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Gamma Rays from multi-TeV particles 

Protons: Gamma-rays and gas targets are generally spatially correlated
                 (need to map atomic and molecular ISM → mm radio astronomy)

Electrons: Gamma-ray (IC) + non-thermal X-ray, radio emission (synchrotron)
                                                    highly coupled 
                                      

+ CMB



  

Ground-based detection of Cherenkov emission
High impact > 20 Nature, Science, PRL papers since 2004  
                           

Great success with HESS, VERITAS, MAGIC, HAWC, building on the  
pioneering efforts of Whipple, HEGRA, CAT, CANGAROO, MILAGRO.... 

Gamma-rays (~30 GeV to ~500TeV)

http://tevcat.uchicago.edu/

http://tevcat2.uchicago.edu/



HESS 2018
HESS Galactic Plane Survey (HGPS)
→ 78 sources (13 new sources)

ie. with adjacent SNR, pulsar, 
stellar cluster...
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CTA-North (La Palma, Spain) – 29 telescopes
CTA-South (Paranal, Chile) – 99 telescopes

– x10 better sensitivity than HESS; 
– Wider energy coverage <50 GeV to >100 TeV
– Arc-minute angular resolution

https://www.cta-observatory.org/

https://www.worldscientific.com/worldscibooks/10.1142/10986

https://www.worldscientific.com/worldscibooks/10.1142/10986


Extragalactic
AGN z>0.5, GRBs, Star-bursts,
Gal. clusters,  AGN haloes..

Astro-particle
Dark matter, Lorentz invariance....             Optical    
                                                       Intensity Interferometry, milli-mag photometry

CTA Science PotentialCTA Science Potential



Synergies with Radio Continuum Surveys

- Radio synchrotron & TeV gamma-ray (esp. hadronic)
  are often 'relics' of earlier particle acceleration.

- Dark TeV Sources:  
  → Old/evolved SNRs & PWNe?
  → Missing Supernova remnants?

ASKAP – EMU, POSSUM, SCORPIO
MWA - GLEAM

MWA GLEAM 88 MHz  (MWA Prelim 2016)



  

Synergies with interstellar gas surveys

HI  (atomic H), OH, CS                   CO                             CO, NH
3
, CS, SiO... 

Gas density 
~101 to 4 cm-3                                ~103 cm-3                               >10 3 to 4 cm-3

ATCA

Parkes

ASKAP-
GASKAP

  

THz (Antarctica & High-alt)  
 [CI] + [CII]   

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



  

Angular Resolution 68% PSF (HESS, CTA, etc..) 
 Acharyara etal 2013

      CTA Hi-res cuts/tels 
                   e.g. Cameron et al 2012    

      HESS hi-res cuts
          DeNaurois etal 2009
              HESS 2018

ISM cloud core 
radius at few kpc



  

Mopra CO Peak Intensity (Braiding etal 2018)  @ 35 arc-sec beam              
Data download https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/LH3BDN 

Red: 12CO   Green: 13CO   Blue: C18O

→  Extension to |b| = 1, l>250 deg done  legacy ISM survey for CTA→ legacy ISM survey for CTA



  

ASKAP  -  Australian Square Kilometre 
Array Pathfinder 
 
- HI & OH lines, B-field & turbulence

New HI + OH survey with the ASKAP
-  ~30 arc-sec resolution
- Commencing 2019
www.atnf.csiro.au/research/GASKAP/



  

CTA View of the Galactic Plane

- Over 2000 TeV sources + diffuse emission → extremely complex
- Need (sub)arc-min ISM data for diffuse models  (ala Fermi-LAT but x10 better res.)  



TeV gamma-rays & non-thermal radio to X-ray

Energy loss or “Cooling” Time of particles:    t = E / (dE/dt)

→ Radiative propagation limits for particles (e.g. source size)

→ t >=10,000 yr often for TeV gamma + Radio synch (B<10mG)

→ Gamma and radio emission can be 'fossil' records of 
             ancient particle acceleration!



Leptonic: Synchrotron + Inverse-Compton Evolution
                                       Impulsive particle accelerator e.g. SNR

Source Age

e.g. Aharonian etal 1996,1997
       Manolakou etal 2007
       F. Voisin PhD thesis 2016

2.4THz



Hadronic: CR + ISM Interaction – Spectral Evolution
                                       Impulsive particle accelerator e.g. SNR

Source Age



HESS J1832-085HESS J1832-085

- MWA SNR candidate G23.11+0.18; Also seen with VLA THOR (Anderson et al 2017)
- Overlaps unidentified TeV gamma-ray source HESSJ1832-085
- No X-ray emission  old-ish (>~10kyr) SNR?→ Maxted etal. 2019



Mature SNR W28 – Radio to TeV HESS 2008, Niicholas etal 2011, 2012, 
Maxted etal 2016, 2017



Mature SNR W28 – Radio to TeV HESS 2008, Niicholas etal 2011, 2012, 
Maxted etal 2016, 2017



The sharpest gamma-ray image so far!  
PSF (68%) ~ 2 - 3 arcmin  (FWHM ~ 5 arcmin)

HESS 2018

CTA ~1 arcmin



Young SNR RXJ1713 TeV and ISM on Parsec Scales! 

Mopra CO(1-0) Image + HESS > 2 TeV contours

7 pc

CTA will finally be 

able to probe 

diffusion properties of 

hadronic cosmic rays

HESS

CTA



Youngest Galactic SNR – G1.9+0.3 
(~100 yrs)

- Radio and X-ray expansion 
   → shock speed > 10,000 km/s     
    e.g. Borkowski et al. 2017 
- “Central Molecular Zone” at ~ 8.5 kpc
- Lots of ISM target for PeV cosmic-rays 
             → The perfect SNR “PeVatron” 

Latest ATCA study Luken etal 2019 submitted

Get Mopra CO image prelim

Mopra CO(1-0) 
Blackwell etal 2019 submitted

G1.9+0.3



TeV Pulsar Wind Nebulae (PWN) 
- Most populous Galactic TeV class
- Old PWNe as UnID TeV sources 
  (e.g. Aharonian etal 1997, Kargaltsev etal 2013)

- ISM influence on development
- TeV efficiency increases with time
  → less X-ray synchrotron
  → more inverse-Compton

HESS 2018

Reynolds (2017)

HESS J1303-631



Leptonic: Synchrotron + Inverse-Compton Evolution
                                 Continous particle accelerator e.g. PWN

Source age

2.4THz



  

CTA  Sensitivity vs. Time        (CTA Collab 2019)

CTA >10,000 times more sensitive than Fermi-LAT in multi-GeV range 
→ GRBs, AGN, giant pulses, FRBs, GW, SGR bursts......

Large FoV – 2p sr

FoV – 30-70 deg2

Fast pointing ~30sec

HESS x10 worse than CTA
> ~75 GeV



TeV Gamma Ray Bursts : A New Era Begins

- Three TeV GRBs (LongGRBs)       GRB180720B, GRB190114C, GRB1900829A 
                                                                       z=0.653           0.424             0.079
- Long GRBs
- GRB190114C seen at >300 GeV at low elevation during moonlight!
 
> 1000’s photons > 50 GeV → gamma-ray spectra on sub-minute timescales

 (MAGIC 2019, HESS 2019)



  

HESS Follow-up of  FRB 150418  (T+14.5hr)
   - Triggered via email from the Parkes SUPERB team

- TeV upper limit only       (HESS+SUPERB A&A 2016)
- Also FRB150215 T+9days (Petroff etal MNRAS 2017) 

 → Faster response needed: auto alerts & auto slewing ala GRBs
- Now receiving VOEvents from UTMOST    FRB190806 (T+5hr)
- Soon auto-slewing with HESS  on-target in < few mins.→ 



GW170817 – HESS Follow-up      (HESS 2017)
- 5.3h after GW event (first pointed telescope on target!)

HESS Collab. (2017)

CTA

FoV FWHM:         HESS  ~3.0 deg
                          CTA    >5.0 deg

- TeV upper limit only.
- EM counterparts in radio,  

optical, X-ray



AGN Blazars : Radio to TeV

Synchrotron               Inverse-Compton

http://vega.bac.pku.edu.cn/~wuxb/agn/text.html



TeVCat v2 Extragalactic Sources http://tevcat2.uchicago.edu/



AGN Flares : Many Synergies! 
BL-Lac S5 0716+714 

- AGN flare radio to TeV.

- Polarisation angle swing looks 
   very interesting!

- CTA is considering its own 
   on-site 1m class telescopes

1. Limiting magnitude 20 for photometry
2. Limiting magnitude 17 for polarimetry
3. Polarimetric accuracy 0.5 to 1%
4. 5'x5' Field of View (FoV)
5. Intranight cadence
6. Fast (< 2 arc-min) re-pointing

- 2m class telescope access
   via MoUs etc.

Australia:
Unique longitude coverage
in S hemisphere (optical/radio)

MWL light-curve (MAGIC 2018)



ATCA radio light curve (online calibrator database)

Flat Spectrum Radio Quasar 
PKS1510-089 (z=0.361)

- TeV/optical flare again in July 2019

- Previous TeV flare late 2016 with lag for 
   ATCA radio (2-20 GHz) high state

→ waiting for another ATCA rise?

-  mm-VLBI (Boston) obs > 40 GHz
    Probe initial jet outflows

→ mm-VLBI for Australia!!  
     Currently max ~20 GHz

TeV flares

CTA will detect 100’s 
of AGN 

 → FoV 10 degrees      
 → several AGN in       

    FoV at one time.



Mopra upgrade for mm-VLBI

- ARC Linkage Project 2019: UNSW (CI M. Cunningham), KASI, CSIRO, WSU, Adelaide, UTas,    
         UWA. 

KASI – Korean Astronomy and 
            Space Science Inst.

- New VLBI backend 
→ Probe AGN jets down to their base
→ Distance indicators for AGN..
→ EventHorizonTelescope at 3mm
→ Further
     mm mapping
     for CTA
→ Trigger on
     TeV flares 
     (HESS/CTA)

Boccardi etal 2017



  

Fast Transients : The Way Forward?

- Many transients (FRBs, GRBs, SGRs, GW etc.) < minute/seconds duration
- Fastest follow-up ~ 1 minute (fully robotic).
     → too slow for follow-ups of FRBs, magnetar bursts etc..
     → gamma, X-ray, optical FRB signals may even precede radio..
       

 → Contemporaneous/shadowing campaigns  (e.g. DeeperWiderFaster)
 → Slaved telescopes 

     (e.g. 1m optical telescope at CTA sites.)

– DeeperWiderFaster June 2019
   MeerKAT, HESS, DeCAM, SPT, Auger, IceCube..

– DeeperWiderFaster December 2019
   MeerKAT?, HESS?…

– MeerKAT+HESS shadow FRB171019 Sept/Oct 2019

 “→ Practise” for the CTA era
     HESS+ASKAP+Skymapper (near)shadowing?



  

Cherenkov Telescope Ring (CTR)    Rohde etal 2017, Ruhe etal 2019
                                                                                       + Einecke, Rowell, Lee….

- Worldwide network of Cherenkov telescopes
- Transients and variable TeV sources: 
                                  Rapid follow-up, discovery and monitoring
- Missing coverage in Australia!

Small array of CTA-type
SSTs or MSTs? 

 → fully robotic!



  

Summary: Radio to TeV
- Fundamental physics links gamma rays to radio, optical, X-ray bands

- Gamma, radio, optical: 
     - old or “fossil” emission from Galactic particle accelerators (unID TeV sources)
     - AGN TeV flares  radio follow-up, optical polarimetry→ 

- Arc-min ISM surveys (molecular+atomic) critical to CTA’s Galactic surveys.

- Critical MWL facilities in Australia for HESS and CTA MWL needs.

- CTA will revolutionise TeV gamma-ray astronomy 
      → 100’s of AGN, >2000’s Galactic sources, many transients!

- CTA MWL needs report (discussed this week in Bologna) 
       → requires >100hrs/year follow-up  optical/radio

- But contemporaneous observations needed for fast transients (FRBs)
    → shadowing essential

Besides existing radio/optical facilities in the south we need:
 → mm-VLBI 
 → optical polarimetry
 → eventually: TeV telescopes in Australia (TeV monitoring)



Back up....



Non-Thermal Energy-fluxes (From a hypothetical particle accelerator)         
                                

dN
dE

=E−2 exp −E / Ec 

Hinton & Hofmann 2009

W
p
 = W

e
 = 1048 erg; d = 1 kpc; Age = 104 yr,  

CMB+FIR+Opt; n=100 cm-3

B=30 mG

B=3 mG
105 yr

105 yr

E
c
= 100 TeV 

1011 

1012
Jy Hz

secondary synchrotron                                             p+p  → 2g

synchrotron      

E
c
= 1 TeV

Radio/X-ray/Gamma: Significant fraction of energy in gammas!

inverse-Compton

Bremsstrahlung

HESS/CTA



Leptonic: Synchrotron + Inverse-Compton Evolution
                                 Continous particle accelerator e.g. PWN

Source B-field



Dec. 2018  
 (CTAC)  

CTA – Australia: six institutes

31 Countries
> 200 Institutes
>1400 Scientists    
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