Shining Light on the Dark ISM: GAS|KAP

Tracing the HI-H2 Transition Through the Dark Zone &
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Atomic Gas Bistability: From WNM to CNM
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From Gas to Stars...

Atomic Gas Molecular Clouds

Molecular cloud complexes (MCCs) are highly structured and ““turbulent.” Observational evidence suggests that

MCCs are dynamically dominated systems, rather than quasi-equilibrium entities. The observed structure is more likely
Converging

flows provide a natural mechanism to generate MCC structure. We present a detailed numerical analysis of this scenario.
Our study addresses the evolution of an MCC from its birth in colliding atomic hydrogen flows up until the point when

H, may begin to form. A combination of dynamical and thermal instabilities breaks up coherent flows efficiently, seed-

scenario. Since converging flows are omnipresent in the ISM, we discuss the general applicability of this mechanism,
from local star formation regions to galaxy mergers.

Heitsch et al. (2006)




Molecular Cloud Formation in Galaxy Disks

log column density [g/cm-2]

* Large-scale gravitational/
magnetic/thermal
instabilities " Te

* Plus additional over-
pressurisation from spiral
potential and stellar feedback?

x (kpc)

Movie: Simulation of molecular cloud formation in
galaxy disk (Dobbs et al. 201 1)




Atomic Gas From HI )

Ny > 1.8 x 108 /T,,, dv

Optically thin limit

McClure-Griffiths et al. (2006)
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Molecular Gas From CO

CO lines as a proxy for Ha.
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Right: Taurus molecular cloud in
CO(J=1-0), Goldsmith et al. (2008)

N(Hy) = Xco X /Tb[12CO(J=1—O)] dv

Alternatively, assume LTE (and Tex and CO/H>
ratio) and derive N(H2) from '3CO(J=1-0)



Molecular Gas From CO

Inflow

* “A map of CO emission is a map of CO
abundance and CO chemistry first, and

only secondarily a map of the mass™ —
Liszt, Pety & Lucas (2010)

* Only abundant (= readily detectable)
in moderately dense, highly-molecular
regions with Ay = | =& Misses
diffuse H: altogether

density (cm™)




Welcome to the Dark Zone...

Atomic Ga Stars & Stellar feedback

Molecular Clouds
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The Dark ISM: Dust-based estimates

‘ The Darlk ISM: Neutral gas “not seen” in HI and CO I

T, = 0o, Ny. i Po 353 GHz dust
0k | | 3 excess, Planck
Optically | ' collaboration (201 1)
thin HI ;
w 10°F Gl : E
10‘5:— i i E
. Ha+
. Optically
" thick HI '
wosE e A ST ERN
0.1 10 10.0 ! |
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Planck = o
Collaboration | How much gas is “dark’?
(2011, XIX)

e = 50% in local IR cirrus clouds (Reach et al. |994)

e ~20% in solar neighbourhood (Planck collaboration 201 1)

See also: Blitz et al. (1990), Reach et al. (1998), Douglas & Taylor (2007), Dawson et al. (2011)



The Dark ISM: Dust-based estimates

| The Darlk ISM: Neutral gas “not seen” in HI and CO I
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The Dark ISM: Gamma Rays

+ Pegasus
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The Dark ISM: A Handy Naming Guide

“Dark ISM”
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The Dark ISM: CNM From HI Absorption
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How much material is missed by assuming 3000 T(off) Brown et al. (2014) |
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< 2000f
e ~25% in the local ISM (Heiles & = 1209
Troland 2003) so0l :
® ~3o_4o% in the inner Galaxy —0200 —iSO —1Ii00 —:50 6 510 l(l)O 150 200
(Dickey et al. 2003) a

e ~10-30% in the outer Galaxy
(Dickey et al. 1983)
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The Dark ISM: Environmental Variation
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The Dark ISM: Numerical Simulations
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The Dark ISM: Numerical Simulations
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The Dark ISM: Numerical Simulations

We investigate the temperature distribution of CO-dark molecular hydrogen (H,) in a series of
disc galaxies simulated using the AREPO moving-mesh code. In conditions similar to those in
the Milky Way, we find that H, has a flat temperature distribution ranging from 10 to 100 K.
At T < 30 K, the gas is almost fully molecular and has a high CO content, whereas at 7 >
30 K, the H, fraction spans a broader range and the CO content is small, allowing us to classify
gas in these two regimes as CO-bright and CO-dark, respectively. The mean sound speed in
the CO-dark Hj 18 ¢ gark = 0.64km s~1, significantly lower than the value in the cold atomic
gas (cs, cnm = 1.15 km s~1), implying that the CO-dark molecular phase is more susceptible to
turbulent compression and gravitational collapse than its atomic counterpart. We further show
that the temperature of the CO-dark H, is highly sensitive to the strength of the interstellar
radiation field, but that conditions in the CO-bright H, remain largely unchanged. Finally, we | Glover & Smith (2016)
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The Dark ISM: Numerical Simulations

radiation field, but that conditions in the CO-bright H, remain largely unchanged. Finally, we | Glover & Smith (2016)
examine the usefulness of the [C 1] and [O1] fine-structure lines as tracers of the CO-dark gas.
We show that in Milky Way-like conditions, diffuse [C 1] emission from this gas should be
detectable. However, it is a problematic tracer of this gas, as there is only a weak correlation
between the brightness of the emission and the H, surface density. The situation is even worse
for the [O1] line, which shows no correlation with the H, surface density.
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The Dark ISM: CO-Dark H> from C+

Main-beam Temperature [K]
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How much H; is CO-dark?

e ~20-50% in the inner Galaxy?
(Pineda et al. 2013, Langer et al. 201 3)

Along 320 sightlines!

f(CO-dark H2)
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The Dark ISM: Outstanding Questions

“[All] tracers have different limitations and comparing them is
essential to map and weigh the main gas reserves of the Milky
Way.” - Grenier et al. (2004)

e How do the fractional abundances of HI, cold HI, diffuse H; and CO-
bright H» vary throughout the Galaxy?

* How is dark/diffuse H; distributed on Galactic scales and locally within
CNM/molecular cloud complexes!?

* How well is dark/diffuse H, mixed with the CNM? (And WNM??)
* What is its chemical profile?
* What is its temperature/density distribution?

* How much mass is contained in this phase?




OH What a Lovely Molecule

: :'-5'? v ,, ;_~: 1667.359 MHz peak emission + peak absorption map

e Abundant and observable in diffuse, CO-

\ / poor molecular gas (e.g.Wannier et al. 1993,Allen et al.
H, H 2012)
H2 OH OH * Stable abundance ratio from Av ~0.25 to
CO{X& ~ 10 (Crutcher 1979, Liszt & Lucas 1996)
C * Readily observed in absorption & emission
/ C+ \ * 4-line system can be modelled to constrain

gas properties (temperature, density, IR field...)



OH What a Lovely Molecule
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OH What a Lovely Molecule

b Variation of OH
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OH What a Lovely Molecule

Ty, (1612) + T4, (1720)] — [T},(1667)/9.0+ T3, (1665)/5.0] = 0
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The Dark ISM from SPLASH & GASKAP .

GAS|KAP

The Galactic
ASKAP Survey

Pls: Naomi McClure-
Griffiths & John Dickey

SPLASH

The Southern
Parkes Large
Area Survey
in Hydroxyl

Pls: Joanne Dawson
& Andrew Walsh




GASKAP: Galaxy Evolution Begins at Home

Aim: To study the evolution of the Milky VWay and Magellanic
Clouds through their interstellar gas and star formation
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SPLASH: Survey Overview

* Parkes single-dish survey The 18cm ] :
OH lines : |: Main
* All four ground state transitions of OH t lines
e 1612, 1665, 1667, 1720 MHz + 1.6-1.7 GHz Il i satellite
continuum lines
* Low resolution, high sensitivity: __z_|_,, Al : _F|_,,_
* Effective HPBW = 15’,0 = 15-20 mK (for 1612.23 1 x 1720.530
ov = 0.7 km/s), raw ov = 0.18 km/s 1665402 1667.359

Background image: NANTEN '2CO(J=1-0) Galactic Plane Survey {

Pilot paper region
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GASKAP vs SPLASH: Sensitivity & Resolution
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SPLASH Science Aims

e Map CO-dark H:
 OH present where CO is not - recover the Milky Way’s hidden molecular gas

. v Inflow ~ v \\ o
H H OH H2 H2 H
¥ o5 c+ C M g C(%?X#(?H
P X A H X Ao N

* Environmental conditions in the OH-bright ISM

* Excitation modelling gives local IR field, density, kinetic temperature...

* Mapping the Central Molecular Zone
* Combining OH and CO to build up a 3D map of the Galactic Centre region

* Deep OH maser survey

* Positions and polarisation properties (ATCA)
e Star formation, SNR shocks, evolved stars, magnetic field studies...



SPLASH: Current Status

1667 MHz peak emission + peak absorption map

Pllot Reglon

e e s »

e Data status:

e Data reduction pipeline complete!
* First-pass datacubes produced
* Some refining of baselining/RFI-cleaning parameters outstanding

e Science Underway!

e Diffuse OH analysis & maser detection stats in the pilot region - Jo Dawson, Andrew Walsh
(Dawson et al. 201 4)

 OH maser followup with ATCA - Haihua Qiao, Andrew Walsh (Qiao et al. 2016)

e Structure and dynamics of the CMZ - Qingzeng Yan, Andrew Walsh (Yan et al. submitted)
e Evolved star maser statistics - Kosuke Shinano, Hiroshi Imai (Imai et al. in prep)

* CO-dark molecular gas & diffuse OH excitation modelling - Jo Dawson, Mark Wardle



GASKAP: Finest Ever Grid of Absorption Data
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Figure 5. Locations of background continuum sources toward the SMC. The circles show
directions for which the H1 absorption spectra have already been measured. The crosses show
locations of sources bright enough to give good quality absorption spectra with GASKAP.

GASKAP will vastly
increase the
number of
background
sources available for
HI absorption
measurements.

~ 3 sources per

square degree in the
GP

Tighter constraints
on Galactic CNM
fraction + its
environmental
variation!




GASKAP: Calibrating the HISA Galaxy

NVSS J175548-23332

Observed
— . 160
‘ 140t Denes, McClure-Griffiths, Dickey, — Ton |-
120 Dawson et al.in prep --- Tom
/\
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Sensitivity & resolution of GASKAP — increased population of HISA clouds

* HISA gives morphological information, but (usually) Ts and T are degenerate

Use new background source population to finely sample multiple sightlines through HISA
clouds = independent calibration of Ts and T — bootstrap to all clouds??



GASKAP OH Absorption Meausurements,

Tang, Nguyen, Li, Dawson et al. (in prep)

3C132 3C133
80 T
L HI
40 —
0.0 N e, kol ’
‘ | OH 1665 | OH 1667
OH 1665 ! OH 1667 —10} |
_0.3* / 1 "
L k
0.257 1200(1-0) 200(2-1) |

0.00 ki’
_ 0.15
n 0.00:0 ‘
-10 0 10 20 —io 10
V., (km s™) Vi (km s7")

CNM

Fi1Gc. 9.— Representative spectra. 3C192 sightline has only HI seen in absorption. One component of 3C133 sightline has OH and HI in
absorption and CO and its isotopologues in emission. 3C132 sightline has one gas component with both OH and Hi , but no detectable
CO transitions.

Molecular Cloud

e GASKAP HIl absorption & emission: Ts, THi and N(HI)

e GASKAP OH absorption + SPLASH+GASKAP OH emission: Tex, Ton, N(OH), N(H-)
¢ Combine with Mopra surveys etc for N(CO), CO-bright N(H.>)



SPLASH: 3D Structure of the CMZ

In a nutshell: Relative strengths of OH

OH - absorption and CO emission place a cloud along
A Shallow OH Absorption Line " ;
the line of sight

.
PN
g S
- -

The Galactic Centre

- i
~~~~~
C g

A Far Cloudet
Yan, Walsh, Dawson et al. (submitted)
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SPLASH: Where is the Dark ISM?

Only 1% of voxels CO-dark (2!

* Spatially-extended CO-dark layers not seen

* |n contrast to Outer Galaxy (e.g.Wannier et al.
1993) & local clouds (e.g.Allen et al. 2012, 20135)

i.e. OH and CO appear spatially well-
mixed on scales of Parkes beam (5~50 pc)

Te (K)

N(OH) = 0.5 x 1014

30—
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[ [
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% 1 I
- 20
T Tp <-50mK
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10}

15, 5
Not detectable

by SPLASH

SPLASH pilot regin (Inner Galaxy)

j;,,.

Insufficient sensitivity? No...

Tex(K)

Insufficient contrast (Tex - Tc)?

Definitely in places...

T3,(1667) =

(Tex B Tc*l - 6—7'1667) I

Inner/Outer Galaxy differences!?
Smaller abundance!? Thinner
envelopes! Embedded pockets?



SPLASH: Where is the Dark ISM?

e Small |Tex - Tc| can definitely be an issue: 12% of
OH detections are satellite-line only

e Some OFF spectra show CO-dark OH (oops!)

e Deep Parkes observations do recover more OH,
but questions remain...

....................................................
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SPLASH: Disentangling the Dark ISM

NANTEN 2CO(J=1-0) vs OH + Diffuse Galactic continuum @ Discrete HIl regions
Strong OH 667
0.2 Weak CO 1720

|

Brightness Temperature (K)
o

-200 -150 -100 -50 0 50
LSRK Velocity (km/s)

* Focus on high-contrast midplane
(Tc >Tex)

 Calibrate Tex using GASKAP
absorption data (+ATCA)

* Compare CO- and OH-derived columns
to recover CO-dark H:

* Requires some “fun” modelling of the
continuum and OH cloud distribution



SPLASH: OH Excitation Modelling

36391 - Green Bonk Telescope model fit

e Full set of all
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Summary

GAS|KAP

SPLASH

The Galactic ASKAP Survey The Southern Parkes Large

Area Survey in Hydroxyl
HI 21cm emission & absorption, OH |18cm

emission, absorption & masers High-sensitivity 18cm OH (single dish)

Both will improve our knowledge of the Milky Way ISM,
particularly the nature and distribution of the “dark” ISM




