Science with CTA
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The Cherenkov Telescope Array - Summary

> future observatory for high-energetic gamma rays

= astronomy & astroparticle physics with photons in the energy
range 20 GeV to 300 TeV

> huge improvements in all performance aspects

= x10 better sensitivity; better field of view, angular and energy resolution;
wider energy coverage; few km? collection area; flexible observations

> user facility - guest observer driven
"open observatory: data available after some proprietary period

> international project ~400 M€ cost - fully online 2022-2024
"involves ~90% of all gamma-ray astronomers + many more

> large DESY project
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Science Drivers for CTA

Implementation of CTA

Following the upcoming “Science for CTA”
publication - soon on the archive

VW
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Cosmic Particle Acceleratorsl' |

The sky above Namlbla
Optical + Gamma ray (>100 GeV)
H.E.S.S. observations of the Galactic plane
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Cosmic Particle Accelerators,' |

The sky above Namlbla ' , o Mgy [, o
Optical + Gamma ray (>100 GeV) | BRI ‘
H.E.S.S. observations of the Galactic plane. e Y
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“Multi-wavelength / multi-messenger image:
photons from radio to gamma rays

: neutrinos

. Charged cosmic rays
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o Cosmic Particle Acceleration

= how and where are partlcles accelerated’?

= how do they propagate’?

= what is their impact on-the environment?

Equivalent c.m. energy\'s,, (GeV)
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» Cosmic Particle Acceleration

= how and where are partlcles accelerated? ; 4y

= how do they propagate’?

o

= what is their impact on-the environment? =
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Uchiyama et al 2011
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+ Probing Extreme Environments

. processes close to neutron stars and black holes el

.

- Cosmlc vonds

Pulsars

: '.W|th "'. /e blz
X holes an reJatlwstrc J’e 3y
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+ Probing Extreme Environments

)

~with.

; holes an reJat|V|strc Je’ts %S

. processes close to neutron stars and black holes

: Particl'e acceleration in black hole systems:

i shocks in relatlwstlc Jets / outflow
e magnetospherlc origin introduced by rotatlng
black hole ' -

Su "‘V' o
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+ Exploring Frontiers in 'Ph'ySics,

- what is the natUre of dark matter? how is it c!istri.bu-ted?. W

= |s the speed of light Cohstant? 3
= do axion-like part'iéles"eXiiSft? i
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Ganmima-rays from the Universe

Fermi LAT 7-yar sy ma 10 GeV - 2 TeV

§ >1500 sources > 10 GeV
>150 sources > 100 GeV
diffuse emission_ . s

(

counts per (0.1 deg)? pixel

e

0 0.0099 0.03 0.07 0.15 0.31 0.62 1.2 2.5 5 10

Credit: F. Acero & H. Gast
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Gamma-rays from the Universe = -

)

Fermi LAT 7-yar sy ma (10 GeV - 2 TeV)

>1500 sources > 10 GeV
>150 sources > 100 GeV |
diffuse emission_ e

In general:
- weak sources (10-19 photons/cm?/s)
- spectra with power-law like shape

—— Flux limit
Galactic
Extragalactic
Unknown
Unassociated

- @)
208

Spectral Index

1 o
—11.0 —10.5 —10.0 —9.5 —09.0
log o(Fio/ph em ™2 s71)

0.0099 0.03 0.07 0.15



Measuring gamma-rays (20 GeV to 300 TeV)

oot Vaier G LA Nanqsecond long flash of 10
DESY Seminar | 28.2/1.32017' 7/ “ALHERIE ") blue light; few photons / m?




Measuring gamma-rays (20 GeV to 300 TeV)

v-photon

C.Skole

camera/focal plane (viewed from zenith)

shower axis

camera coordinates given in degree

cherenkov

telescope

MU W o

10

Nanosecond long flash of
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Science drivers and requirements

to the instrument

> Cosmic Particle Acceleration

* how and where are particles accelerated?
* how do they propagate?
» what is their impact on the environment?

> Probing Extreme Environments

= processes close to neutron stars and black holes
»processes In relativistic jets, winds, explosions

= cosmic voids
> Beyond the standard model

=what is the nature of dark matter? how is it distributed?
=is the speed of light constant?

»do axion-like particles exist?

Gernot Maier 1 2
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Science drivers and requirements e T
to the instrument view coverage
\‘

Cosmic Particle Acceleration flux sensitivity

* how and where are particles accelerated?
angular resolution

* how do they propagate?

» what is their impact on the environment?

Probing Extreme Environments

= processes close to neutron stars and black holes 5 ) sensitivity to
. L . . transients
= processes In relativistic jets, winds, explosions % 10 .
. . g temporal
= cosmic voids 2 0s
3 ' coverage
Beyond the standard model of #° A
=what is the nature of dark matter? how is it distributed? e
*is the speed of light constant? oo ot e e [rapid slewing]
»do axion-like particles exist? Tl‘f-l | : ( duty cycle )

L) _ flexibility in
. " ‘ o C Yigaq : 1 2
— energy resolutlon > operation
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Mid-size telescope 4
12 m diameter | e Large size telescope
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Prototype of a CTA mid-size telescope
Berlin Adlershof
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Prototype Cameras

N
o
o

Prototype
air shower
observations

Signal Level

—
a1
o

MAPM Camera
small-size telescope

— MAPMT




CTA Southern Site
Paranal, Chile

4 large size telescopes
25 mid-size telescopes
70 small size telescopes

CTA Northern Site

La Palma Island

4 large-size telescopes
15 mid-size telescopes

-»
L
Ge 1S Google, het Geoge Nac ool ®  Under Negotiation @ Back-up Sites ‘
DES% ) oule
1 OCTliidi | V.4l 1.V &V 1T




Large arrays of Cherenkov Telescopes

light pool radius
R =100-150 m
= typical telescope spacing

O
O

Sweet spot for

best triggering

and reconstruction:
most showers miss it!

O O O O

large detection area —

more images per shower
lower trigger threshold

Gernot Maier 1 7
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Large arrays of Cherenkov Telescopes

o
o
a1

Angular resolution -
vs number of images -

angular resolution [deg] (68%)

(telescopes) .

Gernot Maier
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Flexibility: Surveys and Monitoring

e SE 'CTA SCHEDULING

GeV observations

Monitoring '
4 telescopes O -
: ' PeV Deep Field

using SSTs -~ using LSTs
TeV
survey
using
it () &
Monitoring
Large zenith angle 1 telescope

| observations ‘from
- - other hemisphere

Gernot Maier
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CTA Site Paranal
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CTA Site La Palma

Roque de los

" Foundation of first
large-size telescope

qﬂ“\',lr-""' -

residencia

o
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@Daniel Mazin
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CTA Performance

| | I D I B | II.'II\II| | | I N I B | | I R I B |

L4
_ N —
e A _
% o(\"bg
. N
9
— ~11 —a— N
1 1 O — . P Q\\" . g
(D - . " (\ '¢ =
I 'y . Q) \ —
|E — “ \’é(b@% ’,' —
_ .\ ' . e —
0 — “ " V ’, '0 —
U) | " \/ ‘ 6/ 2 4 —
D ¢ % \J ‘ 4@/ —g—
L = AR\ o N g i
'+' - ’ J/ 4
é ’ ’ ’g ‘\ M \','@Q /A?\% |—"—|
= 1 -12 |___ . —o—i \AG/C 501, S ,/Q@Q\ R O ]
= 0 — ¢ * ~ _ — N * QO -
o i . s, = %, D -
C .7 o S, o’ ’{.(\ _
0p) — M o2 % —
> — * o vv. ', —_
E B '—\—;’ \ ’.’ O« 1y, Q\Q 3
—5— o* %
x " S §
O in @ uin ag®
N 10-13 O _
1078 c =
— Differential flux sensitivity 7
B ] ] L 1 1 111 | ] ] L1 1 111 | ] ] L1 1 111 | ] ] L1 1 111 | ] ]
1072 107 1 10 10°

Energy ER (TeV)

Gernot Maier 21
DESY Seminar | 28.2/1.3 2017



The CTA consortium

>1350 scientists
210 institutions
32 countries

Gernot Maier 22
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CTA Timeline

Release of official CTA Integrated Project Schedule in summer 2017

\ 1-2 years ~5-7 years
ow
<€ ><€ >
MoU, International Conventian signed and
Hosting Agrdgments Implementation Threshald funded
Advance Construction
Deploy- Phase :
. Late Production:
Design et Priority on : Priority on
| . < Production and ' Science
Pre-Construction et : b
Science Performance Pre-Production A I ot
and Preliminary §
Requirement Review Production \
(SPPRR) I
Preliminary Design Review

(PDR) l Science Operation ]

Critical Design Review (CDR) |
1
Pre-Production Observatory Praduction Operations
Readiness | Implementation Readiness Readiness Review
Review Review (OIR) Review (PRR) (ORR)

(PPRR)
OIR is a global

external gateway
Gernot Maier .
DESY Seminar | 28.2/1.3 2017 review 24



CTA Key Science Projects

TP D—
: g\!’i‘.&lw}% i "j}"‘gﬂ Transients
Time from GRB [sec)

Dark Matter 2N Galaxy
Programme s | = Clusters
s Star Forming
- Systems

Galactic
Plane Survey

——— PeVatrons —_—

Galactic --
Centre .dt\)‘




CTA Surveys - an unbiased census of particle acceleration

Red dots:
Sources detected in a simulation
of the gamma-ray sky

» Galactic plane

» Galactic centre

 Large Magellanic Cloud £
* 1/4 of Extragalactic Sky ¢ &

:: A 3 ° °

| . . .
| Gernot Maier . ‘®
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CTA Surveys - an unbiased census of particle acceleration

Red dots:
Sources detected in a simulation
of the gamma-ray sky

» Galactic plane

» Galactic centre

 Large Magellanic Cloud £
* 1/4 of Extragalactic Sky ¢ &

* large-scale data sets :
 systematic and complete census of objects X
- galactic diffuse emission K

* identification of list of promising objects

» discovery of the unexpected and new phenomena

| Gernot Maier . . ‘® 26
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i 300-500 new Galactic sources expected

Latitude (deg)

o
Q
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Latitude (deq)

300
Longitude (deg)

confusion limited!
Progress possible only due to the excellent
angular resolution of CTA




Latitude (deg) Latitude (deg)

Latitude (deq)
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Sample full population of objects with
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Deep Survey of the Galactic Plane

—
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HESS/
MAGIC
VERITAS

Number of sources (F>Flux)
mOZP>A - MOIO>-

H.E.S.S. survey
completeness

0.010 0.100
Flux (Crab units)

L
S BT 0:". o
L

-

Latitude (de

Sample full population of objects with \

Gernot Maier luminosity~Qf known TeV sources upt0 CTA
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closest supermassive black
hole (4x10° Mo)

low-luminosity active galactic nuclei

strong star-forming activity
(10% of the activity of the
whole Galaxy)

multiple supernova remnants
and pulsar wind nebula

dense molecular clouds

large-scale outflows
(Fermi bubbles)

largest dark matter line-of-
sight density

CTA PSF

XMM - X-rays

N

HESS PSF

VLA - radio

Herschel - infrared
(molecular gas, target material)

Ny
'R




The Galactic Centre Regio

close High-energy emission around the Galactic Centre
R N s
hole - a HES.S. >100 GeV
" lowH
stror] g
(10% 8
whol g
mult] &
and | ¢
&
densg
large _
(Fert 01.0 00.5 00.0 359.5 359.0
Iarge Galactic longitude (degrees)
sight What is the source of gamma-rays in the Galactic Centre?
Does it point towards past high-accretion / outflow phases?
Is it the source of all cosmic rays in the Galaxy?
Emission due to a spike of dark-matter annihilation?
Gern
DESY




The Large Magellanic Cloud (LMC)

Milky Way is just one ‘laboratory’

LMC: 10% of Milky Way star formation
(2% volume only)

= face on
-72°00

= well known distance (50 kpc)

9600’ 800 8000 72°00 €4 Qo

deep CTA observations will reveal source |

12

population and diffuse emission '

link of star formation to cosmic rays?

= fundamentals of star forming not very well
understood

" impact of cosmic rays?
(pressure + ionization) :

SN 1987A

= nearest naked eye Supernova since Kepler in 1604

96°00" 80°00 80" 00 72700’ 64700

Right Ascensior
. I
Gernot Maier 1 “](,
DESY Seminar | 28.2/1.3 2017 counts/pixe



Star forming regions and cosmic-ray acceleration

2 § ~
S Nl
> S o 3 X
@ 10} L7 > - — 1 |
| 2 ¥ 1
= S 10m) (onS e ' .
& = _ (eg‘o oyl . |
- > 1037 | S\a(’ _
> Z =T
o & _ T
1 o 1036 B _
« A — L.
c a — Expected gamma-ray luminosity
a — Current t '
© urrent measurements
S ] & L 1 _
| I Sensitivity of CTA
1033 B _
—1
1032 | I T _
1031 bl ] ] ] e e e
1075 10~ 1073 1072 107! 10° 10!

Estimated SN rate (yr—1)
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PeVatrons and Supernova remnants

cOosMmic rays carry on average as
much energy per unit volume as
star light in the Galaxy

= input of 10%" erg/s required to maintain
cosmic ray intensity (~10 million years of
confinement time)

flux largely dominated by protons  §
up to PeV energies (knee) |

what are the PeVatrons
accelerating those particles?

= Supernova remnants satisfy cosmic-ray o o o R % ,
energy requirements R R e RN 5 “odhs '.
(10% conversion efficiency) e e R

effective area, energy range and [N

angular resolution 3 -

‘v W@

‘e

. "‘- .. - . ., .f ' » e ¢ . : p. .- | - | . .’ . »
.- == SN 4006 (X-ray; optical,'radic).-, .. - = . . " o T
Gernot Maier FIg RS 2 : > - Py a N '
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PeVatrons and Supernova remnants

cosmic rays carry on average as 5 e

much energy per unit volume as i ‘

star light in the Galax | . i

J Y 5 " F Crab-like flux

= input of 104" erg/s required to maintain “ F 15 h of observations
cosmic ray intensity (~10 million years of rE
confinement time) e EaE T AN

e —— E::=200 TeV !

flux largely dominated by protons e —
up to PeV energies (knee)

Energy (TeV)

what are the PeVatrons
accelerating those particles?

= Supernova remnants satisfy cosmic-ray
energy requirements
(10% conversion efficiency)

effective area, energy range and
angular resolution

- e &

‘s @

‘ "‘. . . e '. o ' » Ty . : p. - - . .’ . »
.- == SN 4006 (X-ray; optical,'radic).-, .. - = . . " o T
Gernot Maier FIg RS 2 : > - Py b o T
DESY Seminar | 28.2/1.3 2017 R - . e ol B ¥ Dortn i s RN



PeVatrons and Supernova remnants

cosmic rays carry on average as
much energy per unit volume as
star light in the Galaxy

= input of 104! erg/s required to maintain
cosmic ray intensity (~10 million years of
confinement time)

flux largely dominated by protons
up to PeV energies (knee)

what are the PeVatrons
accelerating those particles?

= Supernova remnants satisfy cosmic-ray
energy requirements
(10% conversion efficiency)

effective area, energy range and
angular resolution

Gernot Maier
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= Crab-like flux
" 15 h of observations™$

—— E =10 TeV
—— E_ ;=100 TeV

=~ —— E ;=200 TeV
= o
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Towards better than
1 arcmin

aw
resolution

Imaging ef'shocks!

SN 1006 -
CTA resolution

Energy (TeV)

SN 1006 .
H.E.S.S. resolution




Transients

=
)

> dramatic outburst observed
and expected in a wide
range of objects

& © ©°
d & &

= Gamma-ray bursts (GRBSs)

—
<
~

= binaries and pulsar wind nebulae

Differential Flux E°’dN/dE (erg cm? s™)
=
&

= active galactic nuclei 10°
10

= PeV neutrino sources 107

10"
= gravitational waves

102

> often associated with j01 L .

compact objects 10 10 10° 10* 10° 10° 10" 10° 10° 10"
] Time (s)
like neutron stars or black
holes Four orders of magnitude better sensitivity

for minute-scale phenomena.

Unexplored astronomical window!

Gernot Maier 33
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Gamma-ray bursts

<

Q

)
D
—
(V-
da\

most luminous explosions in the
Universe

= 10°2-10%4 erg isotropic-equivalent energy
release (primarily MeV band)

long GRBs: massive star collapse

short GRBs: neutron star or black hole
mergers

cosmological distances

= observed beyond z=8

emiIss CN

basic aspects not well known

= nature of central engine, jet formation, particle
acceleration, prompt/afterglow emission

GRB origin of ultra-high energy
cosmic rays (E>10"8 eV)

Gernot Maier
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| LAT .
[ (> 100 MeV) !

Counts/bin
(&) |
|

Fermi LAT

| L\Nﬂﬂﬂ I].I'I IHLJ|J.]JLHIH

-
o

Counts/bin
(&) ]

2

H””HHH HI]JHI [

| Sl e e e |~ — — e m— o m— e m— s = E— = m— =

_ B . - I
3F AT I I g 1.5— I' — I N
S [ (>1Gev) | | 3 1 | 5 |
8 2t | 1 5 05 ] H |
S T | | & | i ]
3 b - i b 5 10 5 ]
- | |_I ” | ” ” ”ﬂ” ” ” ” Time since trigger (s) i
0 C | L ] .i 1 L L 1 L 1 1 L L L |i =
-20 20 40 60 80 100
Time since trigger (s)
20-50sforslew OO — 1 — 7 1 | j
< > i EXPQCtatlon for CTA z=4.3, E>30GeV, 0.1 sec time bin |
= | i
o0 I extrapolation of LAT spectrum i
GRB 080916C A :
at z=4.3 : ,';' ] ‘ :
2 20f g YRE
W i 19 ,"‘1" ! £ 1
T ¢ F .
P = 1 | i RE 4 { ‘iM { R i : '.”lli:'l?!
L 40 80 100
| DESY |
N )~ Time from GRB [sec]



blue light:
synchrotron radiation

| jet: relativistic hot,
magnetized plasma



Active Galactic Nuclei

a1
o

PKS 2155-304
CTA

T, =32=x8s
ty=34+6s

—
)
o
£
o
<
o
-
[
<
>
Q
o
Qo
o
A
~
<
-
0

120
Time [min]
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Active Galactic Nuclei & Lorentz invariance measurements

—
PKS 2155-304
CTA

lra(> 50 GeV) [10° cm2 s7]

Gernot Maier 5
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Active Galactic Nuclei & Lorentz invariance measurements

PKS 2155-304
CTA

Planck mass Otte (2011)
Crab PSR GRB AGN GRB AGN AGN GRB
(Kaaret 99) (Ellis O8) (Biller ©8) (Boggs 04) (Martinez 09) (Abramowski11) (Abdo 09)
10" 10"° 10" | 10" 10" 10° E_ (GeV)

VERITAS Crab PSR

CZPZ:E [1+§1 QG—EZ(E;Z(/EQGZ)i“']

Gernot Maier
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Beyond the standard model (of astro & particle physics)

everything discussed until now is
background

(but necessary to understand if

we want to find physics beyond
the standard model)

Gernot Maier 37
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annihilation

d(bf\,- 1 < O--dnnlv > dNI ! 2 / /-
- = B E f Bf X / dQ /pur(l, 9 )dl(’l‘, 9 )
dE, 47 2miyyp r dE, A |

S— —— et

"Particle Physics’

Gernot Maier
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+line searches i,
2074

1’, §atellltes N, Nat S

Galacth _Centre

annihilation

d(bn,' ]. < O-'dnnv >
= dQ’ r(l,6")dl(r, &

3 it rat o .
Particle Physics ’ Astrophysics’ orJ(E)

Gernot Maier
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+|ine searches

thermal relic cross section
annihilation

—— HESS GC halo (254 h)

Fermi dSph stacking (15 dSphs, 5 yrs)
— WMAP9

Planck
—— CTA Galactic halo, 500 h

0.05 0.1 0.2 1 2 345 10 20 30
DM mass (TeV)

Gernot Maier
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Dark matter searches

+|ine searches

Complementary of searches
(PMSSM)

7/8 TeV LHC

10°

10”7

10

10°

10-10

10-11

10-12

10713
10 P o !
10715 : l" & f}n""?:_ ¢
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Axion-like particle searches
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Boource Biamr
Coupling of photons to axion-like Oscillations between ALPs and photons
particles (ALPs): in external magnetic field for photons
- = above critical energy:
c — :
ALPs: coupling strength and mass are 2g,YaB sin 6

iIndependent parameters
P P m = 20 neV, gya = 1010 GeV-":

Ec ~ 100 GeV

gg;n\?ts':l;'.ﬁ;” 28.2/1.3 2017 (©: angle between photon direction 40
and magnetic field)



Axion-like particle searches with CTA
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Axion-like particle searches with CTA

Meyer & Conrad 2014
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The Cherenkov TeIescope Array e

> Cosmlc Partlcle Acceleratlon | |

> Problng Extreme Envrronments o2 | ,

> Beyond the standard model
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