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Overview ( Cta

 Past
— ldea of the Cherenkov Telescope Array
* Present

— Current telescopes & sensitivity
— Reached physics results
* Future
— Future telescopes
— Expected sensitivities
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The Cherenkov Telescope Array - three types of telescopes Cta

45m =

36m -

27m =

18m

9m =

Small-Sized Telescope (SST)
Precision measurements in

a still little explored energy
range

100TeV range largely unexplored
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MST LST

Medium-Sized Telescope (MST)
Deepest sensitivity ever

Arcmin angular resolution

Large FoV

Surveys & precision studies
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CTAO

Large-Sized Telescope (LST)
Lowest energies (tens of GeV)

Cosmological sources
Deepest sensitivity for short timescales
Time domain largely unexplored
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2 arrays (north & south) 1srzesm
3 telescope size classes
large n. of telescopes

MST212m
alpha configuration (first phase): omega configuration (ultimate goal):
North: 4 LST + 9 MST North: 4 LST + 15 MST
South: 14 MST + 37 SST South: 4 LST + 25 MST + 70 SST
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Angular resolution
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Angular Resolution (°)
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https://www.cta-observatory .org/science/cta-performance (prod5, v0.1)
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Sensitivity
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Reconstructed Gamma-ray Energy ER (TeV)
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Near full sky coverage

Wider energy range
(~20 GeV - 300 TeV)
Higher sensitivity: 5-10x
current IACTs




CTA-LSTs only

* Array of 4 LSTs already a significant improvement

in sensitivity.
* Very well suited for transient studies and LST “sweet range”
spectrally soft sources from the beginning on. (CTA sensitivity dominated by LSTs)
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The first Large-Sized Telescope (LST-

« LST-1 inaugurated in 2018. focal plane camera

. 52000 h taken from Jan. 2020 - \FoV 4.3 deg, 1855 pixels)
Jan 2024. |

« Low energy threshold (~20GeV)
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Telescope performance: Crab

muon ring matching

optical throughput

¢ MC » —— LST-1 (src-dependent)
©  MC (-10% optical efficiency) o ’ == LST-1 (src-independent)
O MC (+10% optical efficiency) ,,—"d: #“47; LST-1 (src-dependent) - without 5% background
2800 ¢ Data (Run 2973) oy @a9 LST-1 (src-independent) - without 5% background
<p = ; 1024 MAGIC (Stereo) [Aleksic et al. 2016]
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Events = 7696582
130500 Time = 34.2 h
-10] Nex (P1) = 4334
10 T 130000 Significance (P1) = 7.1 o
Nex (P2) = 5416
a Significance (P2) = 8.6 0
n 129500 Significance (Joint) = 10.60
b
£ 0
& t  LST-1 (this work) E 129000
E’_ - —— Log-parabola fit (LST-1) >
10714
3k Stat. uncertainty (LST-1) 128500
w +1% background systematics (LST-1)
Uncertainty from several efficiency cuts (LST-1) 128000
------- Log-parabola joint fit (Fermi-LAT and LST-1)
---- MAGIC (Aleksi¢ et al. 2015) 127500
Lo 4 Fermi-LAT (Arakawa et al. 2020) 127000
1073 1072 107t 10° 10! 0.00 . . . 1.00

E [TeV]

Abe et al., ApJ, 956, 2023 Pulsar phase [¢]



The LST collaboration

cta

| d Stast'St:cf ¢ | ST is a large part of CTA

—— Members - Students 2Authors - . ° World-w|de eﬂ:ort

s o - ool » Costbook value: 15MEuro/tel. (incl. FTE)
France - . =i ~ *4LSTs in the North (Alpha Configuration)
Czechia 16 16 10 .. eand 4 LSTs in the South (Omega

Switeerand " b " Configuration)

Italy 109 92 68" y -

T | q“mm\pf e

Total 419 332 208 v " - e

numbers are growing
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South

drone picture'taken during LST-1 inauguration, October 2018
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LST-1 + MAGIC performance
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Separation between MAGICs
and LST-1 is ~100m. A
dedicated pipeline is in
place to analyze stereo
MAGIC & LST data

joint observations allow
detection of 30% (40%)
lower fluxes than MAGIC
alone (LST-1 alone) (better
background suppression)

A&A 680,A66 (2023)

12



PROYECTO EJECUCION
T-03 E INSTRUMENTACION AUXILIAR DEL CHERENKOV TELESCOPE ARRAY
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-— Construction order:

~ LST-4,LST-3,LST-2

End of construction:
LST4 June 2025
LST3 August 2025

e > VT TR LST2 October 2025
Daniela Hadasch ’ £ : - e S e e 14




LST-1 Science results

JPL-Caltech/NASA

Galactic Science

Fast slewing and low threshold makes LST-1 an ideal instrument for
fast transients and spectrally soft sources.

15



Pulsars with the LST-1 Cta

Second Fermi Large Area Telescope
catalog of gamma-ray pulsars

60°

About 300 pulsars detected with Fermi-LAT,
spectra displaying a characteristic PL + Exp. cutoff
at a few GeV

A few of them deviate from this Exp. cutoff and
show a spectral tail extending up to 100 x GeV'’s
and even to the TeV regime

Three pulsars detected so far with IACTSs: | \
The Crab, Vela, Geminga. o | al \ %

Cylinder

The origin the gamma-ray emission at VHEs in

pulsars is still not clear (e.g “polar cap”, “slot gap”or
“outer gap” models)

null charge surface AN outer vy —>et
gap

QB=0—

Are these systems “unique”, or there is a whole TeV
pulsar population to be detected?

Cred% Alice K- Harding

Daniela Hadasch The extreme Universe 2024 16



Crab pulsar phaseogram

- Observed during LST-1 commissioning (Sep. 2020 - Jan. 2023)
- Time after quality cuts: ~103h for Zd < 50deg

Tobs=103.6 h

Entries=17879860 P2: Sig(Li&M4q):12.140

g

P1 + P2 detected at 150 in 100h! P3: Sig(Li&Ma):5.
x2-test=14.750

OFF
303000 P1

P3

302000 P

301000

297000
296000

295000
0.00

Daniela Hadasch

0.25

H-test= 14.180
zd < 50 deg Zyo-test=14.270

Preliminary

0.50 0.75 1.00 125 150 175 2.00
Pulsar phase

The extreme Universe 2024

cta
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Crab pulsar spectra Cta

SED shows PL up to 450 GeV for P1 & 700 GeV for P2 (Confirms MAGIC results > 500 GeV)
Syst. uncertainties in spectral indices: ~10% and ~5% for P1 and P2.
Dedicated LAT analysis (13 yrs) = smooth transition with LST-1

Joint fit: preference for a smooth Broken PowerLaw model = PowerLaw extension at VHESs

P1 joint fit LST-1 + Fermi-LAT with different models P2 joint fit LST-1 + Fermi-LAT with different models
10-10 4
a,~-2.0
10—11 4
= 10—11 =
v %)
N o~
= E
S ]
- < 10-124
o ~ E\
& 10712 4 a,~--44 |2
7] %
o - g PN
[=4
5 Preliminary 5 Preliminary
[\ ! 111 [
10—13 4
\
1073 3 Fermi-LAT+LST-1 SmoothBroken PL model — Fermi-LAT+LST-1 SmoothBroken PL model 5
——- Fermi-LAT+LST-1 SubExponentialCutoff model : ! : === Fermi-LAT+LST-1 SubExponentialCutoff model s X
< Fermi-LAT % < Fermi-LAT %
B LST-1 flux points K 10-14 4 4 LST-1 flux points
10714 T . ; 2 T : :
10-1 100 10! 102 101 10° 10! 102
Energy [GeV] Energy [GeV]
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O Performance at lower energies confirmed by the detection of Geminga (PSR J0633+1746)

Pulsar: Geminga (PSR J0633+1746)

Detected at ~85 in ~21h

O Being a soft spectrum

7 OFF
P1

Tobs=21.0 h
Entries=5168940

P1: Sig(Li&Ma):1.960

P2: Sig(Li&Ma):7.920
P1+P2: Sig(Li&Ma):6.020
0(P1+P2)/sqrt(T) =1.32h~172

PoS ICRC2023 (2023) 569

>

x2-test: x?=166.62 p_value=3.34e-12 sign=8.880
H-test: H=81.45 p_value=8.35e-15 sign=7.670

W e et = Zyo-test: Z10=116.19 p_value=1.44e-15 sign=7.900
?

Geminga confirms the e P e
good gperformance in 8000 Pr;/ehmi;ary /////
the 15-30 GeV band, one 7300 i ?/ // /////
of the main scientific . :///// /; v ////
drivers of LST _ Wy Ao

@ MAGIC: 6.30 after 80

hours for P2
(MAGIC coll., A&A 643 (2020) L14)

0.00 0.25 0.50 0.75 1.00 125 150 175

2.00
Pulsar phase

Daniela Hadasch The extreme Universe 2024 19




PeVatron candidate: Galactic center Cta

Galactic Latitude

LST-1 has observed the Galactic Center, the first proposed Galactic PeVatron (H.E.S.S. Collaboration 2016)
LST-1 observations at Large Zenith Angles (LZA) in 2021 - 2023, for a total of about 40h.

Standard analysis software Istchain +

Sgr A* & SNR G0.9+0.1: SEDs in line with current-generation telescopes —> LZA & 3D analysis feasible.

More advanced analysis, including the diffuse emission, is ongoing. Joint observations with MAGIC carried out.

1.0TeV < E<21.5TeV 12 10°1
0°30° PRELIMINARY
15 ;m
I
: g 10-12
00 S
a
-0°15' =
s
=
30! @ 3 ;
/ w 10~ Sgr A* (MAGIC, 2020) ~ - Sgr A* (VERITAS, 2022)

G0.9+0.1 (MAGIC, 2020) G0.9+0.1 (VERITAS, 2022)

Sgr A* (HESS, 2016) = This Study: Sagittarius A*
G0.9+0.1 (HESS, 2005) == This Study: SNR G0.9+0.1

1°00' 0°30' 00' 359°30' 00!
Galactic Longitude

B\
3

10° 101! 102
Energy [TeV]
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PeVatron LHAASO J2108+5157

- LHAASO J2108 is one of the first 12
UHE (E > 100 TeV) sources detected
by LHAASO, and the only one without
any associated counterpart at TeVs.

- LST-1 data set: 91h taken from June to Sept.

2022 =>
- Dedicated analysis

- LST-1 analysis yields a hint for an excess (3.70)
atE>3 TeV.

- First scientific publication by the LST-1 Collaboration
(Abe et al. 2023)

Daniela Hadasch
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PeVatron LHAASO J2108+5157

- Both leptonic (IC) and hadronic (pp interactions in nearby

1071

= T Cooetal (20212) Molecular Clouds) considered

10712 . .

A T . - The LST-1 and LHAASO observations can be explained as IC

2 10-13 T + emission by relativistic electrons with a cutoff energy of 100+70 TeV.

w

S 107 - The low magnetic field in the source imposed by the X-ray upper

! limits on synchrotron emission is compatible with PWN / TeV halo,

T 1t 1 10¢  but no pulsar detected.

8 = |nverse Compton N . — rP-deca
§ go-nfo=smieme 5 101 § hadronescenan® |- woasozn| - UHE emission and LST hint of hard
55 . 13 I ~ spectrum could work in a hadronic
8 2 6,107 T scenario (protons from middle-aged
R R = i SNR + MC interaction), but then the

O J \ o -
O 3 Ll s10°0 HE counterpart may not be related?
g N i L;'T \ leptonic scenario - \
2 ~ LHAASO | _ \
< 0G0t 108 102 107 68 101 102 10

Energy [eV] Energ)_/ [ev]
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Nova: RS Ophiuchi

RS Oph: symbiotic binary of white dwarf + red giant star. d~2.45 kpc
Recurrent nova outbursts every ~15 yrs
August 2021: first nova ever detected at VHE gamma-rays (MAGIC, H.E.S.S.)

LST-1 also observed and detected RS Ophiuchi
t_obs = 6.5h accumulated in the first 3 nights of the outburst

12 o detection for the 3 nights combined, 6 - 8 o each night

10810

10710

E? dN/dE [erg cm™2 s
=
2

SEDs consistent with ~
MAGIC and H.E.S.S

10-12

e

——
10 e + o 2 . st
—— ; g f
2

1071 10° 10-1

T
Energy [TeV] Energy [TeV] Energy [TeV]
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Nova: RS Ophiuchi

- Gamma-ray emission modelled in an hadronic and a
leptonic scenario

- retrieve spectra of injected particles (using LST-1, MAGIC,
H.E.S.S. and LAT)

- hadronic model preferred (AlChad = 95.6, AlIC_jep = 128.8)

AIC =Akaike Information Criterion

10—8 = T T T T T T T

a) t—t0=1d
1T

p 4
S510-11 L 4
2% 10 E & Fermi LAT ’7,9
o - LST-1 3
w L 4
N-O i MAGIC ] J’
W 10712k H.ES.S. — Hadronic 5
E ¥ (mono) (mo =) ]
[ H.E.S.S. (M= —>e*-y) ]
_13 L (stereo) == Leptonic (IC)
10 il L1 o1l L1l L1l [EEEE VEET | e
107! 10° 10! 10?2 103

Energy, E [GeV]
Daniela Hadasch The extreme Universe 2024
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Nova: RS Ophiuchi and follow-ups

- Gamma-ray emission modelled in an hadronic and a

leptonic scenario

- retrieve spectra of injected particles (using LST-1, MAGIC,

H.E.S.S. and LAT)

classical novae)?

Cld

- Can LST-1 (or the full LST array) detect more novae (T CrB,

- very different y-ray emission among different systems
- LST sensitivities computed using either classical (LAT) or RS Oph

T CrB

N 1

\
V1324 Sco
\

— T T — T
—a— LST-1 sensitivity (5h) 3
=m= LST-1 sensitivity (10h) ]
--m-. | ST-1 sensitivity (50h)
—e— 4 LSTs sensitivity (5h)
—e=' 4 LSTs sensitivity (10h) J
~+e+. 4 | STs sensitivity (50h) ]

\

- hadronic model preferred (AlChad = 95.6, AlIC_jep = 128.8) spectra
AIC =Akaike Information Criterion 10-8 :
1078 g T T T T T T T T T T T T = E T
E a) t—ty=1d ]
—_ -9 -_ _- 107° E
& 107 F = TT _ '
o : T ] T
IE B b b V407 Cyg
S 10710 E - E 100 -~
3 ? 4 /4, ] 3
5 10-11 L ) / 2310—11
=< E H+  Fermi LAT 57,9 3[3 3
S F 4 LST-1 171 o
T - MAGIC T w L
W 10712 3 H.E.S.S. = Hadronic 3 10-22 | |v959 Mon\,
= ¥ (mono) (mo—vy) ] £ “
[ H.E.S.S. (M= —>e*-y) ] :
5[ ¥ (stereo) == Leptonic (IC) [ V339 Del "
10 Bl L1 1l L1 1l L1l EEENE YEET. | i 10713 ...l\\
1071 100 101 102 103 1 10
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ESA/NASA, the AVO projet and Paolo Padovani

Ext ra-G a I act i c Sc i e n ce EBL models (Dominguez 2008)

BL Lacertae

Low energy threshold (~20GeV) suited for extragalactic observations because (2=0.069)

gamma rays are less absorbed by extragalactic background light (EBL).

efficient [exp (- T(E)))

Absorption co




BL Lac flare C a

le-9 Nozaki, ICRC2023

Aug 9 2021 2.00{ ——-- Crab (MAGIC, Aleksic et al. 2015) +
’

<+ run-wise
1.75{ + 5-min

Intermediate-synchrotorn-peak BL Lac type object 10-2

Redshift z = 0.069 & Preliminary ,?150 PreliminaryL 4# l
) . . . . ,,‘,m 5 € I bl !
VHE gamma-ray emission only during high states L 10 5 | Hi {
Multiple gamma-ray flare periods since 2020 E 2 100 — ﬁ
) . gl observed spectrum & { %
LST observed flare of BL Lac: 17.6h in July-Aug 2021 & 10 5| de-absorbed spectrum Sors] t } } # &
T 1C.U

Significant intra-night flux variability (=100 GeV) on L L h
Aug 9 —— Crab (MAGIC, Aleksic et al. 2015) 0.25 4&’ I
W0 o= T o -0 6 20 40 60 80 100 120

* 3-4 Crab Unit (C.U.) at the peak ElTev] Mbieassssimiute]
Fast variability time scale indicates a small size of 108
em.SS.On reg.on B 2021-08-04 (+/- 12 hours)

issi i :

s Fermi-LAT T LsTA o " ot

+  R<Ctiar 5~1015cm T : b “

. . . . . . . T; -;Z'('f: n 107104 2 P i ‘.
Joint binned likelihood analysis using Fermi-LAT and  °® + T 10m] K ;. 2 T )
LST-1 data § o N ) !

: . 3 , =z r Preliminary
*  Smooth connection between Fermi-LAT and g [ U T T
LST‘1 SpeCtrum 1011 4 \:I' 10-14 4 @ z:)czhlivtlare
Modeling & interpretation using multi-wavelength data Preliminary 10N 20D o 10T ot a0 1F g
iS OnQOing e 10"1 1(;° ll‘)‘ 1t'>2 183 16‘ Sl

Energy [GeV]
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AGN Zoo: Monitoring Active Galactic Nuclei Cta

Mrk421, Mrk501, 1ES 1959+650, 1ES 0647+250, PG 1553+113, BL Lac

Mrk421: exhibits low flux variability

) . Source Observation date Redshift Observation time Detection
P and generally possesses a flux inferior to that of the Crab Nebula : before/after cut (h) significance (o*)

B, ;: Run-wise light curve (> 100 GeV) > ; g Mrk 421 2020 Dec. 12 - 2022 May 23  0.031 68.5/31.9 31

i : Mrk 501 2020 July 10 - 2022 June 29  0.034 67.2/39.7 21

3 o0s | < 1ES 1959+650 2020 July 11 - 2022 May 5 0.048 213/11.8 12

Boo| i . Crab Nebula Flux J L{o s 1ES 06474250 2020 Dec. 16 - 2020 Dec. 21 0.45+0.05 8,8/8.2 7

=0 5 E= i fmplp et 5 PG 1553+113 2021 Apr. 8-2022May 23  0.433 12.2/9.9 16
:Z | [} ! | £oh | Mrk421 Averaged Flux k ‘ AL

Distant VHE sources ES 0647+250 and PG 1553+113:
Effectively reconstructed a spectrum that seamlessly connects with the Fermi-LAT

© Preliminary observational data from the corresponding time period
Mrk501: 107 :
Tracked temporal Q N e 10 Preferred e Preferred
evolution of a E 1ES 0647+250 (z ~ 0.45) ) bol SESse= s s =
10 og-parabola i z=
0 . o
spectrum consisting 5 1o | 10 H | Il
of 11 blocks via the ] £ = i , i
. 3 1072 T v 4 + i
Bayesian block < block3 block7 ‘ § 00t b — ]
. block % block4 block8 & 1011 2 EEEE ==
algorithm 4 block1 T 4 blocks 4 block9 g 10 e g T TN
% block2 % blocks % block10 v FeHmpmaty g g0 LU [ LTI g X
107 5 10° ot 10+ T0° ot 10+ 10° 1ot 5 7 ik it Observed. mortel T — puriovenedmose t
Energy [TeV] Energy [TeV] Energy [TeV] Q1012 J;.T; ?:::irm[_:: ot %T o | 3 Z;T;Fr:mw
H  Joint-Fit Fermi-LAT \ = int-Fit Fermi-L
% oo et T | i iR
1071 block1 10-13 1013

1ES1959: 4 blocks, T 102 02 10 10° ey ™
fitted by ECPL + EBL /I*"‘K
absorption S

- Exceptional flares with intra-night variability
- Spectral variation over time

- Spectra reconstructed down to a few tens of GeV
Daniela Hadasch R The extreme Universe 2024 28
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Block 0: first 4 nights

E2dN/dE [erg / (cm? s)]
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Flat spectrum radio quasar: OP313 ( Cta

* Flat spectrum radio quasars (FSRQs): most powerful sources.
— Strong flux variability, but the flare mechanism is still unresolved.

— Only nine detected so far at very-high energies, likely due to internal absorption of
VHE gamma-ray photons within the source.

* OP313: high redshift z=0.997 (furthest blazar ever)—> gamma-ray
absorption by EBL —> challenging for the sensitivity of current-generation
Cherenkov telescopes

— First detection at VHE with the LST-1 in December 2023 (ATel #16381).

* This detection confirms outstanding sensitivity of LST-1 and capability to
perform exciting physics results!
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NASA/ESA

Transients

Fast slewing and low threshold of LST-1 suitable for observations of
transient sources from the beginning on.

30



GRB 221009A cta

O Low energy threshold is of primary importance also for transient observations (EBL
absorption). First regular follow-up started at the end 2020/beginning of 2021 :

75

- Several events observed so far (GRB, Nu and GW during 04) . — e [
- dedicated automatic procedure has been implemented and is being . . |

optimized o ) . o\
- Initial science already possible (hopefully not for long, with ULs...) o w2 e e e o @ w oue e

- Super-powerful GRB: Eis, ~ 2x105%4 erg @ z = 0.151
- Detected at ~100 GeV but not with IACT
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Summary: LST-1 & Early science ( Cta

* Present: LST-1 shows high science performance.
— We are doing high quality Galactic and Extra-galactic science with one telescope!

* Near Future: LST2-4 will provide even better sensitivity —> new exciting
scientific results to be expected in 2025!

* Future: Full Cherenkov Telescope Array will be the most sensitive
observatory ever at VHES!
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Summary: LST-1 & Early science ( Cta

* Present: LST-1 shows high science performance.
— We are doing high quality Galactic and extra-galactic science with one telescope!

* Near Future: LST2-4 will provide even better sensitivity —> new exciting
scientific results to be expected in 2025!

* Future: Full Cherenkov Telescope Array will be the most sensitive
observatory ever at VHES!

The future is bright,
but the present is already shiny!
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Thank you!

nnnnn

Daniela Hadasch
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