Gamma-Rays and the ISM
(Mopra, ATCA,ASKAP and others)
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Image from Giovanni Morlino




Gamma-ray spectra from local and escaped CRs
e.g. Aharonian & Atoyan 1996
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From Gabici & Aharonian (2007) Slide from Richard White



Interstellar gas tracers & telescopes..

www.atnf.csiro.au/research/HI/sgps

HI (atomic H), OH, CS CO CO, NH., CS, SiO...
Gas density

ATCA

Mopra Telescope

ENES CJ

Natlonal Astronomical
Observatory of Japan
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Missing Gas :"Dark” HI & H,

Inferred by MeV/GeV gamma-ray observations
e.g. Greiner etal 2005, Ackermann etal 2011

Dark molecular gas has little/no Perhaps one-third of the

CO, but carbon and OH present molecular gas is “dark”?!
P Wolfire, Hollenbach & McKee, 2010

— optically thick HI (Yasuo Fukui)

M(Ry,) = 1x10° M,

— OH 1.6/1.7 GHz lines
(Parkes, ASKAP)
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— CI, C+ ~THz lines
(Nanten2, HEAT, STO2, SOFIA,
STO2, DATES, )

Graphic adapted from J. Dawson
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CTA 50h Observation - CRs escaping accelerators Acero etal 2013
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e Simulated spectrum (CTA-l), 50.0h, d=50 pc
m—p— Simulated spectrum (CTA-l), 50.0h, d=100 pc

i Simulated spectrum (CTA-I), 50.0h, d=200 pc

0.1 1
energy E(TeV)

SNR age 2000 yr
Cloud mass10° M

d =1 Kkpc
D=10%°(E/10GeV)’* cm?/s

PeV CRs escape first and
arrive at the cloud first!

Probe for CR PeVatrons

But confusion guaranteed
in Gal. Plane!

Need wide ISM surveys
— Mopra, Nanten2,
Nobeyma, ASKAP (S&N)



CR Diffusion Into Molecular Clouds e.g. Gavici etal 2007,

R = distance CR travels into Inoue etal 2012
molecular cloud core

1 TeV
R ~ sqrt[6 D(Ep, B) ] 10 TeV proton eV proton

[em? 571,

| . (Ep/GeV\""
D(Ep,B(r)) = _}.;Dﬂ( il )

B/3uG )

B ~ 10(n/ 300cm )"0 G [RGEESE

x=diffusion suppression factor

— Low energy CRs can't reach cloud core.
— Harder TeV spectra from cores.

— Depends on B-turbulence
(e.g. Morlino & Gabici 2015)

— Don't expect electrons to penetrate!! mol. cloud core
(due to sync. losses)



Sub-GeV CR penetration into MCs — lonisation rates
Review by Gabici & Montmerle 2015

Isolated MCs
Padovani & Galli 2013 % ]

SNR/MC assoc g

- 1C443, W51C, W28

Vaupre etal 2014, |
Indriolo etal 2010,
1018 |- Ceccarelli etal 2011 o
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— low E CRs less penetrating in denser clouds
— synergies with ionisation rate tracers: HCO+/DCO+ ; H3*; OH etc..




Angular Resolution (HESS, CTA..) Acharyara etal 2013

HESS
ol

HESS hi-res cuts

>=10 tels CTA e.g. DeNaurois etal 20
D R =

ISM cloud core at few kpc CTA-T..Z_E_GHS
~ Typical radius

arcminutes
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X &9 Cameron et al 2012
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Hadronic Gamma-Rays from Clumpy ISM
SNR RXJ1713

Inoue et al. 2012 Gabici & Aharonian 2014

diffuse intercloud n ~1 cm™

wind bubble
n ~0.01 cm™
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clumps
n ~10* cm?

-._ Shell diffuse gas
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CR penetration depth B [Tev]

o1y ( E )”2( B )‘”1( fage )”3 N - Dense clouds/clumps could
' 10 TeV 100 uG 103 yr play critical role in hadronic
component

n= B*/5B kg = 4nl, c/3m (Skilling 1975)




Dense Cores filter out external

electrons! e.g. RXJ1713.7-3946:
Sano etal 2013

- CO(2-1) Nanten2 contours +X-ray images
- Synch cooling length < pc for

30 TeV electrons, 6 keV X-rays,

n=10°/cc, B~400uG
See also Uchiyama et al 2007

Declination (J2000)

107 counts s™' pixel’!

Suzaku 1-5 keV (left) and 5-10 keV (right) images
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Declination (J2000)

10-* counts s pixel!
10-* counts s pixel!

17hq3m 17h1om ' 17hy3m
Right Ascension (J2000) Right Ascension (J2000)



H.E.S.S. RX J1713.7-3946 HESS Collab.
in prep 2016

Year 2016
Live-time 164h
Energy = 0.25 TeV
PSF (Rgg) 2.9 arcmin
¥'s 31,000

PSF

: : O https: .mpi-hd.mpg.de/hfm/HESS/pages/home/som/2016/09
2004 E.D.DE 2016 P //WWW P! pPg / / /p g / / / / /
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The Mopra Galactic Plane CO Survey Fa
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; ://wWw-.*]:ihys_.uhéM@du'.ad/mopraCO/

~35" beam @ ~0.1 km/s resolution (also 70” CO survey Barmes etal 2015)
CO(1-0), *CO(1-0), C'"O(1-0), C®0O(1-0)
| = 265 to 358; b = £0.5deg mostly complete

extension to +1.0deg =2 to 10deg (compare to Dame etal 2000 ~8arcmin beam)

Nanten CO(1-0) Mizuno etal 2004

T =
Mopra CO Survey 2016

10 0

Data cubes publicly available once processed

| = 320 — 330 deg available now
Complementary to Nanten2 CO surveys over wider area

& Nobeyama CO survey (20" beam) in the north (Nishimura etal 2015)



' MopraGam

The Mopra 7/12mm., Survey of Galactic % ke
7 Gamma Ray Sources i

; -mnw w%h

http://www. phy51cs adelalde edu.au/astrophysics/MopraGam/

Main ISM Tracers
CS(1-0), SiO(1-0), CH3OH

Targets
Since 2012 observed over ~40 bright UnID TeV gamma and high energy

sources (>1500 hrs)

— Determine distance to cloud components (often difficult with CO)

— Understand particle propagation

— Disentangle hadronic/leptonic components

— Some examples shown here (and see posters Maxted etal, Voisin etal)

Coverage is limited to discrete sources — Systematic survey MALT45+



MALT45 7mm Survey with ATCA (Jordan etal 2013, 2015)

> 5x more sensitive than Mopra

CS(1-0) peak pixel image with HOPS NH3(1,1) contours
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Norma arm (near side)

Proposal to extend to “Full Strength MALT 45" | =300 to 360
— dense gas ISM survey legacy for CTA



MALT 45 CS(1 -0) CS Mosaic -60km/s to -70km/s
towards two TeV R —
sources.

S. Pointon
(MPhil thesis 2015)

HESS Excess Counts Map

HESS J1616-508

HESS J1614-518

331.8 33186 3314 3312 331.0

INRILE + Mopra CS(1-0) extension to south
(Jordan etal 2015)



HESSJ1641-463 0

Does HESSJ1641 result from cosmic-
rays escaping SNR G338.3?
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Hard-spectrum source HESSJ1641
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SNR G338.3-0.0

Mopra CO(1-0)
-53 to -23 km/s
dist ~ 11 kpc

33?.6 33?'3.4 33-|8.2

Galactic longitude

ISM studies by Lau etal 2016 (HESSJ1640 ISM — Supan et al 2016)
— ISM density >200/cc towards TeV sources and 'bridge'
— Hadronic: CR density ~100 for HESSJ1641; >350 for HESSJ1640




Mopra CS(1-0)

HESS J1641-463

HESS J1640-465

-0.200 Gamma-Ray Energy Fluxes

0.250  gqg. 338.600 338.500 338.400

251]
S

3.5 4 4.5 5 55 & 6.5

E? dN/dE [erg cm

- Dense gas (>10%/cc) bridge
between TeV sources
— Can filter low-E CRs from
SNR G338.3

10 10°
Energy (GeV)

' HESSJ1640-465

HESSJ1641-463

10°



What about this huge ISM cloud to Galactic west?
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Why no TeV source at region '1' ?
— Cloud slightly in fore/background?

Only need x50 pc distance to reduce CR density (e.g. Aharonian & Atoyan 1996)



Dense gas clumps
{garmma-dark)

CR-illuminated

CR-driving Dense gas clump

shell

CR-cloud
CR-cloud ]

'CR propagation
along B flux tube

|sotropic Anisotrpic

® S

CR overdensity

CR diffusion — not
necessarily
Isotropic!

Malkov etal 2013
Nava & Gabici 2013

— Nearby clouds will
see different CR
densities

— Need detailed
maps of ISM gas +
B-field direction



Planck map of B-field direction (dust polarisation)

http://www.esa.int/spaceinimages/Images/2015/02/Polarised_emission_from_Milky Way_dust

Note: In Gal. plane this is dominantly the foreground B-field direction.
Next Step: ASKAP POSSUM (Faraday rotation measures in great detail)



H-alpha: Looking for shocked gas around old SNRs

ISMStUdy LRI (L I ISP T L R A [ L T T T I T R T B
towards [ Halpha image Stupar etal 2008
HESSJ1825 & R -

HESSJ1826 . PEEO

200

Voisin etal 2016

TeV-bright
pulsar powered
nebula (J1825) wEERE
- HESS I
Northern TeV - 15.00
emission :
(J1826)
overlap with
dense ISM
— cosmic-rays
g?\]csglng _ 18.65 18.60 18.55 18

- -17.00
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Gamma Rays & ISM

- ISM gas is an essential ingredient in understanding
gamma-ray sources

— What accelerates the particles?
— What types of particles are accelerated?

- Critical requirements of ISM surveys

— (sub)arcmin CO surveys (Mopra, Nobeyama..)
— wide CO coverage (Nanten2)

— dense gas (Mopra, ATCA, ASKAP)

— atomic gas (ASKAP)

— dark gas (ASKAP, HEAT, DATES5....)

— angular resolution perfectly matched with CTA
(& hi-res deep HESS obs)
— CTA needs these new ISM surveys..



Backup ....
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Remote Control Subsystem

Antenna Cassegrain

Diameter 5m, with rms accuracy <10um

Receiver 1x4 superconducting SIS & HEB mixer
preliminary design of Band 350um & 200um
DATES IF BW 4GHz x 4 beams x 2 bands
FOV 5'%x5" ( 200pum )
Pointing L




Cl, CO, HIl towards G328 region (1x1 deg) (Burton et al 2013, 2015)
Cl (2-1) — HEAT 2' beam
CO(1-0) — Mopra 30" beam
HI — Parkes/ACTA 2'beam

12CO

3D pixel (voxel) analyis — 50% increase in Cl / ">CO ratio at cloud edges.




ASKAP - Australian Square Kilometre Array Pathfinder
http://www.atnf.csiro.au/projects/askap

Aperture Efficiency

System Temperature (K)
Field-of-view (degz)
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%;.' i ‘”ﬂ*ﬂfﬁ"ﬂg RO T, e Frequency Range (MH2z) 7(_)(_) 1800
Phased array feeds (PAFs) 30-beams Instantaneous Bandwith (MHz)
>5d eg FoV Maximum number of channels

: L. Maximum Baseline (km _
- All dishes built; All PAFs by 2016 Lan)

- Continuum survey, Hl & OH lines, B-field strength & turbulenc, transients
— Many key science projects

GASKAP Survey Components

— Magellanic Clouds

— Magellanic Bridge + Stream + Leading Arm
— Intermediate—Latitude Disk %

— Low—Latitude Disk .

GAS|KAP
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www.atnf.csiro.au/research/GASKAP/ %
Key HI/OH survey - N e

- 30 arc-sec resolution 5 : e NGO T

Galactic Longitude




Parkes SPLASH 1720 MHz OH - o
(Dawson et al 2013, 2014) T 8 [ S S A

s>

0.300
55 HESS J1641-463
— 0.100 - -50
VLSR (km/s)
0.000
1720 MH32 OH ——
-0.100 < |
-0.200
-0.300 =
-0.400
338.800 338.600 338.400 338.200 338.000 337.800 337.600
| | i i | | | | | | s | | | | | | | | | | |
0.08 0.16 0.24 0.32 0.4 0.8 0.56 0.64 0.72 0.8 -50
. VLSR (km/s)
Aims: Search for SNR pumped 1720 MHz
lines (ie those without other OH 1720 1657

transitions 1667, 1665, 1612 MHz) 1665 1612

Search for OH without CO
— Parkes beam (12') too big
— ASKAP 30” beam




Deil et al 2015

Latitude Distribution - HGPS Sources et al.

S o— — Sensitivity
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Galactic Plane TeV Surveys : HESS — CTA

HESS

. & . o L - . » " *s
L
CTA . * .
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L]
Funk et al 2012

- CTA will provide Galactic Plane TeV Gamma-ray maps
on ~1-3 arc-min scales
(~0.5 arc-min possible — high quality cuts)

- >3 sources per deg® |b|<0.2° |l|<30° (Dubus etal 2013)
- Diffuse TeV components visible?

from CR 'sea' — maybe e e
local CR accelerator enhancements — yes /( 5

Confusion guaranteed (same as for Fermi-LAT at GeV energies!)

- Mapping the ISM on arc-min scales over the plane will be essential
Mopra (CO, CS ), Nanten2 (CO), ASKAP (HI, OH), THz (Cl, C+)
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