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Overview

> Background
> Why we care about molecular gas at high-z

» Status and near-future observational prospects

» Ground+Space synergies

> The future of molecular gas observations



Hubble Deep Field




Star Formation History of the Universe

Star formation rate density
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> @Gas accretion

[
Cold gas

Spiral galaxy

1

The gas-star formation connection

BT  Much theoretical progress:

E.g., Schaye et al. 2010, 2015;
Booth & Schaye 2010; Dave et
al. 2012; Haas et al. 201 3;
Feldmann 201 3; Dekel et al.
2013;Altay et al. 201 3; Lily et
al. 201 3; Sanchez Almeida et
al. 20T4;-Furlong et al. 2014,
etc ...

> Conver5|on INto tars > Feedback




The star formation ‘law’
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Tracing molecular gas with 2CO
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High-z molecular gas detections
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High-z molecular gas detectlons

Number of z>1 line detections
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Beyond detection...resolving!

Hodge+12
see also Hodge+13c
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Daddi et al. (2009)

(Gas vs. Stars

-




Atacama Large Millimeter Array (ALMA)

Chajnantor plateau
(5000m)

54 |2-m antennas, 12 7-m
|0 bands, 31-950 GHz

8 GHz bandwidth, dual
polarization

Array configs between
|50m and 15-18 km

Angular resolution
~40mas at 100 GHz

(Smas at 900 GHz)

The ALMA Partnership, The ALMA Partnership,
Brogan et al. (2015) Vlahakis, Hunter, Hodge
et al. (2015)
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Q(SFR) [Mswn yr' Mpc]

Ground+Space: The history of cosmic SF
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——r—r : . -
’..: e "9“ r QM) ‘>.-'g‘cr'. c al ',ICU;
o é \
o gy :
-2 not corrected ’-a_'m z 10° Q“jl‘)_ P T E———
4 o 5 [ L
o 2 >
c + BX'BM\
Keres et al. (2003)
s g gl e e gl e s alaaalaay 107 LBG
0 2 4 6 8 0 | 2 3 4567
redshift z redshift z
JWST JVLA, ALMA

Jacqueline Hodge



Ground+Space: The history of cosmic SF

JVLA CO Deep Fields ALI\/IA CO/C+ Deep Field
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Ground+Space: High-z galaxy confirmation

[censored]



Ground+Space: The history of cosmic SF

Riechers/Pavesi in prep.

**[e0-1-0) 1 cos-br1 (rozriry ) ' “Feoum1-0) in c3-0F2 (r-2.69%2) 1 " feots-1-0) m cos-br (25041 ' **Foolu=1-0) tn ca8-DP4 (r-25400)
i oz .i - -; 1
i i
I *EDGE* i:
-1 N N
—a000 -2000 M.omh'h' 000 o

** [cotr-1-0) 1= C05-D¢5 (so2d

Phax daraiy (i)
Phax dorwty [on]

%0 -2000 2000 00

[
©0(J=1-0) In C-DEEPI (+23050)

]

Pux canalty [miy)
'

" n
2000 =)

" "
00 2000

[re———e oty atuet fa]
©O(J=1-0) In GN-DF2 (2=27283) CO(J=1-0) In GN-DF4 (2=2.6070)
§ oas k- - i asp - z
i . ! ol L Illl. I
é é v n] I[" H
~400 ~2000 0 2000 00 -0 -2000 0 200 000 ~4003 ~2000 0 2000 00 - 4000 -~ 2000 o 2000 4000
Velocky ofteat fum/e] Vekocly ofiuat Dorv/e] Vesity atieat [k /o] akacky offet [ln/a]
00(J=1-0) In GN-DF10 (22 CO{/=1-0) in GX-DF13 (2=22074) ‘ CO{J=1-0) in GX-DF16 (2=2 1443) ‘ CO(J=1-0) In ON-DF18 (2=2.1384)
i i [
i r H
—4%0 -2%0 0 2000 00
Vokalty afiont Purn/s]
. CO{=1-0) tn GX-DF20 (5+2.1103) ] CO{4=1-0) tn GN-DF2Z (5+2.0097) | CO(/=1-0) Im GN-DFR3 (x=2.0828)
3 1% st -3 oS+ - esE
i 3 i3 3
i " | 1
i & 1] &
on o M-&u[m/-l o on o - v-au:ab-ful b on oo o u-auLl-v-l o o

CO{#=1-0) In GX-DFIO (ze2 4440) ] CO{#«1-0) In GX-DF37 (ze2 4084)

e danaly ]
Pae dty (o]
—
=]




Ground+Space: The history of cosmic SF

Riechers/Pavesi in prep.
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Ground+Space: Dynamics & Mass census

Hodge et al. (2012)
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Ground+Space: (sub )kpc—scale SF

. ZSFR zGas '

¥

Hodge et al. (2015) 10° 10°



Ground+Space: (sub-)kpc-scale SF

New ALMA Cycle 1 data achieve
1 kpc in just 10 min per source

Hodge et al. (2015)

Hodge et I. (2016, in prep)
|2 hours on PdBI to achieve
2 kpc resolution dust imaging



Ground+Space: (sub-)kpc-scale SF

New ALMA Cycle 1 data achieve
1 kpc in just 10 min per source

- ALESS 009.1°FA

0101 F ALESS 015.1
To complement ALMA, even higher
resolution imaging of the stellar emission

(e.g. HDST) will be required to trace the
total SF in less extreme galaxies

Y I S TS I (Y O I 1 " P Y P I T I I I - s e

Hodge et al. (2016, in prep)
|2 hours on PdBI to achieve

2 kpc resolution dust imaging
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Flux (mdy)

Ground+Space: ISM Characterization

 PAH emission at z=4.05
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The need for a next-generation VLA

Observed Frequenc
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Low-| CO
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Casey, Narayanan & Cooray 2014
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Jacqueline Hodge

is critical

Engel et al. (2010

Riechers, Hodge et al. (201 1)
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 THE [EXT GEAERATION

Q50

1000 = iis Special ngVLA

session
happening

today in
room ‘Sun B’
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An example ngVLA observation. >
O

z~10.5

7~2.8

Detectable with

Detectable with ngVLA
current VLA 2.8<z<10.5 CO(1-0)

- ’co~2x107 Lsun
e.g.’z_4.O§OCO(1-o) 3:1 bandwidth ratio
L'co~10"" Lsun

- 100s of blind
8GHz bandwidth _
CO(1-0) detections!
3 2<7<50 (1-0) detections!




Summary

> Take-away points:

> ALMA is revolutionizing high-z molecular gas studies
> Will need a ngVLA to trace bulk of cold gas at high-z

> Space-based wish-list:

> Higher-resolution imaging of rest-frame UV emission
» ALMA’s most extended configs will reach scales of ~100 pc

> Longer wavelength spectroscopy
> Need MIR for ISM characterization
> Lots of high-quality spectra

> Until ngVLA, detecting CO still hard for many galaxies — will
need to stack



