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MH2 ~ 2 x 1010 (αCO/1) M! 
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Radio galaxy at z=2.2 
L’ [CI] 2"1 / L’ [CI] 1"0   ~ 0.62 "  Tex = 32K  

L’ CO(4-3)  / L’ CO(1-0)    ~ 1.0   "  thermally excited  

L’ [CI] 1"0  / L’ CO(1-0)   ~ 0.66  "  high relative [CI] abundance  

ALMA: H2O 
Gullberg, Lehnert et al.  
2016, A&A, 591, 73  

H2O along jet! " jet-induced cooling (Gullberg et al. 2016, A&A, 591) 



 Cold molecular IGM 
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σATCA = 0.085 mJy/bm 
σVLA   = 0.080 mJy/bm 

ATCA sees 3x more flux!! 

Australia Telescope Compact Array 



 Cold molecular IGM 

Emonts et al 2016, Science, 354, 1128 
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Low-surface-brightness! 
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Mm signal easily resolved out! 

For example, at z=2,  
1km baselines resolve out: 
- CO(1-0) on >14 kpc scales 
- CO(4-3) on >4 kpc scales!  
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CO(1-0) 
(90 hours) 

MH2 ~ 1.5 x 1011 (αCO/4) M! 
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Contour levels: -3.5,-2.5, 2.5, 3.5, 4.5σ 
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In-situ star formation 
across the IGM! 

MH2 = 1.5 x 1011 (αCO/4) M! 

SFRIGM ~ 142 M!/yr  



 Cold molecular IGM 
In-situ star formation 
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in between  
SF galaxies, with 
σgas << σgalaxies 
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CO(1-0) drives  
“in-situ” star formation  

  Gas depleted by z=1.6  
  ! stellar halo can age! 

IGM Spiderweb 

(Radio galaxy) 

High-z 
SFGs 

Local 
spirals 

Emonts et al 2016, Science, 354, 1128 

Kennicutt-Schmidt relation  
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Early assembly of  
giant cluster elliptical 
out of enriched cold IGM 
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Ceverino et al (2010):  
cooling below 104 K 
(Dekel+ 2009) ra
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Goerdt & Ceverino (2015) 

Cold gas 

SFR 

Early assembly of  
giant cluster elliptical 
out of enriched cold IGM 



Cold Molecular Medium 

Dannerbauer et al. 2017, arXiv 1701.05250 

������ Imaging CO(1-0) in larger Spiderweb cluster 
COALAS: ATCA Large Project (PI: H. Dannerbauer) 

HAE229 
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������ Imaging CO(1-0) in larger Spiderweb cluster 
ATCA Large Project (PI: H. Dannerbauer) 
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Dragonfly Galaxy (z=1.9) 
HYLIRG merger 

Emonts et al. 2015a,b 

Cold Molecular Medium 
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������ Imaging CO(1-0) in larger Spiderweb cluster 
ATCA Large Project (PI: H. Dannerbauer) 
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CO(1-0) halo reservoirs " jet-alignments! 

Emonts et al. 2014, 2017 

Cold Molecular Medium 



 H I absorption at z~2 
VLA P-band spectroscopy 

Minnie Mao 
Frazer Owen 
Steve Curran 

Gustaaf van Moorsel 



VLA P-band 
Coverage: 230 – 492 MHz 
Observations: 40 MHz / 15.6 kHz / full pol. (2x) 



VLA P-band 
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dec = 20-30 deg! 

H I H I 
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dec = 20-30 deg! 
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H I absorption in halo at z~2.2 ? 
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2 / 9 runs  
(22% data) 

Velocity (km/s) 



Conclusions 

VLA P-band spectroscopy works! 

Cold Molecular Medium can be observed! 
(but need dedicated low-surface-brightness observations!!) 
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