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theoretical framework

hydrodyn. simulations of structure formation
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galaxies and black holes grow through
gas accretion...



cosmic star formation

Volume density of star formation in galaxies as f(cosmic time)
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z>6 = ‘the first Gyr of the Universe’
Madau & Dickinson 2014



the earliest galaxies
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Bouwens et al.

Distant Galaxies in the Hubble Ultra Deep Field
Hubble Space Telescope - Advanced Camera for Surveys

NASA, ESA, R. Bouwens and G. lllingworth (University of California, Santa Cruz) STScl-PRC06-12

these galaxy candidates are very faint!

...often impossible to confirm spectroscopically



guasars to the rescue!

- powered by accreting black holes
- brightest sources in universe
- UV/optical spectrum:
- power-law cont. by accretion disk +
broad emission lines

- line width+continuum=black hole mass &
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guasars: seen out to z~6 already a decade ago

...using SDSS:
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guasars: spectral energy distribution
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guasars: spectral energy distribution

[O1II]

Flux (Arbitrary Units)
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* UV/optical:
accretion disk
* Mid-infrared:
hot dust and torus
* Far-infrared:
cool dust / host galaxy
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guasars: a phase of a (host) galaxy

nearby quasars reveal hosts

Quasar Host Galaxies HST « WFPC2

PRC96-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA




guasars: a phase of a (host) galaxy

nearby quasars reveal hosts local black hole — bulge
mass relation
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we expect massive black holes to

live in the most massive galaxies... Kormendy & Ho 2013



guasars: tracing overdensities

...consequently we expect massive quasar hosts
to live in galaxy overdensities...
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114845251 z=6.42
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Intensity

qguasars: probes of intergalactic medium
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Gunn Peterson effect
problem: complete absorption if universe is only 10-4 neutral
—> not a good measure of neutrality of IGM



qguasars: probes of intergalactic medium

resolution: damping wing of the IGM...
...sensitive to neutral IGM: £, > 0.1

Observed wavelength (A)

\ challenge: unknown intrinsic spectrum
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outline of this talk

« Characterize massive quasar
host galaxies at z>6

* Environment of the first
supermassive black holes at z>6

 State of the intergalactic medium
at z>6




but first... we need to find the quasars



finding the needle in the haystack

 the challenge:
* Quasars at z>6 are very rare
« <1 Gpc3 at z=6, i.e., < 1 per 100 deg?

* requirement: large area multi-color surveys

« Pan-STARRS1 database ~4 billion sources

@pss T @ e

Pan'STAR Rs DARK ENERGY

SURVEY
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the search for distant quasars

Number of quasars
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the search for distant quasars
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the search for distant quasars

30 : :
Year = 2017
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the Pan-STARRS1 z~6 quasar sample

200 z>5.6 quasars  black hole masses: few 108 to few 10° Msun

@ PSlsample X Others

R.A. (hours)

note: many sources visible from the south
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outline of this talk

« Characterize massive quasar
host galaxies at z>6




HST attempts to detect z>6 host galaxies

black hole masses: few 10° Msun
—> stellar bulges of ~1012 Msyn ?

©

...hosts not detected
In continuum or Ly-a

. JWST!

Decarli et al. 2012 Mechtley et al. 2012




guasar host galaxies

The host galaxies dominate at rest-frame FIR

* Dust continuum
o Star-formation tracer

L o ISM mass
e [Cll] 158 um line
_%’ o Principal ISM coolant
2 1ol o Brightest FIR line
£ : o Star-formation tracer
-l
* CO lines
B | o |SM tracer
10 AT
0.1 1 10 100 o cold gas supply for SF

rest wavelength (um)



(sub-)millimeter observations

J1148+5251 (z=6.42) 100s of hours:

MH2 = 2 X 1010 MSUN
Mayn < 10" Mgy
SFRSD=1000 M, /yr/kpc?
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(sub-)millimeter observations

PdBI/NOEMA
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Z=6.6 quasar (Banados et al. 2015)
only 3.5 hours with NOEMA!!



(sub-)millimeter observations

PdBI/NOEMA

z=7.08 quasar (Venemans+ 2017)
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ALMA [CIIJ/FIR survey

e 27 quasarsatb<z<?7
* 8 min on-source
« >100% [CII] + continuum detection!

PJ007+04 PJ009-10 0142-33 PJ065-26 PJ065-19 " i . . . i .
— = - - s - > of H 1160-02 ® 1150841749
4 = = 8 e a 2 2 sk
o & = p= ks - | 5y . 4
. - - 1 2F
Bl WS ! g s 0 o 2 0 3
- = " o & ] 1L i 0 L "
; % (% ‘ o o Q o @ 267 268 260 260 2086 266 267 268
) | * el 0 . d & o 0 T T
& < ¥ < - 10F
< o = & ¢ B 10 8 11048-0109 M3
@ \ = 0 c 5 . H3
S 4
o w S
” PJ159-02 o 5 . : - o
)159- 248 249 260 251
X 8 r T T
- <o Q 2 M PIPT-13 4
1 4 {2
& fb 0 2
0
o : ‘ . oL : .
4 ¥ - o 270 262 263 254 261
O l: 4 T T T ™ 6
- 6 4 4
A . 5 s 2
J1152+00 J1207+06 PJ183+05 J1306+03 PJ217-16 2 {o
" - — ” — ° N h )
|/ 4 e W 4 ks & —_ 250 280 281 282
Q - o v e 4 . o 8 N Jitisze00ss ] 8
¥ B +
[ - -9 S 9 £ 4 2f {2
o 4 = 2 !
Q. W @ ® . : of |
S - N B LY S S A
@ o @ A N A 4 N & = 257 268 250 260
° -8 r T T - -
O g R ¢ O N . < 8) _ : 3 207 ik PIpsd-18
J1509-17 PJ231-20 PJ308-21 J2100-17 J2211-32 1 3 E “,
= = =5 - 3 A 0 3 E
s b 3 % g 9 @ ST 8. - - By~
@ Sy o =3 ; & . sy > 8 260 270 271 270 271 22 2
: ] Q PSS o .y
S i ° b by - 5 s T v T ™1 of v r ™
Q A ‘ q o . . - q 2 PJ1R+06 J2318-3113
e L . J‘ © Lo v 0 4F E
- i % G A" B o 1 2f
o el SEUEEL W A 0 s 1
S ® 4 - A e 0
o e -y ¥ . e 3 e T ees a0 O ene e me e 24 o5 288 267
s - o T i °
@) = . O 4 O (@) .
- w o . @ - r T T r T T 10 T r T
E Jol +1218 j 8 1306+0356 13 J2318-3029
J2318-31 J2318-30 8 M3
ig 5 T 2F b ; sF
3 " E of ) ' o ! . 2
d 4y . 267 208 260 270 260 270 271 2w
Q & & . ¥ T T T T T T T
. . ﬁ o o P 2f 11080+ 1 4F PI217-18 1
- 1 a 4
o © oo . oF 3 of E
» o) & 0 QQ\ B -1 L " f L "
o . & < 3 250 260 261 265 266 267 268 264 265 266 267

Frequency [GHz] Decarli+ 2017b



QSOs
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Stack of ~30 [CII] spectra of z>6 quasars
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FIR luminosity (host)
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ALMA [CIIJ/FIR survey
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The ALMA revolution: resolution
at z=6, 17 = 6kpc
—> sub-kpc resolution can be easily achieved with ALMA!

note: billion solar mass black hole:
ALMA can zoom in to the sphere of influence (few 100 pc)




spatially resolved quasar host kinematics

PJ036+03 at z=6.54 at ~1kpc res.
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consistent with regular disk rotation
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spatially resolved quasar host kinematics

ion imaging

reveals
multiply merging system
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PJ308-21 at z=6.25 at ~1kpc res.
HST NIR (w/o quasar)

ALMA [CII]

Declination (J2000)

22222222222

Right Ascension (J2000)

SFR in extended features
(from [CII], FIR, and rest-frame UV): 10 Msun yr-

SFR in central region: >> 100 Msyn yr-
Decarli+ in prep



Local black hole—bulge mass relation
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black hole - bulge mass relation at z>6

Local black hole—bulge mass relation
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Bulge mass [M_, ]
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black hole - bulge mass relation at z>6

—
o

o

Black hole mass [M_ ]

Bulge mass [M_, ]
10" 10" 10

—-—
o
TT

—t
o

(00)
TT

—t
o

|z >6.5 quasar hosts
4 (Venemans et al. 2016)

| + z~6 quasar host galaxies
{from literature

| Black holes too massive?
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Bulge mass [M_ ]
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|+ z~6 quasar host galaxies
{from literature
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J2348—-3054 at z=6.9

Flux density [mJy beam™]

Arcseconds

8t 1 JZ348-3064 (2, , = 6.889) -

6;? -
:E ||L el ".J ” “ ‘ II ’lh i .
Y o

230.0 2395 2400 2405 2410 2415 2420
Observed fraquency [GHz)

Venemans et al. 2017



J2348—-3054 at z=6.9
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multi-line ISM diagnostics at z>6.5

global properties not dominated by X-rays

[CHJ/[C]] ratio: G ~ 1000 Go
[CII}/CO(7-6) ratio: ngas~ 2 105 cm-3

Venemans et al. 2017



outline of this talk

* Environment of the first
supermassive black holes at z>6




overdensities around high-z quasars

Searches for Lyman Alpha Emitters around z>6 quasars:

& Ouchi et al 2008
Blank Field

m Banados et al 2013
Quasar Field

23.0 235 240 245 250 255 260
Narrow Band (NB)

Banados+ 2013 —> no evidence for galaxy overdensities
Mazzucchelli+ 2017a

Ota et al. 2017, in prep. observations still inconclusive ...



overdensities around high-z quasars

FIR-bright companions!

15”7~ 82kpc
- contours: [CII]
g color: dust continuum
Eg_,
§ these companions are
5 not seen in deep Spitzer
5 / HST images

38.00s . 37.50s 10.50s 10.00s

Right Ascension (J2000.0) Right Ascension (J2000.0)

Decarli+ 2017a, Nature



overdensities around high-z quasars
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overdensities around high-z quasars
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overdensities around high-z quasars
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overdensities around high-z quasars
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4 companions in 27 fields

Background ~ 2 x 104 cMpc3

(based on 1 source in HUDF,
Aravena+ 2016)



overdensities around high-z quasars
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4 companions in 27 fields

Background ~ 2 x 10-4 cMpc-3

(based on 1 source in HUDF,
Aravena+ 2016)

factor > 100 higher than the
field!



outline of this talk

 State of the intergalactic medium
at z>6




guasars in the epoch of reionization
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IGM damping wing

Reminder: Damping wing sensitive to neutral gas fraction

Observed wavelength (:\)

9500 10000 10500 11000

Observed wavelength (A)
1201 10250 10300 10350 10400 10450

/

|
ZQSO — 7.5
—~ |
= !
- ;
% 1
— — !
= fur = 0.1 :
. — I
— = 0.5 |
= HI

= :
|

j |

1206 1212 1218 1224 1229
Rest — frame wavelength (A)

from Miralda-Escude 1998 challenge: unknown intrinsic spectrum



first IGM damping wing signature at z=7.1

z=7.1 quasar J1120 shows damping wing signature

Transmission

0.5

Ly a | ’ ]
: J P
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i o ,H.I,J]i:...-'{. "l 11&?”]? 1.
0.98 0.99 1

Wavelength (micron)

Mortlock+ 2011, Greig et al. 2017

fri=0.4+4/-0.2 at z=7 .1
tuniv=77o Myr

no clear consensus on IGM

absorption nature
e.g., Bosman & Becker 2015



IGM damping wing already at z=6.47

z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)
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= ) ( uy! ‘ |
h“.lL!i' v‘l 1] Mast |;l|\|‘u‘ A ‘
000 8950 9000 9050 9100 9150

Observed wavelength (}\)

Banados+ 2017 subm.



IGM damping wing already at z=6.47

z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)

Observed wavelength (A)
8900 9000 9100 9200 9300

AllreY “I‘ WAL " ) .
8900 8950 9000 9050 9100 9150

Observed wavelength (A)

1200 1210 1220 1230 1240 1250

Rest — frame wavelength (A)

can be modeled with IGM
damping wing...

fr (107 Berg 571 ¢

Banados+ 2017 subm.



IGM damping wing already at z=6.47

z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)

Observed wavelength (A)

AllreY v“‘ P i L 1Y) i . .
8900 8950 9000 9050 9100 9150

Observed wavelength (A)

can be modeled with IGM
damping wing...

OR

absorber (DLA) at
redshift close to quasar

Banados+ 2017 subm.

9100 9200

1220 1230 1240
Rest — frame wavelength (A)

1250
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Normalized Flux

Banados+ 2017 subm.

0.0}

IGM damping wing already at z=6.47
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absorber present at
z=6.40392, very close
to quasar!

very uncommon that we
see the the host galaxy
In absorption.

caution needed when interpreting
IGM Damping Wing features



We need

more quasars at z>7 ...
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new record-redshift quasar at z=7.54

Age of universe: 690 Myr; ~10% younger than at z=7.1

Observed wavelength (pm)

1 1.2 1.4 1.6 1.8 2 2.2 2.4
127 Tya ' ' ' | | ;
© — J1342 4+ 0928 == SDSS matched composite
L9 Civ
61 cin —
>i ;) ] Mg Il MBH—8 108 MSUI"I
- 0

1200 1400 1600 1800 2000 2200 2400 2600 2800
Rest — frame wavelength (A)

Observed wavelength (pm)
1.02 1.04 1.06

i x 10-18
D

1190 1200 1210 1220 1230 1240 1250 1260
Rest — frame wavelength (A)

i damping wing signature...
Banados+ 2017, Nature, subm. ...and no evidence for absorber



(one sightline) constraint on the IGM at z=7.5

Redshift
11 10 9 8 7 6
1.0
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Neutral fraction
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| Planck XLVII 2016
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1 + 2z ~ 6 quasars
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Banados+ 2017, Nature, subm.



new record-redshift quasar at z=7.54

constraints on early black hole growth

Time (Gyr)

0.07 0.1 0.15 0.3 0.5 1

1019 - J1342 + 0928

— — 7.8 X 10® Mg at z = 7.54

® Banados et al. 2017
2 J1120 + 0641
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N Mortlock et al. 2011
<
- J0100 + 2802
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r—01 106 _ Wu et al. 2015 Lgol = Lgda
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— 104 | 0.55 dex
an error bar

I

40 30 20 10
Redshift

Banados+ 2017, Nature, subm.

Eddington accretion:
need >1000 Msun BH

at z=40



new record-redshift quasar at z=7.54

this z=7.5 quasar is bright in [ClI] and dust emission

[Ch 223.5 GHz continuum

Redshift
7.58 7.56 7.54 7.52 7.50 7.48 7.46

SE E
S 4 .,
= 3 O
Z SE ERS]
2 5 E
5 E H £
o 15 Al ﬂﬂﬂ” FIE <
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A1 E E

222 223 224

-10 -5 0 5 10 -10 -5 0 5 10
Frequency (GHz) Arcseconds Arcseconds

currently spatially unresolved, FWHM = 380 km/s
Mdust 1-4 108 Msun, M[CII] ~ 5 106 Msun

..Interesting questions regarding metal production
In the very early universe

Venemans et al. 2017



concluding thoughts

quasars in the first Gyr of the universe:
unique probes of physical properties of massive hosts,
their environments, and the intergalactic medium.

puzzling findings... out to z=7.5 (tuniv=690 Myr)
- rapid early supermassive black hole growth
- significant chemical enrichment already at that time

bright future: EUCLID/WFIRST, LSST, JWST



THE END



