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We don’t know how these SMBHs get started in the first place



Motivation: The origin of supermassive BH seeds

Some questions:

* How did the “seeds” of supermassive black holes form in
the early universe and how massive were they initially?

* What types of galaxies did the seeds form in?

* Did galaxies and nuclear black holes grow synchronously?
If not, which developed first?

We don’t know how these SMBHs get started in the first place
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Motivation: The origin of supermassive BH seeds

Constraints on BH seed formation come from:

% High- redshlft quasars

artlsts lmpresswn o ,
ULAS ] 1120+0641,
z~7/ quasar

® Mgy >107 Mgun less than a Gyr after
the Big Bang

e.g.Fan et al. (2001); Mortlock et al. (201 1)

® seeds must start out with masses
considerably larger than normal
stellar-mass BHs

% Low-redshift dwarf galaxies

Henize 2-10

Sarcsec ™ : " Réines et al. (201 1)

e dwarfs have relatively quiet merger
histories and may host BHs not so

different from the first seed BHs
e.g. Filippenko & Ho (2003); Barth et al. (2004); Reines et al. (201 1)

e properties and prevalence of massive
BHs in dwarfs can help distinguish

between various formation mechanisms
e.g.Volonteri 2010 and references therein



Motivation: The origin of supermassive BH seeds

Possible formation mechanisms:
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Gas cools

~ very slowly
- forming a

stable disc

Globally
unstable gas
infalls rapidly
toward the
galaxy center
and a
supermassive
star forms

Locally
unstable

gas flows
toward the
galaxy center

First stars:
maybe one
star per
galaxy, up

to several
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 2012, Science

If the star is
more massive
than ~300 solar
~ _masses, it

¥ collapses into
a black hole,
~200 times the
mass of Sun

The black hole
swallows

the envelope
growing up

to ~one million
solar masses

Stars merge into
a very massive
star that
collapses into a
black hole ~1000
times more
massive than
the Sun




Motivation: The origin of supermassive BH seeds

Evolution of seed BHs

Big bang
200 Myr Pop lll death @)

Track the growth of
black holes and
halos

. @ Most halos are seeded but
. seeds are ~100 solar masses

) Halos grow
Few halos are seeded, but seeds via merging.

4
are ~10" solar masses
. Some black holes are

ejected by gravitational
wave radiation.
Black holes grow
via accretion and
merging.

Observational consequences
Observational consequences

Today virtually all >10 ® solar mass
. . galaxies contain supermassive . .
black holes o
~60% of _109 solar mass ~100% of ~10° SOIarﬂmaSS
galaxies contain >10° solar galaxies contain ~10” solar
B mass black holes mass black holes

low occupation fraction in today’s dwarfs high occupation fraction in today’s dwarfs

Greene 2012, Nature Communications
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Observations in the low-mass regime

NGC 4395+

Filippenko & Sargent (1989)
Filippenko & Ho (2003)
Peterson et al. (2005)

Pox 52

Kunth, Sargent & Bothun (1987)
Barth et al. (2004)
Thornton et al. (2008)



NGC 4395 Greene & Ho

(2004,2007):
Broad-line AGN
; in the SDSS
.". X ‘ ’*4 '.
e
s ~ 93% extended disks ~ 7% spheroidals
i o (with pseudobulges)
e Log black hole mass
- 1109+6123 1112456629
F!I!ppenko & Sargent (|989) Barth et al. (2008)
Filippenko & Ho (2003) Narrow-line AGN . 4
Peterson et al. (2005) in the SDSS

Pox 52

Kunth, Sargent & Bothun (1987)
Barth et al. (2004)
Thornton et al. (2008)



NGC 4395 .

Filippenko & Sargent (1989)
Filippenko & Ho (2003)
Peterson et al. (2005)

Pox 52

Greene & Ho
(2004,2007):
Broad-line AGN
in the SDSS

Log black hole mass

NGC 404

.

Kunth, Sargent & Bothun (1987)

Barth et al. (2004)
Thornton et al. (2008)

Seth et al. (2010):
dynamics

~ 93% extended disks

~ 7% spheroidals

(with pseudobulges)

Barth et al. (2008):
Narrow-line AGN
in the SDSS

-

Chandra

Nyland et al. (2012):
radio detection

Gallo et al. (2008):

1109+6123

. ’

1112+5629

dwarf starburst
Henize 2-10

5 arcsec

Reines et al. (201 1):
radio+X-ray

X-ray detections in low-mass spheroids



NGC 4395 .

Number
N
o

— Need larger samples of dwarf galaxies |
Filippenko & Sa
Flippenko & H hosting massive BHs '
Peterson et al.
Pox 52 NGC 404
dwarf starburst :
. ™ Henize 2-10 ot
Seth et al. (2010): Op .
dynamics i '
Kunth, Sargent & Bothun (1987) Nyland et al. (2012): Reines et al. (201 1):
Barth et al. (2004) radio detection radio+X-ray

Thornton et al. (2008)



Dwarf galaxies with optical signatures of active massive BHs

(Reines, Greene & Geha, in preparation)



Dwarf galaxies with optical signatures of active massive BHs

~26,000 SDSS emission-line galaxies with M, < 3 x 10 My, (~LMC)




Dwarf galaxies with optical signatures of active massive BHs

Narrow-line ratios
(BPT diagram)
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Dwarf galaxies with optical signatures of active massive BHs

Narrow-line ratios

(BPT diagram) Broad H-alpha
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Dwarf galaxies with optical signatures of active massive BHs

Narrow-line ratios

(BPT diagram) Broad H-alpha

get virial BH
masses for these

Mgy = fRpirAV?/G
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(Kewley et al. 2006) (method from Greene & Ho 2005)
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Overview of the method

|. Select dwarf emission line galaxies and get SDSS spectra
e stellar mass < 3 x 10° Mg (~LMC)
* z<0.05 (D <200 Mpc)
~ 26,000 galaxies

2. Remove the stellar continuum and absorption lines

e use BCO3 models for 10 ages (5 Myr - | | Gyr) and 3 metallicities, allowing for
dust attenuation (general approach from Tremonti et al. 2004)

3. Fit emission lines with Gaussians
* model the narrow line profile using the [Sll] doublet
* ook for line ratios indicating an AGN
* check for broad component of H-alpha

4. Calculate virial black hole masses from broad H-alpha

FWHM(Hx) )
103 km s~!

: 2 ) ‘M 0o o " Lye a0
Mgy = fRpirAV</G 1og(1 B“) = 6.407%% +(0.45 + 0.05) log( i )+(2.()6i().()6)log(

Mg 1042 erg s~

(method from Greene & Ho 2005)



Example |: Narrow-line AGN
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Example |: Narrow-line AGN

[w

“~ 1.4 kpg
H-alpha + [NII]

no broad H-alpha

cm™2 A7
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Example 2: Broad-line AGN

Emission-line spectrum
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MBH ~ 4 X |05 Msun



BPT diagrams

All ~26,000 dwarf galaxies
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BPT diagrams

All ~26,000 dwarf galaxies
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Broad-line AGN candidates

[ ® Broad-—line AGN candidates (this work)

O Greene & Ho (2007); Dong et al. (2012)
Dong et al. (2007)
NGC 4395 |
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Galaxy properties

(BPT AGN+composites in orange, normalized parent sample in black)

30
60

40

Number

1 |
1 I
1 i
1
1 i
1
1 A
1

20 !
I
1

0 L 74

7.0 7.5 8.0 8.5 9.0 9.5 10.0
|Og (Mgol/MO)

stellar mass half-light radius g-r color



Largest sample of dwarfs hosting massive BHs to date (>100)

All ~26,000 dwarf galaxies Broad-line AGN candidates
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High-resolution radio + X-ray observations

Karl G. Jansky VLA

* More sensitive to weakly accreting BHs

e Can pick out AGN in galaxies with lots of
star formation

Need other diagnostics!



A massive BH in the dwarf starburst galaxy Henize 2-10

optical (HST) + radio (VLA) + X-ray (CXO)
p
radio (VLA)
5 arcsec ~220 pc : Al X-ray (CXO)

Reines et al. 201 |, Nature



A massive BH in the dwarf starburst galaxy Henize 2-10

VLBI follow-up with the Long Baseline Array (LBA)

nuclear radio source:
<3x I pc

HST imaging of central ~ 250 pc

LBA 1.4 GHz
beam: 106 mas x 29 mas, PA=80 deg

0.5" (~22 pc)

N

candidate
LLAGN ' E

\ N

,@“ =

VLA 8.5 GHz contours (black) O
LBA 1.4 GHz contours (green) «

Reines & Deller (2012)

HST F814W (I-band)

0.5" (~22 pc)

LBA 1.4 GHz contours (green) <




A massive BH in the dwarf starburst galaxy Henize 2-10

familiar dwarf galaxies - the Magellanic Clouds

5 arcsec . Al

< >

~ | kpc
M, ~ 3 x |09 Msun | b o
SFR ~2 Manlyr | s




A massive BH in the dwarf starburst galaxy Henize 2-10

e Black hole mass ~ 10% My, from fundamental plane of black hole activity

* No discernible bulge or nuclear star cluster

* Irregular morphology without a well-defined nucleus, newly formed globular clusters

VLA 3.5 cm
HST Paschen alpha
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A massive BH in the dwarf starburst galaxy Henize 2-10

e Black hole mass ~ 10% My, from fundamental plane of black hole activity

* No discernible bulge or nuclear star cluster

* Irregular morphology without a well-defined nucleus, newly formed globular clusters

Early stage of galaxy and
black hole evolution?

, o VLA 3.5 cm
Opens up an entirely new class of galaxies HST Paschen alpha

in which to search for the least-massive black holes!




A massive BH in the dwarf starburst galaxy Henize 2-10

ALMA

Cycle 0: Band 3 observations, 1.8” resolution (Pl. Johnson)
Cycle I: Band 6 observations, 0.22” resolution (Pl. Reines)




Summary

* Dwarf galaxies can help reveal the origin of supermassive BH seeds

* Found largest sample (>100) of massive BHs in dwarf galaxies to date using
optical diagnostics

e Multiwavelength evidence for a BH in the dwarf starburst galaxy Henize 2-10
* Planning large-scale VLA survey to find candidate BHs in dwarf galaxies

* Host galaxies have stellar masses comparable to the Magellanic Clouds, a mass
regime where very few massive BHs have been found



