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A New Era in Astrophysics

How do we understand the most extreme phenomena in the Universe?
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CTAD

Multi-messenger Astrophysics:
Nobel Prize to v

Francis Halzen

: ' “for decisive contributions to the IceCube
Neutrino Observatory and the discovery
of high-energy neutrinos of astrophysical origin”

THE ROYAL SWEDISH ACADEMY OF SCIENCES
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TXS 0506+056

Follow-up detections of IC170922 based on public telegrams
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“This could be the discovery of the century. Depending,

vears of course, on how far down it goes. "




TXS 0506+056

Follow-up detections of IC170922 based on public telegrams
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original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees
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TXS 0506+056
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NGC 1068

Max. TS

41.0 40.5 41.% 41.0 40.5 41.5 41.0 40.5
r.a. [deg] r.a. [deg] ; oo
290 3.30
* 10-year analysis * new likelihood
method

IceCube collaboration



NGC 1068

* NGC 1068 Max. TS
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N GC 1068 . QTarget densities requiféd A
AN S -+ to produce the v flux :

” - - -« tosuppress the flux of the
no-produced gammas 3

. R T B Y placeaconstralnt on the emission
A Y ST S g . region <100 Schwarzschlldsradn :

corona or jet base?

Gamma-ray-obscured corona

What's the d|fference W|th

* the same with gammas produced W|th the neutral pion absorbed and we see different gammas (Zathul+ 2024)
* Unlikely to be the same (Damiano+2025) I4
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A multi-messenger view of the Milky Way galaxy, centered on the Galactic center and viewed in galactic coordinates.
(Credit: IceCube Collaboration)

Ice Cube Coll. Science 2023



CTAO
CTAO: a key player in MM astronomy

Beta Configuration

CTAO-South
2 LSTs
14 MSTs
37 SSTs - CTAO-North
4 LSTs
9 MSTs

telescopes

Array Coordinates



CTAO Steady-Source

Performance
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CTAD

A Cornerstone in the MM/MW.L Era
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CTAO Northern Array (Alpha)

* Unbeaten transient sensitivity!

* Orders of magnitudes more
sensitive for duration below 1h

www cta-observatory org/sciencefcta-performance/ (prod5-v0 1)
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CTAD
ornerstone in the MM/MWL Era

External alerts
SCEr:ZgiTilni; & <50”

Telescope Control Observ. :
Plann €--+ Proposal Handling |{--=--=-=-==---

Off Site Outside World

points any point
in the sky in 20

Real-time Internal alerts

analysis

»

Data ~10-100
rocess TB/year

=5 PBIyear




CTAO
LST designed for the low-energy frontier




CTAO
LST designed for the low-energy frontier

sub-TeV TeV multi-TeV
GRBs & EBL PeVatrons
transients Surveys SFRs
Cosmological Morphological ?2??
sources studies
Pulsars \ Dark matter

UHE neutrinos.
<%
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OP 313 — Reaching the Most
Distant AGN at Very High Energies

First detection of VHE gamma-ray emission from FSRQ
OP 313 with LST-1

ATel #16381; Juan Cortina (CIEMAT) for the CTAO LST collaboration
on 15 Dec 2023; 14:31 UT
Credential Certification: Juan Cortina (Juan.Cortina@ciemat.es)
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CTAO
GRB 221009A — Following the BOAT

on Oct 10 [T, + 1.33 day] - 4.1c  during strong moonlight conditions

0.3-5 TeV energy band
Ren+24 total=inner
Zhang+25 total

outer (FS)
Zheng+24 total
inner
outer
LHAASO
HAWC (GCN)
LST-1
H.E.S.5.
Fermi-LAT (0.1-100 GeV)
AGILE (0.05-3 GeV)
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Intermediate Array Configurations

15t Intermediate Array

CTAO-North: expected late 2028
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E? x Flux Sensitivity [erg cm~2 s7!]
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Not only LSTs

Credit: Science Comm Lab DESY

Credits: CTAO

Significance (o)
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* Credit: Science Comm Lab DESY Credit: Nahks TrEhnl,

LHAASO codl. 2024
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Not only LSTs

EBL photons
A N ,—\/\/(\j\/ 7

TeV photons

Credit: Greaux & Biteau

Energy, ¢ [eV]

pirical model (Saldana-Loge:
t estimate
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101 10!
Gamma-ray energy, E [TeV] Wavelength, A [um]  Credit Gréal

Gamma-ray flux

production + detection
-

Transparent universe
2 billion light years (ALPs)

2 billion light years

Energy

Credit: Mayer & Biteau
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Not only LSTs
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B EBL photons
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CTA GC “Upgrade” projection, this work
HESS GC
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e Infrastructure
¢ Roads, on-site data
centers

IKC Construction

¢ Telescopes

e Array Common
Elements

e Commission of array
elements

e CTAO software

System Commissioning

¢ Integration, verification, and
validation of array elements
and software

¢ Science verification of system
releases

Construction

_

Now

f Guaranteed Early Science =

* Guaranteed observing time for
Contributors to construction of beta
configuration

¢ Collection of targets for Science

kVaIidation

_J

2028

CTAO Timeline

Public Early Science o

¢ Call for proposals

e Start of Host Guaranteed Time

¢ Use of verified intermediate
configuration

\_ 4)

2030

@

Steady State
Operations

¢ Full Beta configuration
» Steady State Operations

begin

\_°KSP

begins

_J

2032+
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CT. a

Beyond individual observatories:
building a discovery network

Yerkes Observatory
refractor (40" lens’

Large Sky Area
Multi-Object Fiber

Great Paris Exhibition " Spectroscopic

Telescope

Gran Telescopio

(LAMOST) Cenares Keck teiescopes

Hebel
@

Hooker Telescope (100")
Mt Wilson,
California,

)

Hale Telescope (200")
Mt Palomar, California, e
USA (1948) Dave

(1979
Multiple Mirror Tele:
Mount Hopkins, Arizona, USA

BTA-
(Large
Altazimuth
elescope)
Zelenchuksky.
Russia
(1975)
Gaia Kepler

Earth-Sun Lopoint ~ Earth-trailing
14) solar orbit
(2

Hubble Space
James Webb Telescope
Space Telescope  Low Earth

Earth-Sun Lapoint orbit
(1990)

China Ma
USA (1993

Gemini North Subaru
Mauna Kea, Telescope Thirty Meter Telescope
Haiaii, USA  Mauna Kea, Hawaii, USA

Hobby-Eberly  Southern African (1999 Hawai, USA
Telescope Large Telescope 1

untains, Sutherland

USA

uth Africa

Large Binocular
Telescope
Mount Graham,

Arizona, USA (2005
‘ ’ Extremely Large Telescope

Very Large Telescope Cerro Armazones, Chile
(planned 2028)

Vera C. Rubin
bservatory

)
Cerro Pachon, Chile

5
Cerro Para Ch
(1998, 1999, 20

i

Magellan Telescopes
Las Campan: Giant Magellan Telescope
(2000, 2002) Las Campanas, Chile
(planned 2030s)

- oted)
e an
" Whelmingly L arge TelescoP® \°
i
0 Observatory 305 m radio tefescope at the same 563

* In the past decades we have see birth of MM astrophysics,
and strengthen the MWL networks.

* In the next decade, massive amount of precision data:
MWL and MM. Challenging but exiting times.

* \We need to coordinate: alerts, shared programs, shared
data access and we will start from our Hosting Observatories



CTAD
Beyond individual observatories:

building a discovery network

4(;0/ * In the past decades we have see birth of MM astrophysics,
" KsPTim» NSRS and strengthen the MWL networks.

* In the next decade, massive amount of precision data:
MWL and MM. Challenging but exiting times.

* \We need to coordinate: alerts, shared programs, shared

data access and we will start from our Hosting Observatories
32%

Open Time

23



Shared Challenges, shared
opportunities

* NGC 1068

Max. TS

Energy Resolution

11.0 10.5 11.5 11.0 10.5 11.5
r leg

1
deg L

290 3.3 420
* 10-year analysis * new likelihood - pass?2
x log(A) methOd

IceCube Coll.

1.0 10.5

10° 10t
True Energy in TeV

Schwefer + 2025

Heller+ 2025 AdvCam for LSTs



The next breakthrough |
in front of us

Preliminary

Fermi-LAL

NuSTAR
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Energy (MeV)

A huge discovery space

Third EGRET Catalogs

e

Fermi LAT coll 2024
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The next breakthrough IS
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Observation
Planning

Proposal
Submission
and
Evaluation

Data
Dissemination
and Delivery

Science Data
Preparation

Dynamic
Scheduling

Control and
Acquisition

Realtime
Processing

Next-Day
Processing

Simulations

Final

Processing

Reprocessing




CTAD
Not only CTAO

[MWL ] Astrophysical
regions emitting at all
wavelengths

[MM] Particle
accelerations may
generate neutrinos, and in
some cases GW

 (at least) Accelerated * Protons - neutrinos
electrons + B - « Gamma-rays absorbed

* Intensity correlation mwil

» Polarization correlations

synchroton -> radio to X in emission region, with gamma-rays

neutrinos escape

Mutual Alert Joint Schedule Data ready

 Define criteria, MoU * Monitoring and ToO * Quick and easy

campaigns




CTAO Steady-Source Performance

Angular resolution

—— CTAO Northern Array
CTAO Southern Array

Energy resolution

0.3
—— CTAO Northern Array

CTAO Southern Array

Field of View

Deep Observation

cta-observatory .org/science/cta-performance (prod5, v0.1)
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1 10 102
Reconstructed Gamma-ray Energy ER (TeV)

https://www[jila-observatory.org/science/cta-performance (prod5, v0.1)

1 10 ? Optical FoV
Gamma-ray Energy E (TeV)




LST-1 science performance

Geminga pulsar
Crab nebula Crab pulsar P2 at 12c in 60hr (MAGIC 6c in 80 hr)

304000[p1 E [oFF|
303000 Tobs=103.6 h

Zd 3 50 deg P1: 10.50

P2:12.10
P1+P2:1520
Bridge: 5.70

302000
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c
@ 300000 $ 356000
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299000
298000

297000 {
352000

296000 +
0.0f 1.00
Pulsar phase

0.00 .50

Pulsar phase

—
—
I
(¥}
~
1
[
o
—
[
[

=
o
1

Jun

[

d¢
daE
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LST-1 after August 2021
Log-parabola fit (LST-1 after August 2021)

Uncertainty from several efficiency cuts
(LST-1 after August 2021)

i
Log-parabola fit (LST-1 until August 2021) ¥ H,:
MAGIC (Aleksi¢ et al. 2015) 5 i
) P
2 £
W w
g 10-! 2 1071 === PL with sub-exp cutoff (PLSEC) model
3 . ‘TJ -+ PL with exp cutoff (PLEC) model
P PWL P2 Best-fit & :
PWL P1 Best-fit
=== Crab Nebula Best-fit
Abe at al 2023
> LST-1P1

& Crab Nebula

100 200 300 400 500
Energy (GeV)

Credits to the LST collaboration Abe at al 2024 Abe at al 2025, accepted

Energy [GeV]




when a source accelerate CRs, these CRs interact
--> producing equal fluxes of gamma rays and neutrinos

together with the CRs you get also electrons
--> correlating with lower frequencies

sywnchrotron 7° production
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Starlight )
R
} Lnverse Compton

Hadrons + X

(Pion

L
©
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L

Accelerated particles + B-field
(Synchrotron radiation)

PRadio Optical X-ray Gamma-ray

© plot by Christian Stegmann, DESY, MG XIV Meeting 2015 (modified)




Understanding particle
acceleration: the MWL power

Broadband multi-wavelength properties of M87 during the 2018 - T
EHT campaign including a very high energy flaring episode*™

I+ VERITAS
ENT 1.3 mm f HESS

50 pan | [+ MAGIC
0.004 pc ’

GMVA+ALMASGLT 3|5 mm

0.08 pe ‘ S 1 S U R 00 T e P s i E—
0.4 pe ‘ ----------------------------
L & Busf - '
ALMA 1.3 mm y ' 3C2 73 56290 6300 .F:'e'.w": ‘wf\‘.."l-" '..r'.'u;i- rh- rw - 5360 .r :
& . - Credits A. Zacharias

e Jester+2006




CTADO
Science Data Challenge

Goals: 7 years of simulated science-ready data

« Explain the community the CTAO
scientific capabilities.

* Allow the community to familiarize
with CTAO data & Science Analysis
Tools (SAT) software.

Excess counts (0.07-200 TeV)

» Test-bench for early data access
iInterfaces.

 Validation of core CTAO software
chain.

 Early familiarization with Science
Operations.




CTAD

Scientific exploitation

c.opi | c.orz | cors | 00p] o0rz ] O0Fs] oore] 00Ps | 00Pe] 00T ] O-0ps ] 00rs § 00

GTOs as Guaranteed Early Science GTOs as KSP Time
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Apparent Magnitude

v-rays & GWs

LIGO
Virgo

IPN Fermi
INTEGRAL

Declination
(J2000)

m— 3 GHz(x1.5)
6 GHz
—— R filter (x200)
1 keV (x3000)
102 13"15M00°
Time since GW detection (days)

GW190425

13"10m00°  13"05™00°
Right Ascension (J2000)

not even

100 Mpc 1 Gpe 6 Gpe

and (<26 mag)
dio (>0.01 mJy)

Kilono

Afterglow+GW

107" B 10"
Redshift 2 Redshift 2

with ET will will need to choose!

Credits to ET coll
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