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 -Giant elliptical galaxy Messier87 .. Normally, massive black holes are

EEpaen e found in the centers of giant galaxies.

We don’t know how these black holes form!

6.5 billion solar mass black hole

(EHT Collaboration)



How massive were the first black hole seeds? Giant galaxies with
> billion solar-mass BHs
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Theory: Possible black hole seed formation mechanisms

Remnants from first

, , Direct collapse of dense gas
generation of massive stars
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® MBH ~100 Msun ® MBH ~105 - 06 Msun
e abundant ® rare

for reviews, see e.g., Volonteri (2010); Natarajan (2014); Johnson & Haardt (2016); Latit & Ferrara (2016)



Models of BH growth in a cosmological context predict that the observational
signatures indicative of seed formation are strongest in dwarf galaxies

predictions at z=0
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Stellar
remnants
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Direct collapse
Stellar remnants
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BH occupation fraction Megu-host galaxy relations

Volonteri et al. (2008); van Wassenhove et al. (2010); also see Ricarte & Natarajan (2018)



Observations: The smallest BHs in dwarf galaxies place the most
concrete limits on the masses of BH seeds.

X-RAY

RGG 118:
= Dwarf galaxy with
oy . Mgu ~50,000 Mg,

OPTICAL Baldassare, Reines, Gallo & Greene (2015, 2017)




The focus of my research is to search for and study
massive black holes in dwarf galaxies.

This is currently our best observational probe of the
origin of massive black holes.



Optical Searches Radio Searches

Lots of progress in recent years -Potential for new discoveries
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For example:

> 100 dwarfs with massive black holes

(Reines et al. 2013) B
~ 50,000 Msun black hole in RGG 118 ST T
(Baldassare, Reines et al. 2015)
MsH — Mbuige relation including dwarfs . o S
(Schutte, Reines & Greene 2020) A massive black hole in the dwarf
starburst galaxy Henize 2-10
-Optically-selected black holes (Reines et al. 2011, Nature)

just the tip of the iceberg



Wandering Massive Black Holes in Dwarf Galaxies

First large-scale radio survey for massive black holes in dwarf galaxies
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"A New Sample of (Wandering) Massive Black Holes in Dwarf Galaxies
from High-resolution Radio Observations”

eines, Condon, Darling & Greene 2020, The Astrophysical Journal, 888,1 (arXiv:1909.04670


https://ui.adsabs.harvard.edu/link_gateway/2019arXiv190904670R/arxiv:1909.04670

andering Massive Black Holes in Dwarf Galaxies

First large-scale radio survey for massive black holes in dwarf galaxies

VLA observations of 111 dwarf galaxies with Mg, < 3 x 107 Mgyn , 2<0.055
*Previously detected in FIRST radio survey at low angular resolution (origin of radio emission is unclear

*New observations have much higher angular resolution (0.25"”) and are also much more sensitive (rms
~ 15 uly), which can help distinguish between massive black holes and star formation
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39 out of 111 galaxies with compact radio source detections
(35% detection rate)
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Sample B: radio AGN

- . . —
= —
-

-

L o, Of cOmpact radio sources (W Hz™')
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e Considered various possible origins for the compact radio emission including thermal HlI
regions, SNRs, populations of SNRs and younger radio SNe, and AGN:s.

e AGNs are almost certainly responsible for the compact radio emission in at least 13 of my target
dwarf galaxies.
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Massive black holes In
13 dwarf galaxies!

(red crosses indicate radio emission
from accreting massive black holes)
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SR 0000 R off-center b

 Disturbed dwarf galaxy from interaction/merger
P AL S -' . o ' ol Image credit: -

. S .. . - NRAO/Sophia Dagnello (illustration)
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Extended/disturbed/

later-type galaxies tend
to have more offset BHs

Early-type Late—type

O
)
/p)
O
| —
=,
-
D
)
-
)
@)
qv]
O
i
Q.
e
&
®
-
-
e
D
n
Wil
[
O

Regular/nucleated/ Ay A riha AL

earlier-type 2 Sample B: radio AGN
laxi n hav

galaxies tend to have 0.4 0.5 0.6 0.7

more central BHs | | (Inverse) Concentration Index — r50/r90




Wandering Massive Black Holes in Dwarf Galaxies

Sample A: radio- AGN (this work)
BPT AGN. (Reines+13)
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Sample A: radio AGN
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The radio AGNSs have relatively
high [Ol]/Ha ratios...
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e Radio AGNs are associated with the
galaxies producing the line emission

e Unlikely to be background
interlopers
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Serendipitous discovery of a dual AGN candidate
in a more massive galaxy system

thot g 0.1 6

(not a dwarf)

- 324 322 854:320 31.8




Remes et aI 2020 Ap_l 888 I
(arX:v 1909. 04670)

o Searches attemptmg to constrain BH seed 'formatlon usmg dwarf gaIaX|es need to account for such a
populatlon of wandermg BHs in the outskirts of their hosts

* This work highlights the potential of deep, high- resolutlon radlo observatlons (e g., WIth an ngVLA) to make
fu rther prOg ress |n thIS fleld (e. g., Plotkln & Reines 2018). | The Next Generation Very Large Array(ngVLA) is a design and development project of the National

Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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e Picturesque town surrounded by beautiful mountains
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e 90 minutes to Yellowstone National Park
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