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Observations of more than 100 z = 6 quasars
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Observations of more than 100 z = 6 quasars

SDSS J1148+5251
z=6.37
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Cosmic reionization

Fan et al. 2006, Gallerani et al. 2006, 2008a,b,
Mesinger et al. 2010, Greig et al. 2017

Metal enrichment
D’Odorico et al. 2013, Pallottini et al. 2014

Quasar environment

Kim et al. 2006, Banados et al. 2013,
Morselli et al. 2014, Balmaverde et al. 2017

High-z dust properties

Maiolino et al. 2004, Gallerani et al. 2010

BH and host galaxy properties

Maiolino et al. 2006, Gallerani et al. 2012,
Riechers et al. 2007, Gallerani et al. 2014,
Venemans et al. 2017

Galaxy-BH co-evolution

Maiolino et al. 2012, Cicone et al. 2015,
Barai et al. 2017

See Gallerani, Fan, Maiolino, Pacucci (2017) for a recent review, arXiv:1702.06123
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Black hole mass measurements
In Z = 6 quasars
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Black hole mass measurements
In Z = 6 quasars
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Tens of z = 6 quasars
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(e.g. Barth et al. 2003; Jiang et al. 2007; :> Mgy = (0.02 —-1.10) X 10*°M,,,,,
Wang et al. 2010; Wu et al. 2015)

How SMBHs have formed in less than 1 Gyr?



Possible pathways for the origin of SMBH seeds

(1) Poplll remnants

collapse of primordial stars

(Mpopi>100 Mg,;p)
in DM minihalos
(IVIDMz]-06 IVlsun)

z=20-30

z=3300 —

(4) Primordial Black Holes

Direct collapse of
primordial density
inhomogeneities

Mseed [Msun]

z> 2.3 x10°h%Q,,
(radiation-dominated era)

10°

10*

10?

10°

(2) Compact nuclear star clusters

30 20

Star collisions
can lead
to the formation of VMSs

z=10-20

10 redshift v

QSO observations .

z=6-7
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(3) Direct Collapse Black Holes

Primordial gas
irradiated by LW radiation
in atomic-cooling halos

z>10

(e.g. Zel'dovich & Novikov 1967;
Hawking 1971; Chapline et al.
1975; Bernal et al. 2017)

(e.g. Haehnelt & Rees 1993;
Yue et al. 2013; Pallottini et al. 2017;
Pacucci et al. 2017)

(e.g. Schneider et al. 2006;
Clark et al. 2008;
Devecchi et al. 2012)

(e.g. Tegmark et al. 1997,
Madau & Rees 2001;
Bromm et al. 2002)



Searching for SMBH progenitors

STEP 3
Predictions for observational signatures

of SMBH progenitors (ALMA, JWST, Lynx)

1

..... l STEP 2
Numerical simulations of quasars (100 < z < 6)
constrained by means of z=6 observations

1

STEP 1
Multi-wavelength observations of z=6 quasars

MBH 2"108_ 1010Msun ijﬁ\\\\‘ @ A :,‘ a :

Lacey & Cole (1993)

Mpy =1012— 1013M,,

Sinergy between multi-wavelength data & cosmological simulations



log (Len/Le)

Far infrared emission lines: tracers of the ISM

Fine structure transitions from heavy elements
(e.g. [ClI] (2P3/z'2P1/2) @158 um)
and rotational transitions from molecules
(e.g. CO (J-J-1) @ J x 115 GHz)
on the top of the FIR BUMP

L,-SFR relation

10

local dwarfs
and -1.20
starburst

De Looze et al. (2014)
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Clouds

Bolatto et al. (2013)
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Sub-mm observations of z = 6 quasar host galaxies

|2310+1855

22"
See also
Walter et al. (2003/2004);
Riechers et al. (2009);
Wang et al. (2010);
Bafiados et al. (2015);
Willott et al. (2015)
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Quasar host galaxies harbor intense starbursts

SFR ~ 102-10% M, yr

MHZ ~ 109'1010 Msun

M gust ~ 107-108 Maun

See Gallerani, Fan, Maiolino, Pacucci (2017) for a recent review, arXiv:1702.06123



Flux density (mJy)

The case of SDSS J1148 +5251atz=6.4

Redshift 6.42 6.44
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(PdBI) [CIl] emissionin J1148 atz= 6.4
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Evidence of strong quasar feedback at z=6

Velocity (km/s)

Broad wings
extended up to
+ 1300 km/s

indication of a
powerful outflow
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[Cll] emission in a quasaratz = 6.4

Core+ouflow _ Outflow
Cicone et al. (2015)

3 5 s ] )
-2000 -1000 2000
velocity (km/s

Metals and outflowing gas
are distributed on scales > 20 - 30 kpc
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What about other z = 6 quasars?

AN ALMA [CII] SURVEY OF 27 QUASARS AT z > 5.94 .
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What about other z = 6 quasars?

ALMA [CII] observations
of 5quasarsatz=6
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J2000 Declination

CO emissioninlJl1148atz=6.4
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The CO(17-16) is the most excited CO line found in z = 6 quasars
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CO Spectral Line Energy Distribution in J1148
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to explain the detection of the CO(17-16) line
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ALMA observations of high-J CO lines in z = 6 quasars

CO(7-6)

velocity [km/s]
1000 750 500 250 0 -250 -500 -750 —1000

CO(14-13) flux [m)y]
o
=
I:

2254 2256 2258 2260 2262

frequency [GHz]

2264 2266

arcsec

velocity [km/s]
1000 750 500 250 0 -250 -500 -750 -1000

CO(17-16) flux [m)y]

=l
g

= it
g
=
2]
=
=

-4 -2 0
arcsec

2 4 27350 27375 274.00 27425 27450 27475 275.00

frequency [GHz]

velocity [km/s]
1000 750 500 250 0 -250 -500 -750  —1000

e By

-4 -2 2 4 305.50 305.75 306.00 306.25 306.50 306.75 307.00 307.25

frequency [GHz]

0
arcsec

arcsec

arcsec

arcsec

CO(14-13)

-2

CoO(

arcsec

CO(

arcsec

arcsec

17-16)

19-18)

arcsec

arcsec

arcsec

-4 -2 0 2
arcsec

4

arcsec

I — 0

arcsec

2 4

CO(9-8) flux [m)y] CO(8-7) flux [m)y]

CO(17-16) flux [m)y]

1000 750 500

1000 750 500

1000 750 500
4

0

velocity [km/s]
250 0 —25(

-500  -750 —1000

n

1313 1314 1315 1316 1317 1

31.8 1319 132.0

frequency [GHz]

velocity [km/s]
250 0 -250

—-500 -750 -1000

147.8 148.0 1482

1484

frequency [GHz]

250

velocity [km/s]
250 0

-500 —750 —1000

-,_\JJJ-I r i-diHnLLrl[r

, H%TUT“LMJ

ul

27850 27875 279.00 279.25 279.50

279.75 280.00 280.25

frequency [GHz]

arcsec

-2 0

arcsec

-4 2 4

CO(9-8)

arcsec

-4

-2 0

arcsec

CO(17-16)

2 4

arcsec

arcsec

Dust continuum detected in both quasars at all frequencies
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|d

duepn uey



Lco(-)-1)/Lco(e - 5)

10F

0.1¢

0.01F

Comparison with COSLEDs
observed in the local Universe and in J1148

starbursts

AGN

.L‘,Joo

. ¥

@ J2310

® 1319

(local sources data from Mashian et al. 2015) @ J1148

10 65 1110 1615 2120

Co(J-J-1)

Results for J2310 and J1319 are
consistent with local sources
observations

The CO(17-16) emission line of
J1148 is > 30 brighter than the
averaged CO SLED of local
sources

What is the origin of these differences?

Carniani et al. in prep.



Mechanisms responsible for molecular gas excitation:
Star formation, AGN activity, Shocks

e Star formation: The properties of 11148, 12310, and J1310 are quite similar in
terms of FIR emission (SFRs). If high-J CO lines are predominantly excited by star
formation activity, we should have observed in J2310 and J1319 high-J CO lines as

luminous as in J1148.

100F ¢ J2310
® 1319

B J1148
10} Moutiow>) [Mo yr—'] No outflow ~10x lower  ~3000
LX—ra_\fH') [1045 crg s ]] = - 14131

Mpu® [10° Mg] 2.8 2.1 3

Flux [m}y]

band 10

100 1000
Frequency [GHz]

Carniani et al. in prep.



Mechanisms responsible for molecular gas excitation:
Star formation, AGN activity, Shocks

* AGN activity: strong high-J CO lines can be excited in X-ray dominated
regiong. J1148 is the only quasar among the three for which X-ray observations are

available.
g S 96 detection 20; doy * ] 12310 71319 J1148
Log(SFRpRr /Mg _vr‘l)(” 3.45f8'(')(') 3.6 +0.3 3.51+0.14
Len® (107 Lo) 8.7+ 1.4 4.4+0.9 37+9
g LX—ray (107 erg s ']
& Mpy®™ [10° Mo]
L,= 1.5 x 10% erg s
£ . i Oox=-1.76 £ 0.14
'.24I.0 11:48I:18.0 12I.0 F = 1'6 i 0'3
X-ray properties consistent both with low-z high-luminosity AGN




Nanni et al. (2017)
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AVERAGE VALUES

L, = (0.1-4.2) x 10* erg s
O =-1.75
I = 1.92_0-27+0.28

J1148
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X-ray properties consistent both with low-z high-luminosity AGN

and other z = 6 quasars
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Mechanisms responsible for molecular gas excitation:
Star formation, AGN activity, Shocks

 Shocks: High temperatures associated to shocks can also be responsible for
boosting the luminosity of high-J CO lines. In this context, it is remarkable that,
while J1148 exhibits a massive, powerful outflow, in the other sources no such
strong outflows have been found. Indeed, broad wings in the [CII] profile have
been observed only in J1319, yielding an outflow rate ~ 10 times smaller than that
found in J1148.
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The broad component of J1148 is more than 10 times
the one detected in J1319

Carniani et al. in prep.



[CIl] and CO(6-5) emission from field galaxies

b
’, L ] Ny
+12°18' 57" B o
8 )
+12° 18" 54” E. >
5 B
2} =}
+12° 18 51" o [7)
? o]
(&)
+12° 18’ 48" a é
+12°18' 45" Lo DRy 0 1
nES SRS g 0 -2 -4 -6 -8 -5 -55 -8 —8.5 -7 -7.5
RA-oftset [arcsec] RA-offset [arcsec]
-21°13' 57* , . ] , ,
-20° 49° 57 1.0 - —
-21° 14" 00" 05EF kl J b
-20° 50° 00" b OI 1302
00 EFr=———r=—=—r=—====1]
-21° 14’ 03" —140 —70 0 70 140
-20° 50° 03" passa B MMt
-21° 14’ 06" ' Y i e
Rl . ke T 0 5 o 20kpc=5.c" | —— — 05 - -
e — _ ST acin i N S TN
100s 95s SO0 0 000000 —140 -70 0 70 140
. ’ .
Decarli et al. (2017) D’Odorico et al. (2018)

Serendipitous discovery of galaxy companions in z= 6 quasars

(see also e.g. Gallerani et al. 2012, Trakhtenbrot et al. 2017 for z= 4-5 quasars)



[CIl] and CO(6-5) emission from field galaxies
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Serendipitous discovery of galaxy companions in z= 6 quasars

(see also e.g. Gallerani et al. 2012, Trakhtenbrot et al. 2017 for z= 4-5 quasars)



Cosmological simulations of a z = 6 quasar
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BLACK HOLE GROWTH: Gas accretion and galaxy merging Mg nai =
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Cosmological simulations of a z = 6 quasar

Quasar feedback energy is distributed as kinetic energy

We have assumed a bi-conical and spherical geometry

Surrounding gas is driven outward

(voutﬂOW; Moutflow) Voutflow = 104 km/s

1. .
51\/1011flowvoutflow2 = Efeed

1

2
QUASAR FEEDBACK Voo = 2 €500 Eva MBH< c >

Vout flow

Although a powerful outflow is in place,
fast-moving gas would be detectable only along directions
intercepting the outflow orientation.



Cosmological simulations of a z = 6 quasar

QUASAR FEEDBACK

Although a powerful outflow is in place,
fast-moving gas would be detectable only along directions
intercepting the outflow orientation.



Cosmological simulations of a z = 6 quasar

Cosmic Time (Myr)
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At z = 6 a SMBH with Mg, = 10%-10° M., is formed,
in agreement with BH mass measurements
obtained from the Mg Il emission line.



Quasar feedback effects on the host galaxy
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Quasar feedback effects on the host galaxy
no-AGN run AG run
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The gas density and temperature maps shows
the location and extension of the outflowing gas



Quasar feedback effects on the host galaxy
no-AGN run
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In the AGN run, particles reach very large velocities
(up to 1000 km s) in agreement with the outflow velocities
as inferred from the broad wings of the [CIl] line observations



Quasar feedback effects on the host galaxy
no-AGN run AGN run
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Star formation is quenched due to the shock-heated low density gas

Fast outflowing metals are distributed on large scales (2 virial radius)
possibly being ejected in the surrounding intergalactic medium.



The Mg -M. relation at high redshift

Mg,-Ms relation at z =6
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Agreement with the local
Mg-M= relation

More observations of z = 6 quasars are required
to put tighter constraints on the Mg,,-M- relation at high-z
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[CIl] emission from field galaxies
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[Cll] emission from field galaxies

# = Number of galaxies with Ly > 10° L,
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[Cll] emission from field galaxies

# = Number of galaxies with L, > 108 L,
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X-ray emission from field galaxies

# = Number of galaxies with F,>5 x 101® erg s* cm™
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Physical Properties of z = 6 Quasars

OBSERVATIONS

e 7z =6 quasars are powered by SMBH
(masses = 108-101°M,,,)
* (Quasar host galaxies harbor intense starbursts
(SFR ~ 10%-10% M, yrt; My, ~ 1019 M,.; My,e ~ 108 M)
* Quasar feedback are in place at high-z
(Voutflow =~ 1000 km/s; Routflow =~10-30 kpc)
CO(17-16) line detected only in J1148
(undetected in J2310 and J1319)
e X-ray emission properties similar to low-z high luminosity AGNs

11"48™17% 16%5

000000

“ X-ray e,

SIMULATIONS

* Cosmological simulations can reproduce the BH observed
masses starting from massive seeds (M...4= 10> Msun)

* Quasar feedback quenches star formation by expelling the
surrounding gas out of the host galaxy

 Metals are distributed on scales larger than the virial radius




