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CTAQ array configuration

 Construct “alpha configuration” at first
* Expand the array next

Northern site: La Palma, Spain (4 LSTs, 9 MSTs)

Large-Sized Telescope (LST)

Medium-Sized Telescope (MST)
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CTAO telescope

 New gamma-ray observatory under construction
« Compared to current telescopes,

- 10 times better sensitivity

- 10 times wider energy range: 20 GeV - 300 TeV
» We started LST-1 operation from 2018.

E? x Flux Sensitivity (erg cm? s

Telescope design

Energy | FoV [Diameter
[TeV] |[ded] [m]
0.02-3 45
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1-300 105 4.3

Differential Flux Sensitivity E’dN/dE (erg cm? s™)
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CTAD

" Galactic plane survey
CTAO SCI e n Ce SExcesscounts(o.o7-200Tev) e —

* Origin of cosmic rays
e Black hole and neutron star

 Dark matter search and
fundamental physics

Latitude [deg]
|
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High energy source population study
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CTAD

CTAO-north construction

Auqust 2024
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LST2-4 camera and
mirror installation:
2024 .12 - 2025.11




CTAD
CTA large-sized telescope (LST)

* 23 m diameter: over 400 m2

mirror area W 1855 PMTs
e e e | Fov~43°

 Targeting an energy threshold
~20 GeV

» Stereo observations at lowest
energy ever observed from
ground

[--1 COVID-19 lockdown

il i - sns| - Srwrspoven | More than
* Ability to reposition to any point = 9900 hours

In the sky within 20 seconds

1500 1

1000 1

 |deal for fast transients and
soft sources
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Accumulated observation time (h)
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AGN flare, GRB, pulsars,
Date 7




LST-1 performance

Angular resolution

Flux Sensitivity g
(zenith angle < 35 deg, 50 hours) S 04
o Energy range widened to lower % ZZ’
energy compared to MAGIC ;_'; 0‘1 _

g 0.0

= LST-1 (src-dependent)
= LST-1 (src-independent)

106 3

“/ LST-1 (src-dependent) - without 5% background
=aa |ST-1 (src-independent) - without 5% background
-~ MAGIC (Stereo) [Aleksic et al. 2016]
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Differential Sensitivity [% C.U.]
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LST-1 performance

Crab Nebula spectrum

e 34.2 hours of data with zenith < 35°

« Systematic errors: gray points
correspond to the effect of +1%

background

o Compatible with MAGIC and Fermi-LAT

LST + MAGIC joint observation

« Allow detection of 30%
(40%) lower fluxes than
MAGIC alone (LST-1 alone)

o Current best sensitivity at

dN/dE [erg cm=2 s71]

tens of GeV in northern IACT

A&A 680, AB6 (2023)
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10-11

----- Meyer et al. 2010
—— Model
— - LST-1 (Abe et al. 2023)

+ LST-1 + MAGIC

LST-1+MAGIC

MAGIC (Aleksi¢ et al. 2015)

== LST-1 + Fermi-LAT (Abe et al. 2023)
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Crab pulsar

Pulsars: highly magnetized neutron stars in rapid rotation

Gamma-ray classical models: MeV-GeV emission is due to synchro-
curvature radiation (cutoff at a few GeV)

« There is a possibility of Inverse Compton at higher energies

TeV gamma-ray pulsars observed so far

Vela Pulsar | TeV emission up to 20 TeV.

Crab Pulsar | p2 detected up to 1.5 TeV 2 components: 1) E <100 GeV 2) E > TeV
1single continuous component
= T P rofierran
i e e S.Ansoldi et al. (MAGIC (e L~ ‘ The H.E.S.S.
2 Fo—o-ro—o0—0s N o Collaboration et al.
t:E 101! = Nat Astron 7,
z|Z Y B 1341-1350 (2023).
L o
Wy 10712 ULJ -
w o™® ¥
1013 2 i
—o— Fermi-LAT P1 % B :y
—o— Fermi-LAT P2 W =
107 —e— MAGIC P1 \ \
—e— MAGIC P2
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Crab pulsar

LST-1 observation (103 hours, Zd < 50 deg)

e Clear detection down to ~20 GeV

304000[p1 doe rp—z‘] @ 30 Differential P1/P2 ratio
' , ['] ] <% Fermi-LAT
3030001 | 4 Tobs=103.6 h , g —— 4 LST1
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4  LST-1 points
~
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£ | i
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Crab pulsar

Pl
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£+ Fermi-LAT
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- MAGIC (Ansoldi et al. 2016)
MAGIC (Aleksic et al. 2012)
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Energy (GeV)

Bridgem SED
10_10' //"’___'___"\\
S
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N RN
NU) 10—11
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3 10712 *HQ(
S
Q
w -- LST-1 PWL model

—— Sub-Exponential Cutoff PWL model
Fermi-LAT

10721 & LST-1

<% MAGIC (Aleksic et al. 2014)

Smooth transition between Fermi-LAT
and LST-1 -> single e- population

SED follows Power Laws until 450 GeV in
P1 and 700 GeV in P2 -> IC scattering?

P1 SED steeper than P2 -> anisotropy of
pulsar wind?

Lack of statistics to identify cutoff for
bridge emission 12



MAGIC Collaboration (2020)

Geminga Pulsar

MAGIC Forward-fold

o Pulsar with steep VHE spectrum detected by LST-1  * MAGIC data

PL Exp Fit (B=1)

« Peak morphology and spectrum study is ongoing. T PLEe A<D

Energy [GeV]
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Detection of Nova RS Ophiuchi

Companion

'3$$t 1d

o°°°°°°¢¢$$

-10 L —— LST-1 best fit

¢® LST-1
¢ Fermi LAT

2| i r,EGSICS [=-42 + OSM

6o 0 © 0 ° o ?T?Y,YTYt=2d
\‘\6\%..
PRELIMINARY T= 365+o13\'\'\Lr :
S Ik T t=4d |
Too°°¢f??$YT
= 350+o15&1\” ]

1aaal 1 p1a gl 1 1 1 b a1l
107t 10° 10 102 103

Energy [GeV]

e recurrent symbiotic nova, d~2.69 kpc

 First detected recurrent nova in VHE gamma rays
by 2021 outburst (H.E.S.S. and MAGIC)

o LST-1 took part in the first VHE gamma-

ray detection with >~60 in each night

Novae established as new source
class at VHE gamma rays

o Spectra in each day shows

Power Law index -4.2 £ 0.3~ -3.5 £ 0.15
LST-1 reaches lower energy than MAGIC.

o Consistent between LST-1, MAGIC,

H.E.S.S., Fermi-LAT



Nova RS Ophiuchi modeling

Assuming a spherical shell structure
— Expansion velocity: vg, = 4500 km s

Hadronic model:

- pp->m’->2y

3 (+ o x|
— N~ 6 X108 cm3(t=3d) ‘/
Leptonic model S
— |IC of photons from the photosphere Outflow

— Uph ~0.14 erg cm3(t = 3 d)

Software: a developing version of JetSeT
Parameters are taken from MAGIC (2022)

Rep=Vsp x t

4—}Rshxh

15



Nova RS Oph

Hadronic scenario is favored.

1078

107°

10—10

[TeVcm~2s71]
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Angular Resolution [deg]

Large-zenith angle observation for
Galactic Center

LST-1 requires the large-zenith-angle technique to observe the Galactic
Center, leading to the enhanced collection area in the TeV regime.

Zenith Angle PRE R Zd = 68 deg
“Crererkor B . (Zd: Zenith distance)
light ; ' Zd = 58 deg
(L
E t
N
Cherenkov
light pool
“ e
- Zd = 62:2 deg: Az = 156j8 deg
—{— Zd = 67.6 deg, Az = 145.9 deg
0.20 102 : : :
1071 10° 10t 102
0.16 " True Energy [TeV]
optimal . . .
012l N atTeVs | +) increased collection area by an order of magnitude
I N SC e +) decreased image leakage (better reconstruction) at higher energy
= [4;21;;@31;@:2{*55;‘;;;;’16)‘~- " 7| -)performance very sensitive to Zd even within the field of view
0.041 o zq- ’58,0 deg, Az = 177',3 deg . .
mmeasma-wees oo oyl =) increased energy threshold from 0(10) GeV to 0(100) GeV or higher
0.00 T T T
101 10° 10! 102 7

True Energy [TeV]

17



Galactic Center

39-hour data in 2021/2022
after selection

Analysis is carried out
through a dedicated
special background
modeling.

Successful extended-
source observations

Sgr A*, SNR G0.9+0.1,
Ridge diffuse component
spatial/spectral
distributions are generally
aligned with previous
studies




AGN population study

» AGN constitute the most populous class of sources in the extragalactic

very-high-energy (VHE; E > 100 GeV) sky.

» Detecting more VHE AGN at different energies and distances is crucial for
a better understanding of their emission mechanisms.

CTA-North, E>50 GeV, 20.0h livetime

Bl Simulated sources: 1104
Omega configuration: 171
107 4 B Alpha configuration: 117

101 .

Source counts

10° A

0 1 2 3 4
Redshift

* CTAO will detect hundreds of AGN

* Long term monitoring program

* High quality spectra
* Follow up of GeV and TeV flares

Brown et al., PoS (ICRC2021) 887

CTA-South, E>100 GeV, 20.0h livetime

Bl Simulated sources: 909
102 4 Omega configuration: 209
mm Alpha configuration: 100

101 4

Source counts

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Redshift

* Extragalactic survey

*  Will provide blazar luminosity
function up to TeV energies

Sources with
known redshift
from 4LAC catalog
extrapolated with
power law and
EBL absorption

19



AGN zoo

* Using LST-1 commissioning data in 2020-2022, we analyzed specitral
variability of bright AGN: Mrk 421, Mrk 501, 1ES 1959+650, etc.

Mrk 421 Night-wise light curve
MIEEE T Preliminary 1 _ _
EN I | * Applied Bayesian block and the blocks
s ﬁ —H; . | ;ﬁ;'* were merged by checking spectrum
0591200 1 :519300 — 59400 59500 59600 1 5.97001 parameters Vary < 30—
Lo» ENErgy spectrain each state | 25 GeV « Fermi-LAT spectra simultaneous to LST-1
®LST-1 ow i
OFermiLaT | E mdion T observations show good agreement
® between both results
NE Lo-10 . . .
5 « LST-1 is highly sensitive to gamma-ray
" sources with time variation above 25 GeV
%10-1 for low-Zd observation
(LI\‘J high
L 4  post-flare .
Preliminary B flare Exceptional performance of
1072 -3 -1 01 -3 -1 H1 . .
P ket eyt AGN detection with LST-1

20

Measured gamma-ray peak without gaps




AGN zoo

Mrk 421 flare light curve

+ Flare on 2022-05-18 (0.91 hours data) .:. -

« ~3x brighter than Crab at > 100 GeV

* Doubling time scale: ~ 10 min.

Emission region size

R < Clvar®  &: Doppler factor
= 1—+Z’ z: redshift of the source

« Assuming d = 10-50, using
tvar~ 10 min., Z = 0031,

R <~0.2-1 x 10" cm

1.75 1

Flux / (cm2 s) for E > 100 GeV
o o = = =
3 G 3 o 3

o
N
Ul

T T (—
+ LST-1(>100GeV)
i

i
59200

le—-9

59300 59400

Preliminary

~~- Crab (MAGIC, JHEAp 2015)
i t rise, t_fall (mins) = 9.76 +- 5.35, 26.43 +- 9.25
4 Flux (run-wise/4 time bins)

Hint of shorter
timescale peaks
-> LST2-4 reveal

0.01

0.02

0.03
Time [mjd]

0.04 0.05
+5.97179¢4 21




BL Lacertae 22

Intermediate frequency peaked BL Lac at z = 0.069

Aug 9, 2021
Flare in 2021 July and August was detected. i -
8000 !
Energy spectrum down to ~30 GeV 2 ! Preliminary
© 6000 4 e i’
Intra-night variability with sub-hour-scale was g | oy TR
. © 4000 i '
detected up to 3-4 Crab unit. E | Nor=39645, Noy=28355
2 5000 | Nexcess=11290, S/N=39.8%
MWL spectrum study is ongoing. | Sgpifnecids
ol L , . ,
QG and Relativity tests are ongoing. T ahareares
le-9
3 0.1 1 10 100 1000 GeV 2.004{ —--- Crab (MAGIC, Aleksic et al. 2015)
3 4 run-wise %
Fermi-LAT 1.75 - <+ 5-min '
(12 hours) 1 Lsm T Prelimi —~+
10 4 #% (9.8 hours) < Lsoq reuminary | +
® +_+_ {-‘n - | T |
3 T S 125 } t +
b 8 |
5 8 1.001 _+_‘ ﬁ_ l
B i + !
3 Smooth connection 3 075 %.‘ <|L }Lﬁ 1| ~5min bin
1 to Fermi-LAT TT s . T3 1CU.
\ +
1 hour |
Preliminary 0.251 — R B, . .
10712 4 =20 0 20 40 60 80 100 120

1071 10° 10! 102 103 104 MJD (+59435) [minutes]
Enerav [GeV]



Discovery of AGN OP 313 at VHE gamma-rays

e Flat Spectrum Radio Quasar (FSRQ), Fermi-LAT

le-6

Redshift: z=0.997 © ,,[0.1-300 GeV E
5" ﬁiﬂ LST-1ToO
« Detected Dec. 2023 flare (ATel #16381) 5 ™| | %A
. . 5 ZZ #'Hﬂ* e % g ._;I*'‘+F§1—!—s-;-:‘f"'f"'£'I 'Hij P&ihﬂ_'_‘-}ﬁ‘
e Most distant AGN with ground-based =,
. = ; : 3. + N 1
VHE observation IR B T s **mw,wiﬁww
= , , ' _Hard-index state ,
e This shows excellent performance of LS[T[WD]
LST-1 for distant sources. 2000 )
Slpmflcance (Li&Ma)=4.7 o Slpnlflcance (Li&Ma)=8.6 o
. . i 10-50 GeV * 50-100 GeV
e Study of spectrum and EBL is ongoing. 1000 | 114 i |
2 I it bt by b 'H * I*H* H*I} * *.
S o T ey T T" 'T It *TT it
First detection of VHE gamma-ray emission from FSRQ [l ! ' bbb { 1} {
OP 313 with LST-1 2 200 ————Preliminary ———
. . 8 Sllpnmcance (Li&kMa)=8.7 o Slpnlflcance (Li&Ma)=0.3 o
ATel #16381; Juan Cortina (CIEMAT) for the CTAO LST collaboration Q * *, 100-250 GeV ! 250-500 GeV
on 15 Dec 2023; 14:31 UT i 10004 i | 1
Credential Certification: Juan Cortina (Juan.Cortina@ciemat.es) # i ** + :
| | o LTy " m i, 1H Lo st postanst
Subjects: Gamma Ray, >GeV, TeV, VHE, Request for Observations, AGN, Blazar, Quasar : i f+1' ”H 1 h IP e e

X Post T T T T T T T
0.0 0.1 0.2 0.3 0.4 0. 0 0.1 0.2 0.3 04

The Large-Sized Telescope (LST-1) on La Palma has been monitoring the very distant Flat 92 [deg2] 23




GRB221009A (BOAT)

The BOAT GRB in Context

. Extremely bright GRB (Brightest Of All Time) ~ e
» Redshift z =0.151 (724 Mpc)
* Ey,is0 = 1.0 x 10%% erg

* Once-in-a-10,000-year event

Count rate
(miltions of

TeV observation

J.D. Mbarubucyeye et al. (ICRC2023)

LHAASO Collaboration (2023)

107°F LHASSO data: first segment, (0.3-5 TeV) @ =2.3 ]

+
105 + LHASSO data: 1-5 TeV, a =2.3
E +  XRT, auto (0.3-10 keV)
C A 4+ XRT, refit (0.3--10 keV)
- L] 10-5} #  H.E.S.S. published (0.65--10 TeV) a=2.0
10% H.E.S.S. (1--5 TeV) a=2.0
E ol & HAWC (1-5TeV) a = 2.0
= r 1
o 7 [ Nm 7
107 o 1077F
50 ¢ : '
5 E ’ )
Q"-lm’a E % 10-° I
w F 3 I ?
3 amB2t00on = K .%
9| o .
S0 —e— 230:300s: Inrnsic 5 brea )1l
W E & 1011} $-
 —— 300-900s: Intrinsic
-10
10 230-300s: Observed
300-900s: Observed 1013} GRB 221009A
1071k L T | L Lol
107‘ 1 10 L 11 I i L1 L L I ERRT
Energy (TeV) 100 107 102 103 10% 10° 10° 107

Time since Ty [s]

Detection up to 13 TeV by Break in LHAASO lightcurve suggests
LHAASO experiment a jetbreak

= Emission at >10°> s comes from 24
outer component of the jet?



Structured Jet Model

« Structured jet models are widely discussed to explain MWL data of
GRB221009A
* Narrow core + wide wing

- Interesting comparison with GW/GRB 170817A b el (b2
(Explained by off-axis structured jet) ol

+ 97.5GHz x107 {10
- 158GHz x10™*
+ 5GHz x107°
+ 13GHz x10"

B. T. Zhang et al. (2023; arXiv) o

4 0.1-100GeV, Fermi-LAT (x10-?) 10°p
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Latetime TeV observations provide clues to test
different structured jet models
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e LST-1 observation:
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o Tested structured jet models
« Disfavor the model by Zheng+24

« Models by Zhang+23 and Ren+24
reproduce well LST-1 observation

* Ren+24: Latetime TeV emission from

inner jet dominates

« Zhang+23: Latetime TeV emission from

outer jet dominates
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Summary

CTAO is new gamma-ray observatory being constructed.

LST-north construction is ongoing and LST-1 is operating, with a tens of
GeV energy threshold and a fast follow-up capability of 20 sec.

Geminga pulsar: significant detection of soft spectrum source

Nova RS Ophiuchi: LST-1 took part in the first VHE gamma-ray detection
with >~60 in each night

Galactic center: successful extended-source observation

AGN zoo: highly sensitive to gamma-ray sources with time variation
Blazar BL Lacertae: Flux variability with sub-hour-scale is observed.
Observed FSRQ OP 313 (most distant AGN for ground VHE observation)

Observing GRB following burst alerts
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