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Quasars 101
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These black holes are mostly quiescent in the
present-day Universe, but grew rapidly a few
billion years after the Big Bang as material
flowed 1nto them via an accretion disk.




Friction in the accretion disk heats them
up enormously. As much as 0.1 mc? of

the infalling matter can be turned into
energy, which we observe as the quasar
phenomenon.

Quasars often
dramatically outshine
their host galaxies,
making them appear
close to pointlike.

Hubble images of
quasars and their hosts,
by Bahcall, Kirhakos,
and Disney.




(Unobscured) quasars are characterized by a very
blue continuum 1n visible and UV (from the
accretion disk), and broad emission lines from

fluorescing gas in the deep potential well.
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We want to study the highest-redshift quasars,
probing the end of the dark ages when the first

galaxies formed. 107
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Searching for high-redshift
quasars Is hard

 They are very rare.

* They are faint, and detectable in only the
reddest filters.

* They are unresolved, so they look like stars.
But they have distinctive colors.

We need wide-field, deep multi-band
imaging data to select quasars!

The key surveys are SDSS, Pan-STARRS,
and HSC.



In an image of the sky like this, how do
we identify the quasars?
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From the 5 SDSS
filters, we can form
four independent
colors.

Low-redshift (z<2.2)
quasars are blue in
u-g and g-r.
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At Z > 305, I I I I I I I I I I I I I I I
quasars drop out -
of the u-band.

The Lya forest <
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band, and -
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Searching for the
highest-redshift quasars

Xiaohui Fan (U. Arizona)
Linhua Jiang (Beijing)
Eduardo Banados (Carnegie/Princeton)
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Jiang et al. 2016, J-band data from 2MASS, APO 3.5m, and other telescopes
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Field of z~6 quasar, gri composite




Field of z~6 quasar, riz composite
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52 SDSS quasars
with z>5.7; Jiang
etal. 2016

'ue Fixal SDSS 2 » 8

.7 QuAsA SasmrLs

F (41) 2=8.71

(16) 2=5.844

(3) z=5.920

(11) 2=6.072

 (38) 2=5.78

c-,-—..,._

e T R e e e
 (8) z=5.72 (29) 7=3.85 (17) z=5.98 (10) 2-5 078
(51) 2=8.77 (2) z=5850 (52) 2=6.00 (39) 7=6.09
B s aiars om=sett s LRt SRRt ab ottt an e Sl e SR TE s s e S SRR AR SRS
(20) z=3,772 (37) 7=35.85 (49) z=8.003 (50) z=86.117
(22) 2-5.778 | ] (35) 25,86 §(52) 2-6.016 1(33) rob.132
1 )‘V“‘MN
erriren N C N oo s el AR .. SR
 (8) 2-5 779 F (19) 2-5 867 (31) 2-802 (30) 2=6.15
b “\**
SO gy PO (g N
(46) 2-5 87 (13) 2=6.02 (40) z=8.16

- - -

— —-

F (12) z=5.80

(48) 2587

(24) 2=6.03

— -

(23) z=6.198

 (15) 2=5.810

F (14) 2=5.89

- -
h—-—ui&v:—_ —

ettt eda a2
. L)

(45) 2=6.038

(42) 2=8.247

MAALAS B LA LA A a el B e e

(55) 25,81

r PP w i P w e ot

AR LS B s

(34) 2=5.901

=H:=JEJ1‘T.H Toiauat,

MW P W

L}

(47) 1_5.81

- b
M‘:‘,‘.‘.ﬁ
L} Ll

(44) 2=5.92
,Jif’?’l‘ﬁi

+
)

Ll

(28) 2=6.040

......,,,,...[‘VZ":‘:"_*__.,,_._J"\—i

(21) 228,308

F (8) z=5.82

(7) 2w5.923

(43) z=8.058

(26) 2=6.339

l
w -
o LA . N,

(1) 2582} (36) 225927 ?13) 6060 (27);'.3,419‘
m. “?J‘}\;—;rﬁ"-h*—,.—f_\:m._w
8000 9000 8000 9000 8000 9000 8000 9000

A

A



8r ' ' .
6 SDSS J0836+0054 =
4b § :
Jiang et al. 2007: Gemini o J 4 » F
. . - [ ‘M__V -
near-infrared spectra of five 0 Lo o A T T
high-redshift quasars. 4 0.5 —
Measurements of CIV, Mgll o[ 0.0kl no _"
: 1 . n L . 2.1 -
line widths give speed of | i
gas in broad-line region. (\"E ok T R —
The continuum luminosity is ~ © r B
empirically related to the w | i
; : w 2F .
radius of the region, 0 1
calibrated from AGN with ~ ” I —
reverberation mapping o 4| ' .
measurements. I )
~ ol _
Yields black hole masses [ i
1-3x10? solar masses, and oL N
Eddington ratios of order 1. 4 - .
Uncertainty of a factor of 3. - -
2L .
Green line: the mean (1)l a8 ”
spectra of lower-redshift oy Tﬁ'\ '\'“W é
. . . O =
quasars. Indistinguishable o8 08 10 12 1 1

from high—z.’ Wavelength (,u.rn)



Pushing to higher redshifts requires
photometry at longer wavelengths
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Redshift distribution of known high-
uasars (March 2017)
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The Subaru Hyper Suprlme -Cam
High-z Exploration of Low-
Luminosity Quasars (SHELLQs)

"

, Project led by Yoshiki
s N Varsuoka; NAOJ/Ehime




Hyper-Suprime Cam: 1.77 deg?
camera on Subaru 8.2m telescope




HSC: 300-night survey in grizy + NB filters,
over 1400 deg? to r=26, plus 28 deg? to r=27
and 3.5 deg? to r=28. 2014-2019
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Survey progress thus far

Full depth area Created at 2017-07-01 11:3

Courtesy Naoki Yasuda:
293 deg? in all 5 bands
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5 arcmin? in COSMOS; color composite in gri

~1.5 hours in
each filter;
approaching
LSST full depth.
~0.6-0.7”

seeing.

This represents
<0.01% of the
data in hand
thus far!

Courtesy Lauren
MacArthur




Bayesian probabilistic selection
Quasar probability: Pq = Wa/(Wa+Wb)
Wa (11, det) = [ [ pa (Mint, 2) Pr (det | mint, 2) Pr (71 | mint, z) dmint dz
Who ( , detl = I I PD (mint, tsp) Pr (det | Mint, tsp) PI"( | Mint, tsp) dmMint dtsp

source detection oo(PS )=~ N 0

&
T dwarfs R AR
00 50 \Qp
“USo

HSC Zpxg—Yas

- Spectroscopic follow-up
of all the photometric
candidates with Pq > 0.1
on Subaru/FOCAS,
GTC/OSIRIS, Pq distribution in
Gemini/GMOS-S (i-z vs. z-y)




Progress to date

* The HSC survey has imaged ~250 deg? (full color, full
depth) of the planned Wide

fields, as of Jan 2017. Most of our candidates have come

: 1 nightin S15A... weathered out
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Quasars
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* ~30 new quasars at 5.9 <z < 6.9 (+ 5 quasars recovered) over

~100-150 deg?.

10000

o
T

U O =N W
R

U O = NLO =N W,O
= TS =

[L=) U O v o uo
T T T

8500 9000 9500 10000

Observe d wavelength A, (A)

8000

*+ Note the objects with narrow Ly alpha.

* We classify all the objects with L(Ly a) > 10* erg/s or
FWHM(Ly a) > 500 km/s (uncorrected for IGM absorption) as AGN.
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Galax:es

7500 8000 8500 9000 9500 10000
Observe d wavelength A, (A)

* 9 luminous galaxies at
5.7<z<6.1, with =23.5 <
M350 < —22 mag.

* Extended sources are not
selected, so this is a lower
limit to the number density
of high-z luminous galaxies.
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Brown dwarfs and low-z [O III] emitters

7500 8000 8500 9000 9500 10000
Observed wavelength Ay (A)

* Small number of
contaminating brown
dwarfs. Most of these
objects have low quasar
probability Paq.

*k 2 type-Il quasars or low-
metallicity star-forming
galaxies at z ~ 0.8, with

Lion ~ 10%° erg/s. The
strong [O Ill] lines mimic Ly
aatz~ 6.




Distribution in color and quasar
probability P,
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Distribution in Absolute Mag and

Extendedness
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Studying the host galaxies of z~6
quasars at sub-mm wavelengths

Ran Wang, Beijing Chris Carilli, NRAO



rest frame flux density f, (mJy)

50 K dust heated by star formation or the
quasar 1s detectable at submm wavelengths.
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Pico Veleta, Spain: 30-meter dish with
MAMBO 37-channel array bolometer Very Large Array, New Mexico

Plateau de
Bure, 6-
element
interferometer
in French Alps




40 z ~ 6 quasars have been observed at 250
GHz; 1/3 of them are detected (a similar
rate to lower-redshift quasars).

The characteristic inferred dust temperature
1s ~50 K. From this temperature and the
inferred luminosity, one infers spatial
extents of 1-2 kpc.

Dust masses can be estimated; typical
numbers are 5x10° M

sun*®

Where there 1s dust, there 1s gas: assuming
MW ratios, this is 5x10'° M of molecular
gas. Can we see 1t directly?



Rotational Transitions of CO 1n
the highest-redshift SDSS quasar

redshift
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Rotational ladder (CO 1-
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z=6.42. CO 6-5atabout  z: ; g0 s

3.5 mm. Observable ! — I

VLA. -1000 -500 0 500

velocity [km /s]
Bertoldi et al. 2003



CO 1s a tracer of molecular gas. Gas is too cold
(50K) to excite H, transitions, so we can’t
measure it directly.

Gas masses are based on conversions determined
for ultraluminous IRAS galaxies, which in turn
assume a global CO/H, abundance ratio.

The resulting highly uncertain gas mass 1s of the
order 2 x 10'°M___, of the same order as inferred
from the dust mass.

We have discovered the gas reservoir that feeds
the central black hole.



Lots of gas, lots of dust, lots of metals: do we

also have star formation? If the star

formation 1s heating the dust, SFR = 1000-

3000 M_, /year 1n these sources!
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Li et al. 2008, Simulation of a z=6.5 quasar. Most of the
far-infrared emission is due to AGN activity at z=6.5; star
formation peaks at higher redshift.
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The Atacama Large Millimeter
Array (ALMA)




Dust Continuum  [CII] emission Velocity Field

sxtiaTrat a 28*

-------

ot O

Wang et al. 2013: z~6 quasars in [CII] 158 microns.
Spatially resolved; rotation seen 1in only 1 hour exposure!
Dynamical masses of a few X 1019 solar masses.



We can actually measure an inclination and
rotation curve 1n [CII]!
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Shao et al. 2017: ULAS 131911.29+095051 .4 (UKIRT), z=6.13.
Dynamical mass of 1.3 X 10!! solar masses within 3.2 kpc.



Wang et al.
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DECLINATION (J2000)

A quasar at z=6.18, seen in CO(2-1) with the EVLA
Continuum at 32 GHz CO emission CO spectra
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This is reminiscent of substructure predicted in simulations of CO emission by
Narayanan et al. 2008



Companion galaxies to quasars appear
to be common at high redshift

J0842+1218, z = 6.0760, Av = -440 km s~

+12° 18" 577
+12° 18 56'.
+12° 18" 51" '

+12° 18" 48"

+12° 18" 45"

Companion

20 kpc = 3.5"

b

+12°18° 57"

Declination (J2000.0)

+12° 18" 54"
-

+12° 18" 517

+12° 18" 48"

+12° 18" 45"

295s
Right ascension (J2000.0, 8 h 42 min)

290s

0

Flux density (mJy)

-17°15" 15"

-17° 15" 18"

-17°15" 217}

~17° 15" 24"

-17% 15" 27"

=17 15" 15"

-17°15° 18"

-17° 15’ 21"

=17° 15" 24"

o —-17° 15" 27"

J2100-1715, z =6.0806, Av = -40 km s™!

., q

Quasar

20 kpe = 3.5

a. -

% 20kpc'= 357

3

55.0s
Right ascension (J2000.0, 21 h 00 min)

~20° 50" 06”

PJ231-20, z = 6.5865, Av = 140 km 5~'

-20° 49" 57"

-20° 50’ 00"

~20° 50’ 03"

-20° 50’ 06"

-20° 50’ 09~

‘aasar

Companion

20 kpe = 3.7

-20° 49’ 57"

=207 50" 00™

-20° 50" 03"

-20° 50" 09

Right ascension (J2000.0, 15 h 26 min)

MmO N & O

5

" Companionis
2

20kpc=3.7" |

38.0s 375s

Quasar

f
et 1‘714

Companion \
|
Lisd j ' N

Frequency (GHz)

Decarli et al. 2017: Dust, rest-frame UV, and [CII] emission in four high-redshift
quasars with companions. Note that the companions are undetected in starlight.
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Roberto Decarli, Heidelber
g Strong velocity gradient seen in one

source.

 Companions seen 1n 4 of 24 quasars observed, in both
dust continuum and [CII]

e Star formation rates of hundreds of solar masses per year.

e Dynamical masses of 10'! solar masses; are these
progenitors to massive galaxies seen at redshift ~4?




