196 at 8.648 GHz 2010 Aug 03
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First results
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- Summary -

. Black h'e'l.es reghla‘te’ the grov°vth 'a"'nd evc')'ll-utien.fof gaiaxie_s-‘.

Accurate masses ¢
‘measured via,class . .
~ .+ '
. b ¢ ‘
They fall below the I|n, 'bulge mass reIatlon
_ for massive eII|pt|caI gaI‘ '

.
"'o‘\

'The maser gaIaX|es contain supermasswe black holes not
. Just dense star Clusters : - .

.. . o .
Galaxy mergers yield |nsp|raI|ng blnary, and recoullng R _
black holes that may be detectable in. current surveys AR




