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This talk

* Molecular gas at high redshifts

Introduction on the search for molecular in the early Universe

* Australia Telescope Compact Array

Excellent southern telescope for high-z mm studies/complement to ALMA

e CO(1-0) survey of high-z radio galaxies (HzRGs) with ATCA
First sample results: - Widespread CO(1-0) in MRC 0152-209 and Spiderweb Galaxy

CO-investigators:

- Potential link between CO(1-0) content and radio source size
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Molecular hydrogen

Molecular hydrogen: H,

* H, Raw ingredient for star formation

- Made in the presence of dust )
- Dominates clouds where n > 100 cm?3

H,isa molecule formed by two hydrogen atoms that

share their electrons.

Eagle Nebula:+ : .

Review: Solomon & Vanden Bout (2005) " Credit: HST/NASA



Molecular hydrogen

* H, Raw ingredient for
star formation

Spitzer IRS spectrum extracted in the SQ ridge
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* Cold H,: 12CO strong tracer
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CO as tracer for H,

e 12CO good tracer for H, ;D*
- Most abundant after H, é*
- Very stable &

- Weak dipole moment — : *

excited by collisions with H,
Solomon & Vanden Bout (2005)

Rotational J,J-1 transitions:
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CO as tracer for H, e
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normalized '2CO line SEDs

* Rotational J,J-1 transitions: T ]
CO(1-0) [115 GHz], CO(2-1) [230 GHZ], or
CO(3-2) [345 GHz], CO(4-3) [460 GHz], etc. |

- N, [substantial thermal excitation] o< J? 20
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CO as tracer H, at high-z
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IRAS F10214 + 4724 COo (3-2)

e 1991: First CO detectionz> 2 A 2-2.286 |
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z=2.611
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» } ) HzRG (High-z Radio Galaxy)
»

* Radio-quiet: QSO
(quasi-stellar object)

850 micromSCUBA

SMGs (Submm Galaxies) \

Dusty ULIRG-type starbursts SELECTION
METHOD!

LBGs (Ly-break Galaxies) \

» Radio-loud: quasar
(quasi-stellar radio source)
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HzRG (High-z Radio Galaxy)

Edge-on — AGN-light
blocked by torus

ORIEN-
TATION

» Radio-loud: quasar
(quasi-stellar radio source)

Face-on — look into AGN



(Random) examples high-z CO

Coppin et al. (2011):
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CO(2-1) in submm-galaxy at z=4.8
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(Random) examples high-z CO

Redshift .
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(Random) examples high-z CO

Nesvadba et al (2009) E 000 )
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(Random) examples high-z CO

Danielson et al (2010)

z= 2.3 submillimetre galaxy SMM J2135-0102
Lensed: factor 32.5

%00 300 -Oll(clyo(l-/l) -50 -3000 %000 560 -o«-l,o(m/o) _ moo%(nm/o] =

T T T 6
1o} Composite co(1-0) Co(3-2)
s »E

00 - 1000

1000 50
CO(5-4)

0 - 1000

Fraw (=)

-02
1000 00 o =500 =1000 3455 Sa80  MaAS M0 s 057 1058 2039 104.0 1041 1047 1045 1382 1}8s 1386 1388 tNo 1I28 170 Y32 Y3 1AM 17AR
1000 5020 o =500 « 1000 1000 500 0 - 300 - 1000 1000 500 0 « 500 « Y000 1000 S0 0 - 500 - 1000 1000 500 0 - 300 - 1000
k-] 0 40
co(7-6) co(s-7) co(9-8) CO(10-9)
»
% 0
2}
? 5 ’f »
5 0o 3
b @ 0
s "\II |' )
“_ A . []I ok . P
-10 " " " - -3 " " " " " " " " "
307.3 3074 2076 207.0 J08.0 J08.7 2004 2006 2420 2423 2430 763 2770 27 a0 Mo s 3130 3138 s 3400 463 M0 3475
1000 oo ° 200 —3000 Frequescy (1) Frequescy (Gr)
wl C(1-0)
» -
i, ! ]
3
<
‘ Complex cold ISM
e

1476 1478 1480 A7 MBA 2450 2455 0 %6 MNE ;o 202 804
Freguency (Ga) Fraguecy (Gw) Fraquency ()




CO properties

* CO(1-0) as robust H2 tracer:

H2 mass:
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Differences between QSOs, HzRGs, SMGs?
(edge-on CO disc, face-on CO disc, merger?)



Number

CO properties

EXxcitation:

* CO(1-0) as robust H2 tracer:
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CO properties

* CO(1-0) as robust H2 tracer:

Excitation:

normalized '*CO line SEDs

H> mass ol Modell fitting: ]
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Quasars in thermal excitation
Riechers et al (2011)

QSO
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Line width:

SMGs, BzK galaxies -- large reservoirs

of sub-thermally excited gas
(lvison et al 2011, Carilli et al 2010,
Dannerbauer et al 2009)
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Number

CO properties

« CO(1-0) as robust H2 tracer: Excitation:

H2 mass:
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High-z galaxies: CO limitations

Major limitations plagued comprehensive studies of high-z CO:

e Limited bandwidth, often not wider than CO signal or z-accuracy;




High-z galaxies: CO limitations
Major limitations plagued comprehensive studies of high-z CO:

e Limited bandwidth, often not wider than CO signal or z-accuracy;
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High-z galaxies: CO limitations

Major limitations plagued comprehensive studies of high-z CO:

e Limited collecting area/sensitivity, requiring long integration times

(pre-selection on IR or submm flux);




High-z galaxies: CO limitations

Major limitations plagued comprehensive studies of high-z CO:

e Limited collecting area/sensitivity, requiring long integration times

(pre-selection on IR or submm flux);

Strong correlation between L'5 and Lgg.

e.g. Evans et al 2005 (low-z),
lvison et al 2011, Greve et al 2005 (high-z SMGs)

log(Le [Lo])

Likely reflects the Schmidth-Kennicutt relation
between star formation rates and gas reservoir
(Schmidt 1959; Kennicutt 1998).
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e.g. lvison et al (2010)
z=2.8 SMM J023990136

W Alsoe.g. Carilli+’10, Dannerbauer+ 09

Major limitations plagued comprehensive stu .

o
c
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High-z galaxies: CO limitations

@
2

6 4 2 0 -2 -4 -6

e High observing frequencies (>100 GHz) of mm observatories:
Only target higher-order CO(J,J-1) transition at high-z.

- High-order transitions: dense and thermally excited gas in starburst/AGN region;

- Low-order transitions: less dense, widespread, sub-thermally excited gas;

—> large reservoirs of molecular gas missed in high-order CO observations

(e.g.Papadopoulos et al. 2000,2001, Riechers et al. 2010, Daddi et al. 2010, Carilli et al. 2010, Ivison et al. 2010, 2011)

Ground-transition CO(1-0): most robust tracer for molecular gas at high-z
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CO studies of HzRG

Major limitations plagued comprehensive studies of high-z CO:

@ed bandwidth

Thing of the past...

* ATCA 4 GHz

* EVLA 8 GHz

* IRAM/Pdbl 3.6 GHz
* CARMA 4 GHz

* GBT 10.5 GHz

* ALMA (ES) 8 GHz




CO studies of HzRG

Major limitations plagued comprehensive studies of high-z CO:

e Limited bandwidth

@ted collecting area/sen@

N\

Atacama Large Millimeter Array -- ALMA

e High observing frequencies




CO studies of HzRG

Major limitations plagued comprehensive studies of high-z CO:

@ed collecting area/sen@




CO studies of HzRG

Major “mitations plagued comprel* Redshift CO\"EI'agE‘ for CD Transitions
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CO studies of HzRG

Major limitations plagued comprel‘ Redshift Coverage for CO Transitions

19
e Limited bandwidth 5

e Limited collecting area/sensitivity,

upper

e High observing frequencies
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redshift



CO studies of HzRG

Major limitations plagued compref Redshift Coverage for CO Transitions
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Australia Telescope Compact Array

 Compact Array Broadband Backend (CABB)

e 4 (2x2) GHz bandwidth, 1 MHz coarse res.,
full stokes

* mm observing frequencies
3mm (84-105 GHz)
7mm (30-50 GHz)
15mm (16-25 GHz)

* Hybrid array configurations
baselines as short as 31m.

Example: at f,,,. = 40 GHz (7mm band)

15,000 km/s per 2 GHz, Av ~ 7.5 km/s L DD

.-/ wave crests

baseline
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High-z Radio Galaxies (HzRG)

* Most massive galaxies in Early Universe

e Central proto-cluster galaxies (e.g. Venemans et al. 2007)
— ancestors of local rich cluster ellipticals
e \ery active systems:

- Clumpy optical morphology (merging star forming systems) (Pentericci et al. 2001),;

- Radio jets vigorously interact with ISM (Humphrey et al. 2006) + alignments jets with UV/optical
and possibly CO (Chambers et al 1987; McCarthy et al. 1978; Klamer et al. 2004).

 Among best studied high-z objects

4C41.17 (z = 3.8)

Radio cOMT s 4
(Reuland et al. 2003) Lya (warm ionised S

VLA radio on Keck Lya HST Image, WFPC2 (7000A)



High-z Radio Galaxies (HzRG)

* Most massive galaxies in Early Universe

 Among best studied high-z objects

e Strong radio continuum beacon for tracing faint host galaxy/proto-cluster;
e Optical quasar-core generally shielded by torus

4C41.17 (z = 3.8)

(Reuland et al. 2003) Lya (warm ionised gt

VLA radio on Keck Lya HST Image, WFPC2 (7000A)



Molecular gas in HzRG

* CO as tracer for molecular gas in HzRGs
e First (single-dish) surveys failed to detect CO (evans et al 1996, van Ojik et al 1997)

¢ Since then, CO detected in individual HzRG (Miley & De Breuck 2008; also Scoville et al. 1997,

Papadopoulos et al. 2000, 2001, Alloin et al. 2000, De Breuck et al. 2003a,b, 2005, Greve et al. 2004, Klamer et al. 2005, lvison
et al. 2008, 2011; Nesvadba et al. 2009; Emonts et al 2011)

e CO found on scales of tens of kpc (e.g. Papadopouios et al. 2000)
in giant Lya halos (Nesvadba 2009) and perhaps aligned with radio jets (kiamer et af 2004)

All individual objects, often selected on high IR luminosity!

4C41.17 (z=3.8)

Reuland et al. (2003);
Carilli et al (1997)

De Breuck
| etal. (2005)

“LSR ,fi}"l-)u, [kms ]

VLA radio on Keck Lya HST Image, WFPC2 (7000A) CO(4-3)



CO(1-0) survey of HzRG with ATCA/CABB

First systematic survey of CO(1-0) in representative sample of HzRGs

Sample HzRGs ans I MRG™ P e
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e Sample selection: MRC 0350-279
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CO(1-0) survey of HzRGs
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Miley et al. 2006 (Credits: NASA, ESA, George Miley and Roderik Overzier (Leiden Observatory, NL)




“Spiderweb” proto-cluster

v
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z=2.156
(23% of age Universe)

Miley et al. 2006 (Credits: NASA, ESA, George Miley and Roderik Overzier (Leiden Observatory, NL)




“Spiderweb” proto-cluster

e Massive: M.~10%2 w (Hatch et al 2009, Seymour et al 2007)

-
* Dozens COMPaNIONS: spectroscopic redshifts + SFR (e.g. Kurk et al 2004, Hatch et al 2009)

* Giant Lya halo: kinematic‘s’—> AGN fEi; iback (Nesvadba et al ‘06)

e X-ray + Faraday rotation radio sdurce: h.*luster atmosphere (carilli et al 1997)

»
* Extreme star form: MRC 1138-262 — SER > 1000 Mg/Yr (Seymour et al 2012, Qgle et al 2012)
+star formation in companions arﬂwter-clus‘ter medium (Hatch et al 2009)

.

Massive proto-cluster, ancestor of rich z=0 cluster

z=2.156
(23% of age Universe)

Miley et al. 2006 (Credits: NASA, ESA, George Miley and Roderik Overzier (Leiden Observatory, NL)




“Spiderweb” proto-cluster
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* Cold molecular gas CO(1-0): M, = 6 x 10'° M [a,=0.8]

* Warm molecular gas H,: M,, £ 10° M, (Spitzer; ogie et ai 2012)

I



—26°29'00"

—29'05"

Declination (J2000)

—-29'10"

HST: Miley et al 2006

“Spiderweb” proto-cluster

CO(1-0) in Spiderweb proto-cluster | %" ™ |
L= I I | | I I I 1 I I I I I . I |
L. Contours: 2.8, 3.5,4.2,4.9 ¢ 5 | M

. g 0 IE..“ lj_l\_plh.lﬂnﬂ Jl. IL.ﬁ”JI
4 > PRIV EY O W v
B 04 | CO(1_0) channel = 129 km/s |
B "T4000 —2000 0 2000 4000

Velocity (km/s)
i +360 X\ ]
: e301310] H75 +H168 array
P 4960\ @ 5 -1350 d
L N : : S
&4 «___-2700
! . -1590 5
B 16 kpc
7 Ty —
[ =3 | | l 1 ] 1 ] I | | | | | | ]
11840™49.08 48.5% 48.0°

Right Ascension (J2000)




“Spiderweb” proto-cluster
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Declination (J2000)

- MRC 1138-262: M,;, = 6 x 1010 M [0,=0.8]
- Up to ~40% of CO(1-0) could be in proto-cluster!
- SFR ~ 1400 I\/I@/yr (Seymour e.a. 2012) % tdepletion >41 I\/Iyr
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MRC 0152-209: strongest CO(1-0) to date
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MRC 0152- 209 strongest CO(1- O) to date
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MRC 0152-209: strongest CO(1-0) to date
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CO(1-0) in two HzRGs
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CO(1-0) survey of HzRGs with ATCA/CABB
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CO(1-0) survey of HzRGs with ATCA/CABB
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CO(1-0) survey of HzRG with ATCA/CABB

To do next: compare CO(1-0) content HzRGs with other high-z galaxies
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CO(1-0) survey of HzRG with ATCA/CABB

To do next: compare CO(1-0) content HzRGs with other high-z galaxies
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“The search for molecules

in the early Universe”

Figure 1: Nineteen antennas at the ALMA high site, the AOS, in September 2011.




Conclusions

* Australia Telescope Compact Array

- Excellent southern telescope for high-z mm studies

- Observing frequencies <50 GHz excellent compliment to ALMA

* CO(1-0) survey of high-z radio galaxies (HzRGs) with ATCA
- CO(1-0) in HzRGs: first sample results:

* Widespread CO(1-0) in MRC 0152-209 and Spiderweb Galaxy
* Potential link between CO(1-0) content and radio source size

& ATCA observing:
bjorn.emonts@csiro.au

Thank you




