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The coming of age of VHE astronomy

•
•

original motivation: find the sources of CRs,
probably SNRs
today astonishing variety of sources, of
which many in the Milky Way: SNRs, SNR/
molecular clouds, PWNe, pulsars, binary
systems, massive-star forming regions,
diffuse emission, Galactic centre

Slide adapted from Rene Ong
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Galactic Science: questions
Origin and role of relativistic particles

Probing extreme environments

Sites and mechanisms of CR acceleration

Physical processes close to neutron
stars and black holes

CR propagation and feedback on
star-forming systems/Milky Way

Relativistic jets, winds, and explosions
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10. KSP: Cosmic Ray PeVatrons

10.4 Expected Pe

to achieve improved statistics above 50 TeV. The results of these follow-up observations wil
simultaneously with the GPS ones, if possible.

Galactic Key Science Projects

Expected Performance/Return

To evaluate the capability of CTA to detect PeVatrons, we simulated the capability of CTA
TeV photons in ⇠15 h (an approximation for the effective observing time achieved in the
in the first several years of the GPS). For the differential energy spectrum of the PeVatron
simple power-law with no cutoff, = 0 (E/TeV) , with 0 = 2.1 · 10 11 TeV 1 cm 2 s 1 (
flux level of RX J1713.7 3946, a prototypical, bright VHE source) and took the spectral ind
proxy and calculated the minimum percentage of the flux detectable above 50 TeV at a si
11.1 Science Targeted
three standard deviations in a 15 h observation time. This significance level was chosen
able indication for a real excess which can be investigated with further observations. Simu
performed assuming that the PeVatrons under examination are point sources and taking the
rate from the Monte Carlo simulations performed by the CTA Consortium to evaluate the in
sponse. The results show that after 15 h of observation CTA will be able to detect enoug
reconstruct a point at 50 TeV having a flux level of ⇠7% of the flux 0 , that is, of the orde
TeV 1 cm 2 s 1 , if there is no cutoff in the spectrum. If a cutoff is included in the spectrum,
that a minimum of 50 h observation time is required to obtain enough statistics to determin
cutoff of ⇠60 TeV for a source with a flux 10% of 0 .

Star-Forming Systems

in press, World Scientific,
arXiv:1709.07997

11. KSP: Star Forming Systems

Galactic Plane Survey (GPS)

P: Galactic Plane Survey
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6.4 Expected Performance/Return
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Figure 11.1 – Top: Representative multi-wavelength (MWL) images of four objects addressed in this KSP
and the expected CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution; for
M 31 they indicate the maximum extension CTA will be able to detect and for NGC 253 the minimum extension
CTA will be able to resolve. For NGC 253, the dashed white circle is the H.E.S.S. extension limit. Image
credits: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish 1.5
m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of Arizona)
9. KSP:
Transients
& GALEX Science Team; NGC 253 - 2MASS, WISE, [391]. Bottom: The expected calorimetric
gamma-ray
luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs in red.
The sizes of the boxes represent uncertainties in the SFR and the estimated calorimetric gamma-ray flux.
Blue arrows indicate the expected CTA cherenkov
sensitivity for the anticipated observation time. Black points indicate
measurements in the TeV domain, or, where
objects are only detected in GeV gamma rays, extrapolations
telescope
array
to VHE gamma rays, based on the Fermi-LAT
spectra. In case SN rate estimates do not exist, the 70 µm
flux is used to infer the SFR [204] and subsequently translated into a SN rate based on the scaling relation
⌫SN = (0.010 ± 0.002) · SFR(M /yr).
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gure 6.6 – Point-source sensitivities (in mCrab) achieved in the full ten-year programme of the CTA Galactic
ane Survey for various regions along the Galactic plane. The survey carried out by the southern (northern)
5 KSP: Galactic Centre
ray is indicated by the red (blue) segments.
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Figure 10.1 – Simulated reconstructed spectra for CTA for a PeVatron
source with a flux equal
9.4 Expected Performance/Return

.3 Summary

CTA GPS will produce guaranteed high-impact science returns and legacy products, as well as
tly expanded discovery potential in VHE astrophysics, due to its uniform, mCrab-deep coverage of
entire Galactic plane. PWNe and SNRs comprise the bulk of currently known VHE Galactic sources,
they will likely dominate the Galactic source populations for CTA as well. The log N – log S curves
representative models for source spectra and morphology can be used to estimate ranges in the
ected number of source counts, as discussed in Sect. 6.1.2. Hundreds of sources will be detected
for each of these sources, the GPS will provide spectra that can be used, in conjunction with MWL
Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observation strategy for
CTA. The deep
region is shown
red, with the Galactic
bulge extensionscenarios
shown in cyan
and comparisons to theoretical
models,
tosurvey
identify
the inparticle
acceleration
most likely
(with each circle representing a 6 field of view for a typical CTA configuration). Several object positions are
vant for the VHE gamma-ray emission. Pulsars and binary systems will also feature prominently

Science with CTA

arXiv:1709.07997v1 [astro-ph.IM] 23 Sep 2017

nebula, using two photon indices (solid: 2.0, dashed: 2.2). Three different exponential energy cutof
source population, using an extrapolation of the source count (i.e. log N – log S), distributions of
used, as indicated by the colors.
ce spectral indices and sizes consistent with existing data, and an assumed spatial distribution of
ces around the Galactic Centre. No diffuse emission was included (except for the Galactic Centre
e) and two different extrapolations of the log N – log S distribution were used to bracket the range
To test the capability of CTA to estimate spectral features, we show in Figure 10.1 the res
e expected source density. A position in the sky was considered confused if there was more than
1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measuresimulated source within a radius of 1.3 times the CTA angular resolution. Using these assumptionsment with a broken power-law ( = 2.0, = 2.4, E = 1 TeV) and assuming a 90% error on the integral flux. lations of a powerful Crab-like source characterized by two hard photon indices (2.0 in so
The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements and assuming 2.2 in dashed lines). The different spectral features are clearly reconstructed even for the m
s to an approximate lower limit to the amount of source confusion. The estimated confusion lower2)
a 50% error on the integral flux.
with the
The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law case, assuming an energy cutoff of 200 TeV (best-fit values are 203±23 TeV and 188±25 Te
s range from 13 – 24% at 100 GeV to 9 – 18% at 1 TeV, for the region |l| < 30 and |b| < 2 . Work3)
spectrum with index = 2.2 and a 50% error on the integral flux.
indices of 2.0 and 2.2, respectively). To compare with the case described above, the same
imulations will continue to better quantify this aspect of the CTA GPS.
Cherenkov Telescope Array
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for a 7% of 0 spectrum in 50 h show that spectral points could be reconstructed up to 20
ducing an energy cutoff as high as 135 ± 45 and 110 ± 35 TeV for the same 2.0 and 2.2 ph
More details on the impact of the different CTA configurations can be found in two dedic
[11, 20].
Cherenkov Telescope Array
Science with CTA
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Figure 9.3 – Simulated energy spectra of a Crab nebula flare observed with CTA. The model presented in
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three standard deviations in a 15 h observation time. This significance level was chosen
able indication for a real excess which can be investigated with further observations. Simu
performed assuming that the PeVatrons under examination are point sources and taking the
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Star-Forming Systems

in press, World Scientific,
arXiv:1709.07997

11. KSP: Star Forming Systems

see talk by Rui Zhi

see talk by Sabrina

Galactic Plane Survey (GPS)

P: Galactic Plane Survey
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Figure 11.1 – Top: Representative multi-wavelength (MWL) images of four objects addressed in this KSP
and the expected CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution; for
M 31 they indicate the maximum extension CTA will be able to detect and for NGC 253 the minimum extension
CTA will be able to resolve. For NGC 253, the dashed white circle is the H.E.S.S. extension limit. Image
credits: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish 1.5
m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of Arizona)
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& GALEX Science Team; NGC 253 - 2MASS, WISE, [391]. Bottom: The expected calorimetric
gamma-ray
luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs in red.
The sizes of the boxes represent uncertainties in the SFR and the estimated calorimetric gamma-ray flux.
Blue arrows indicate the expected CTA cherenkov
sensitivity for the anticipated observation time. Black points indicate
measurements in the TeV domain, or, where
objects are only detected in GeV gamma rays, extrapolations
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array
to VHE gamma rays, based on the Fermi-LAT
spectra. In case SN rate estimates do not exist, the 70 µm
flux is used to infer the SFR [204] and subsequently translated into a SN rate based on the scaling relation
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Figure 9.3 – Simulated energy spectra of a Crab nebula flare observed with CTA. The model presented in

Existing IACT surveys of the Milky Way
gamma-ray sky > 50 GeV (Fermi LAT 2FHL)

•
•

limited coverage
non-uniform exposure

H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

H.E.S.S. Galactic Plane Survey

6/23

The CTA GPS: goals
1. census of Galactic VHE source populations
2. targets for follow up in other KSPs (e.g. PeVatrons) or by Guest
Observers
3. diffuse emission
4. large and coherent legacy dataset for the community
5. discover new and unexpected phenomena
6. KSP: Galactic Plane Survey

6.1 Science Targeted
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Cutout of simulated image of CTA GPS (from Science with CTA)

The CTA GPS: sensitivity goal
6. KSP: Galactic Plane Survey

6.1 Science Targeted

T
A
R
G
E
T
R
A
N
G
E

From Science with CTA,
adapted
Renaud
2009 44th
Rencontres
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Figure 6.1 – Cumulative Galactic
sourcefrom
count
as a function
of VHE
gamma-ray
flux. Adapted from Renaud
2009 [191] to show the target CTA GPS sensitivity range (cyan-shaded region).

The CTA GPS: implementation

•
•
•
•

cover whole Galactic plane (new
discoveries, completeness)
sensitivity better than 4 mCrab
deeper observations of regions
where more sources are expected
observing time:1020 h S + 600 h N
• rapid start over first 2 years
• final sensitivity after 10 years
• periodic assessments of the
program and data releases
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Galactic discovery reach
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Comparison CTA - H.E.S.S.
H.E.S.S. Galactic Plane Survey

12/23
Plot credits: Christoph Deil, Roberta Zanin

Comparison CTA - H.E.S.S.
Cutout of CTA GPS from first Data Challenge
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Plot credits: Christoph Deil, Roberta Zanin

Towards a GPS source catalog
•
•

systematic search and characterisation of sources in the first
Data Challenge (DC-1) GPS data
preparation for multiwavelength support
Importance of source confusion

100 mCrab

10 mCrab

1 mCrab

Source list from DC-1 GPS simulations. Plot credits: Josh Cardenzana
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Resolving extended sources
Simulated
images
of RX
J1713
(50May
h) for
The Astrophysical
Journal,
840:74
(14pp),
2017
10 different physical models

Figure 1. Simulated gamma-ray images of (a) Ap /Ae=0.01 (lepton-dominated case) and (b) Ap /Ae=100 (hadron-d
CTA
Consortium
ApJ 2017
show
(a) XMM-Newton
X-ray 840:74
intensity (e.g., Acero et al. 2009) and (b) total interstellar prot
Ecp = 300 TeV . The green contours
/23
smoothed to match the PSF of CTA. The subtracted image of (b) − (a) is also shown in (c). The black contours15correspon
−1
(Aharonian et al. 2007a). The unit of color axis is counts pixel for all panels.

rounding CR sources and possibly will be capable of resolving the
details of such emission. Besides locating the sites of CR acceleration in the Galaxy, these studies will also serve to investigate the
transport of CRs at specific locations in our Galaxy, an aspect that
is still at the limit of the capabilities of current instruments.

Diffuse emission

3. Starburst galaxies and galaxy cluster
Although proposed and predicted as high-energy gamma-ray
emitters over two decades ago (see e.g. [81]), starburst galaxies
were finally established through VHE- [29,30] and GeV observations [28] only recently. Although the two archetypal starburst galaxies, M82 and NGC253, appear as point sources to current
instruments, it became clear that the starburst phenomenon re-

measure large-scale trends

amount of gas and dust th
can then serve as targets
trons and nuclei. Due to
and photons) for CR intera
loss time, the conversion e
ceeds that in our Milkyw
date, the scientific return
to the prediction of their
the spectrum is only coarse
vations exist that could ad
ergy, or the potential exi
detailed spectral study wi
This is demonstrated i
for M82 is shown (black d

CR interactions or
unresolved sources?

Acero+ APh 2013 43:276

CRs escaping
from source?

Fig. 8. Gamma-ray flux from the gas clump indicated by a black cross in the map
shown in Fig. 7. The curves represent the predicted emission and the data points are
the simulated CTA observations (configuration E) for 50 h of exposure.

Fig. 9. Simulation of 30 h CTA ob
galaxy M82. The curves represe
based on the measured spectrum
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Cutout of CTA GPS from first Data Challenge

The Galactic centre survey: goals
1.
2.
3.
4.

nature of the central source: Sgr A*?
Fermi bubbles: large-scale outflow?
extra-deep census of VHE sources
diffuse emission from central molecular zone: particle
acceleration and transport
5. dark-matter searches

Simulated CTA image of the GC region
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The GC survey: implementation
5 KSP: Galactic Centre

•
•
•

first three years: deep survey of
central region (525 h)
later: extended survey up to 10º
(300 h)
to be optimised based on final CTA
characteristics and new
multiwavelength information

From Science with CTA
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Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible ob
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown i

The GC on multiple scales with CTA
8° CTA FoV
Fermi PSF
(50 GeV)

CTA PSF
HESS PSF (3 TeV)
(3 TeV)

Arches

test

Spitzer
Credit: NASA/JPL Caltech
+ Fermi bubbles
Ackermann+ 2017 ApJ 840 43A

•
•
•

Quintuplet

VLA + Spitzer + Chandra
Wang+ 2010 MNRAS 492 895

only known PeVatron
giant particle outflow (Fermi bubbles)
ideal target for dark-matter searches

GC

Sgr A*

HESS localisation
uncertainty
CTA localisation
uncertainty
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Galactic gamma-ray transients

•
•

•

not detected by ground-based
instruments yet
known classes (space
telescopes): PWNe, magnetars,
microquasars, transient binary
pulsars, novae
new discoveries?
• multiwavelength/
multimessenger follow-ups
• serendipitous CTA
observations (real time
analysis )

20/23

2. Synergies

2.1 Radio to (Sub)Millimeter

The transients KSP
4

5

1
20

•
•

•

•

start before array completion
180 h dedicated to Galactic
transients up to year 2 of
Science operations
• continuation contingent
to VHE discovery
+ 210 h follow-up of MWL/
MM triggers and
serendipitous discoveries
MWL/MM support essential
• expanding on work by
current IACTs
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Science Verification ⇒ User Operation

Low Frequency Radio
LOFAR
MWA

MWA (upgrade)
--> (~2018? LOBO)
FAST

VLITE on JVLA

Mid-Hi Frequency Radio

JVLA, VLBA, eMerlin, ATCA, EVN, JVN, KVN, VERA, LBA, GBT…(many other smaller facilities)
ASKAP
Kat7 --> MeerKAT --> SKA Phase 1
SKA1&2 (Lo/Mid)

(sub)Millimeter Radio

JCMT, LLAMA, LMT, IRAM, NOEMA, SMA, SMT, SPT, Nanten2, Mopra, Nobeyama … (many other smaller facilities)
ALMA
EHT
(prototype —> full ops)

Optical Transient Factories/Transient Finders
iPalomar Transient Factory
—> (~2017) Zwicky TF
LSST (buildup to full survey mode)
PanSTARRS1 —> PanSTARRS2
BlackGEM (Meerlicht single dish prototype in 2016)

Optical/IR Large Facilities
VLT, Keck, GTC, Gemini, Magellan…(many other smaller facilities)
HST
JWST

WFIRST
GMT
eELT (full operation 2024) & TMT (timeline less clear)?

X-ray
Swift (incl. UV/optical)
XMM & Chandra
NuSTAR
ASTROSAT

IXPE
ATHENA (2028)

HXMT
NICER

XARM
eROSITA

Gamma-ray

SVOM (incl. soft gamma-ray + optical ground elements)

INTEGRAL
Fermi
HAWC

Gamma400
(2025+)

DAMPE
LHAASO

Grav. Waves
Advanced LIGO + Advanced VIRGO (2017)

Neutrinos
ANTARES

IceCube (SINCE 2011)
KM3NET-1

(—upgrade to include LIGO India—)
KAGRA
KM3NET-2 (ARCA)

Einstein Tel.?
IceCube-Gen2? ⟹
KM3NET-3

UHE Cosmic Rays
Telescope Array
⟹ upgrade to TAx4
Pierre Auger Observatory
⟹ upgrade to Auger Prime

Figure 2.1 – Timeline of major multi-wavelength/multi-messenger facilities over the next decade. Note that the
lifetimes of many facilities are uncertain, contingent on performance and funding. We indicate this uncertainty
via the gradient, but have chosen timelines based on the best information currently available. Instruments
21/23 still
in the proposal phase have been omitted, as have many relevant survey instruments mentioned in the text, for
the sake of space.

From Science with CTA

Galactic transients: forecast?
9. KSP: Transients

•
•

exploring uncharted territory
some models predict
detectability of flares from a
few sources: Crab nebula,
Cygnus X-3

9.4

Simulated CTA spectra of Crab Nebula flare
4 h X 10 nights

From Science with CTA
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Final remarks
•

•

CTA Key Science Projects → tremendous push to our understanding of
the Milky Way at VHE
• first complete VHE survey with angular resolution of few arcmin,
increase number of sources by an order of magnitude
• deep survey of Galactic centre region, probing particle
acceleration and transport on multiple spatial scales
• search for Galactic transients in the multiwavelength/
multimessenger context
next talks: specific topics of particular relevance for CR origin/transport
• massive-star clusters → Rui Zhi
• PeVatrons → Sabrina
• SNRs → Pierre
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