
LST-Galactic Science

Pol Bordas

1

1st VHEGAM meeting, Bologna, 15/01/2024



The LST-1 prototype
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- LST is the Large-sized Telescope, a part of the 
Cherenkov Telescope Array Observatory (CTAO), 
the facility for Very High Energy gamma-ray 
astrophysics in the next decades  

- LST-1 inaugurated in 2018, with >1400 h of 
observation taken from Jan. 2020 - June 2023 
during its commissioning 

- LST-1 performance paper already out (CTA-LST 
Project, Abe et al. 2023), demonstrating the 
unique capabilities of the instrument

Daniel Mazin ICRC2023, Nagoya, July 26 - Aug 3, 2023

The LSTs
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Credit Tomohiro Inada

Daniel Mazin ICRC2023, Nagoya, July 26 - Aug 3, 2023

Telescope Performance: Crab

8

muon ring matching optical throughput flux sensitivity

Crab nebula SED Crab pulsar phaseogram

submitted to ApJ, arxiv:2306.12960 CTA-LST Project, Abe et al. (2023). Adapted from Mazin+ (ICRC 2023)

Credits: Tomohiro Inada



LST Galactic Working Group
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- Currently about 89 members in the group (caveat: taken from mailing list) 
- Despite significant fraction is “involved" we need more humanpower !
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Ongoing Projects section 
with summary & links to  

dedicated TG wikis

LST-GAL Publications 
both accepted papers  

and conference contributions 

LST-GAL meetings 
regular telecons + links to 

other/any GAL-related meetings

New projects to come 

data available for yet ~unexplored  
novae, γBs, μQs, PSRs, XRBs, PWNe

mailing lists & Slack channels 
(including GAL transients)

LST Galactic WG projects

https://www.lst1.iac.es/wiki/index.php/Galactic_Working_Group
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Ongoing Projects section 
with summary & links to  

dedicated TG wikis

LST-GAL Publications 
both accepted papers  

and conference contributions

LST-GAL meetings 
regular telecons + links to 

other/any GAL-related meetings

New projects to come 

Cycle II coming soon

mailing lists & Slack channels 
(including GAL transients)

LST Galactic WG projects



LST as a PSRs and Transients Machine

6

CTAO-N Performance
• LSTs dominate CTAO sensitivity 

below 150 GeV

• Ideal for fast transients and soft 
sources

cherenkov 
telescope 
array

4

LSTs Dominate

Required LST Energy Range

- LST will dominate CTAO sensitivity below ~150 GeV 
- Low E-threshold (~20 GeV), large Aeff, fast repositioning… 
- Ideal instrument for fast transients and spectrally soft sources

SST ⌀4 m

Alessandro Carosi SAIT - 2023/05/17

The LST-1 Prototype

❏ Low energy threshold (down to ~20 GeV)
❏ Large effective area at multi-GeV range

          ( ~ 104 x Fermi-LAT @ ~ some mins. timescale)
❏ Fast slewing capabilities (~20 s/1800 in azimuth)

LST “sweet range” 
(CTA sensitivity dominated by LSTs)

GRB, GWs….

~104

- Camera: 1855 PMTs, FoV ~ 4.3°
- Parabolic mirror: 23 m, 400 m²
- Focal length: 28 m
- Moving weight: ~100 tons
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- Moving weight: ~100 tons



Pulsars at VHEs wit the LST-1
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LST-1 observations of the Crab and Geminga PSRs
See dedicated talk by G. Brunelli

- About 300 PSRs 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 PSRs detected so far with IACTs: 
The Crab, Vela, Geminga, and PSR B1706 

- The origin the gamma-ray emission at VHEs 
in PSRs is still not clear (e.g “polar cap”, “slot 
gap”or “outer gap” models) 

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

High Energy Pulsars

2

● ~ Almost 300 pulsars have been detected by 
Fermi-LAT 

Second Fermi Large Area Telescope 
catalog of gamma-ray pulsars

● Their spectra usually follow a power law (PL) with 
exponential cutoff at a few GeV.         

● But some of them deviate from the exp.-cutoffs, 
showing a PL spectral tail that extends up to 
hundreds of GeV (and even up to TeV)!

Particle acceleration and models of 
emission at VHE are still not clear

Credit: Alice K. Harding 

High Energy Pulsars
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Pulsars at VHEs wit the LST-1
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LST-1 observations of the Crab
- Observed during LST-1 commissioning (Sep. 2020 - Jan. 2023)  
- Time after quality cuts: ~103h for Zd < 50deg Crab Pulsar results: Phaseogram

9

zd < 50 deg

P1 + P2 detected at 15σ in 100h!

Preliminary



Pulsars at VHEs wit the LST-1
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LST-1 observations of the Crab
- Observed during LST-1 commissioning (Sep. 2020 - Jan. 2023)  
- Time after quality cuts: ~103h for Zd < 50deg Crab Pulsar results: Phaseogram
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zd < 50 deg

P1 + P2 detected at 15σ in 100h!

Preliminary

Crab Pulsar results: Phaseogram
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zd < 50 degPreliminary

Preliminary Preliminary Preliminary



Pulsars at VHEs wit the LST-1
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LST-1 observations of the Crab
- SED displaying a PL shape up to 450 GeV for P1 and 700 GeV for P2 

(Confirms MAGIC results > 500 GeV) 
- Syst. uncertainties in spectral indices: ~10% and ~5% for P1 and P2.  

Crab Pulsar results: SED 

11

● SED follows Power Laws up to 450 GeV in P1 and 700 GeV in P2.
● Confirms MAGIC results >500 GeV
● Systematic uncertainties in spectral index of ~10% for P1 and ~5% for P2

P1

P2

P1 + P2

Preliminary

Preliminary

Preliminary

Crab Pulsar results: SED 

11

● SED follows Power Laws up to 450 GeV in P1 and 700 GeV in P2.
● Confirms MAGIC results >500 GeV
● Systematic uncertainties in spectral index of ~10% for P1 and ~5% for P2

P1

P2

P1 + P2

Preliminary

Preliminary

Preliminary

Crab Pulsar results: SED 

11

● SED follows Power Laws up to 450 GeV in P1 and 700 GeV in P2.
● Confirms MAGIC results >500 GeV
● Systematic uncertainties in spectral index of ~10% for P1 and ~5% for P2

P1

P2

P1 + P2

Preliminary

Preliminary

Preliminary



Pulsars at VHEs wit the LST-1
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LST-1 observations of the Crab
- Dedicated LAT analysis (13 yrs) ⇒ smooth transition with LST-1 
- Joint fit: preference for a smooth Broken PL model ⇒ PL extension at VHEsCrab Pulsar results: Fermi-LAT + LST-1 SED 
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P1

Preference towards Smooth Broken Power Law model: confirms PL extension at VHE

𝞪2~ -3.3

𝞪1 ~ -2.0𝞪1 ~ -1.8

𝞪2~ -4.4

P2

Preliminary Preliminary

Crab Pulsar results: Fermi-LAT + LST-1 SED 

13

Model 2: 
SmoothBrokenPL

Model 1: PL with 
SubExponential cutoff

P1 P2

Preliminary Preliminary

Crab Pulsar results: Fermi-LAT + LST-1 SED 
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Model 2: 
SmoothBrokenPL

Model 1: PL with 
SubExponential cutoff

P1 P2

Preliminary Preliminary

<



Pulsars at VHEs wit the LST-1

12

LST-1 observations of Geminga
- Second PSR observed with the LST-1 (Dec. 2022 - March 2023)  
- Time after quality cuts: ~21h for Zd < 20deg 

15

Geminga Pulsar results: Phaseogram

P2 detected at 8σ in 21h!

Preliminary



Pulsars at VHEs wit the LST-1
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LST-1 observations of Geminga
- Second PSR observed with the LST-1 (Dec. 2022 - March 2023)  
- Time after quality cuts: ~21h for Zd < 20deg 

16

Geminga Pulsar results: Phaseogram

Outstanding 
performance of the 
LST-1 telescope! 

Preliminary

Preliminary Preliminary Preliminary



LST-1 view on Galactic Transients
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- LST-1 is designed for the discovery of new Galactic Transient sources @ VHEs 
- A dedicated Galactic ToO Program has been set since 2023, in which the trigger 

conditions to observe a number of Galactic Transients is defined 

- Novae explosions: the first nova @ VHEs, RS Oph, detected with LST-1, 
prompting for the discovery of more recurrent symbiotic novae and to detect 
for the first time, classical novae. Trigger based on Fermi-LAT and/or bright 
optical novae (mag <7) 

- Microquasars: two MQs have detected at HE gamma-rays: Cygnus X-1 and 
Cygnus X-3. No emission from a MQ has been detected in the VHE (except 
interaction regions in SS433; see also HAWC claims on V4641) LST-1 will trigger 
on other MQs that show non-thermal transient emission, both based on 
Fermi-LAT or radio/X-ray alerts 

- gamma-ray binaries: gamma-ray binaries display periodic emission. However, 
they can show energetic outbursts, connected to clumps in the circumstellar 
disc of the star, e.g. in LS I +61 303 or HESS J0632+057. Some flaring could even 
be connected to magnetar-like events, as in LS I +61 303 



LST Galactic ToO Program
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- Magnetars: in 2020 a FRB was associated with a known source,SGR 1935+2154. 
Magnetars can display different kinds of outburst, which might lead to VHE 
emission. LST-1 aims at discovering for the first time VHE emission from a 
magnetar, triggering on external radio, X-ray or Fermi-LAT alerts.  

- Supernovae: SNe are among the most violent events in the Galaxy. LST-1 will 
trigger on Type II SNe (collapse of a massive star), in nearby SNe, ideally at <3 
Mpc, and on those with neutrino alerts. The aim is to discover the VHE 
counterpart of SNe for the first time. 

- Flares from PWNe: the Crab Nebula has been proven to emit flaring emission 
in the HE regime. However, no variability has been yet reported at VHEs. LST1 
will closely follow these flares at low energies, aiming at catching the 
synchroton tail for these flares 

- Stellar superlares: Some M-dwarf stars have been found to emit superflares 
in hard X-rays. LST-1 will perform observations of superflares of young and 
nearby M-dwarf stars, as reported by X-ray satellites  

- Other unexpected Transients: LST-1 is open also to trigger on other 
serendipitous Galactic transients of unknown nature or with a different 
nature not included in the “classic" list of transients. 



LST Galactic ToO Program
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LST-1 observations of SN 2023 ixf 

- Discovered on May 17th 2023 by K. Itagaki (TNS#178084) 
- Type II SN: core-collapse of massive star + shock-driven shell expansion  
- Mag 14.9 => SN 2023ixf the second brightest SN after SN 1987A 
- Located in M101, with redshift = 0.000804 => distance ~6.4 Mpc => closest core-

collapse SN (type II) in the last decades ! SNe classification

SN2023ixf

Core-collapse SNe

binary core-collapse

Credit: Heloise F. Stevance

Type II supernovae are associated with the core collapse of a massive star together with a shock-driven expansion of a 
luminous shell which leaves behind a rapidly rotating neutron star or a black hole  

SNe classification

SN2023ixf

Core-collapse SNe

binary core-collapse

Credit: Heloise F. Stevance

Type II supernovae are associated with the core collapse of a massive star together with a shock-driven expansion of a 
luminous shell which leaves behind a rapidly rotating neutron star or a black hole  

SNe classification
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Type II supernovae are associated with the core collapse of a massive star together with a shock-driven expansion of a 
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SN2023ixf

Core-collapse SNe

binary core-collapse

Credit: Heloise F. Stevance

Type II supernovae are associated with the core collapse of a massive star together with a shock-driven expansion of a 
luminous shell which leaves behind a rapidly rotating neutron star or a black hole  

• SN 2023 ixf is a excellent candidate to test SNe scenarios at VHE  

• Best type II CCSNe target that we have ever had 
• 2nd brighest SNe in the last few decade 
• Closest SN since SN1987A 

• Coordinated MAGIC+LST observations since optical discovery 
•  MAGIC (and LST-1) performed an extensive coordinated follow-up campaign  

covering the rising, peaking and plateau phase of the optical LC. No detection achieved  

•  ULs might help in constraining VHE emitting scenario for these type of objects.  
• Contacts with theory groups are already in place to model the source.  

 

• Plan:  
• Draft presenting the MAGIC + LST-1 results has been started (timeline for V1: end of the year) 
• Final analysis on-going  

SN 2023ixf: conclusions

Loran Hughes

For analysis & joint results check:

G. Pirola’s presentation  
@LST & MAGIC, Friday Nov 10

#lst-galactic-transients 



LST Galactic ToO Program
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LST-1 observations of SN 2023 ixf 

- Type II can be site of efficient particle acceleration (Murase et al. 2011, Bell et al. 
2013, Cristofari et al. 2022, Brose et al. 2022).  

- If hadrons are accelerated, they can interact with the CCSN surrounding medium 
to produce gamma-rays in the multi-TeV range 

• CCSNe (type II) can fulfil the right conditions for CR acceleration (Katz et al. 2011; Murase et al. 2011; Bell et al. 2013, Cristofari et al. 2022, Brose 
et al. 2022) 
• VHE emission is expected but the gamma-ray signal can be attenuated in the first days and can rise again about 5-10 days later and even show enhanced emission 

~20-30 days later

CCSNe as TeV candidates

Brose et al. 2022

Promising target for VHE observation with next generation IACT at 
>10 days from explosion when the temperature and luminosity of the 
photosphere start to drop  

Type IIP

Type IIP
Cristofari et al. 2022

Type IIn

Adapted from Brose et al. 2022

SNe: a bit of theory

Slide from A. Carosi, MAGIC 20 years 



LST Galactic ToO Program
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LST-1 observations of SN 2023 ixf 

- LST-1 observations joint with MAGIC 
starting on May 20th 2023, lasting for 
about 1 month 

- MAGIC+LST performed an extensive 
coordinated follow-up campaign 
covering the rise, peak and plateau 
state of the optical LC 

- Analysis of the data set still ongoing, 
report should be ready in the next 
weeks (but can take some time to 
become public…stay tuned!) 

LST1 (+MAGIC) observations

MAGIC and LST1 observations

dark NSB (extra_dim_in_noise_pixel <3.5)

moon NSB (extra_dim_in_noise_pixel >3.5)

joint LST-1 only MAGIC only

Time 15.3h

joint LST-1 only

Time 3.7h

joint 

Time 41.6h

joint LST-1 only MAGIC only

Time 5.5h

joint LST-1 only

Time 3.1h

joint

Time 33.7h

joint LST-1 only MAGIC only

Time 9.8h

joint LST-1 only

Time 0.6

joint

Time 7.9h

*last night of joint obs. (07/09/2023) not included
PRELIMINARY



LST Galactic ToO Program
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LST-1 observations of SGR 1935+2154 
 
 

- SGR 1935 is a Galactic Magnetar in the SNR 
G57.2+0.8 with Soft Gamma Repeater activity 

- In April 28th 2020 a burst was reported in 
coincidence with a FRB from SGR 1935  
=> FRBs can be produced magnetars !  

- Can TeV emission be expected during known SGR 
activity, both persistent and/or transient? 

- UULLs on persistent emission for SGR 1935 during 
high-activity periods: at GeVs with LAT (Li et al. 
2017, and at VHEs with H.E.S.S. (Abdalla+ 2011) 

- Studies for short-term bursts @ VHEs still lacking 
(and being addressed with LST-1 + MAGIC) 

Bursts	from	a	magnetar,	ar9st’s	concep9on;	
Credits:	NASA’s	Goddard	Space	Flight	Center

Composite	image	of	SNR	G57.2+0.8	(red,	
radio	band),	SGR	1935	(blue	source	in	the	
center),	and	nearby	molecular	clouds	
(green),	from	Zhou	et	al.	2020)

See dedicated talk by G. Panebianco



LST Galactic ToO Program
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LST-1 observations of SGR 1935+2154

SGR1935+2154 Known Burst History

2023/11/08 4

September 2021 -> November 2021

July 2021 -> September 2021June 2020 -> July 2021

November 2021 -> December 2022

SGR1935+2154 Known Burst History

2023/11/08 4

September 2021 -> November 2021

July 2021 -> September 2021June 2020 -> July 2021

November 2021 -> December 2022

SGR1935+2154 Known Burst History

2023/11/08 4

September 2021 -> November 2021

July 2021 -> September 2021June 2020 -> July 2021

November 2021 -> December 2022

SGR1935+2154 Known Burst History

2023/11/08 4

September 2021 -> November 2021

July 2021 -> September 2021June 2020 -> July 2021

November 2021 -> December 2022

- 25h of good quality data on SGR 1935 taken with the LST-1 in 2021 and 2022 
- Joint campaign with MAGIC (which collected >100h from 2020 - 2022) 
- MWL coverage:  

- Retrieved contemporaneous bursts listed in ATels, GCN’s etc. 
- > 150 alerts from June 2020 to December 2022SGR1935+2154 Known Burst History

2023/11/08 5

Zoom on July 6th, 2021 observations

Alert T0 Telescope run

2021-07-07 00:33:31.600 LST-1 5163

2021-09-10 23:40:34.460 LST-1 6204

2021-09-11 22:51:41.600 LST-1 6223

2021-09-11 23:55:45.872 LST-1 6226

2021-09-12 00:34:37.450 LST-1 6228

2021-09-12 22:16:36.200 LST-1 6245

2021-09-13 00:27:25.200 LST-1 6251

2022-10-15 20:26:14.000 MAGIC 2005793

Bursts simultaneous
to observations

This alert has spectral analysis… others only T0

- 7 bursts coincident  
with LST-1 observations 

- 1 burst for MAGIC

PRELIMINARY



LST Galactic ToO Program
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LST-1 observations of SGR 1935+2154
- Search for persistent emission Persistent emission analysis

2023/11/08 7

x13 Nightly SEDs (≈2h): one for each LST-1 observation night

Products equivalent to HESS ones (Abdalla & al., 2021)

Analysis performed during a visiting at IAA-CSIC, 
Granada (ES). Host: Rubén López-Coto.

Funded by Marco Polo program (University of Bologna)

- First results do not show any 
significant signal for the steady 
emission from SGR 1935 

- UULLs placed both using the 
whole (stacked) data set as well 
as on a nightly basis (13 nights)

PRELIMINARY

See dedicated talk 
by G. Panebianco



Novae at VHEs wit the LST-1
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LST-1 observations of RS Ophiuchi

- RS Oph: symbiotic binary composed of a 
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 Oph 

RS Ophiuchi (RS Oph)

Credit: David A.Hardy/ www.astroart.org & PPARC.  

• Symbiotic binary at ! ∼ 2.45	kpc
– White dwarf and red giant star

• Recurrent nova outbursts every 
~ 15 years
– Recurrent nova

• Nova: 
– Thermonuclear runaway explosion at 

the surface of a white dwarf in a 
binary system

• August 2021, RS Oph outburst: the 
first detection of a nova at VHEs 
(H.E.S.S. Collaboration 2022, Acciari et al. 2022)

2

Credit: David A.Hardy/ www.astroart.org & PPARC.  

Date (YYYY-MM-DD) T-T0 (days) Zenith range (deg) Transmission 9km (%) Observation time (h)
2021-08-09 0.97 36-43 > 90 1.43
2021-08-10 1.97 36-60 > 90 2.68
2021-08-12 3.97 36-56 > 90 2.24
2021-08-13 4.99 37-55 15 - 90
2021-08-14 5.97 36-46 65
2021-08-15 7.03 42-57 55
2021-08-29 21.01 46-59 > 80 0.97
2021-08-30 21.97 40-58 > 80 1.52
2021-09-01 24.05 57-65 > 90 0.32
2021-09-02 24.98 42-58 > 90 1.27

• LST-1 observed RS Oph outburst in 2021
– Observations affected by calima, moon & scheduling of other sources

Observation table

After moon 
break

Bad atmospheric 
transmission

Right after 
outburst

T0 = 59434.93 MJD

* MAGIC LIDAR measurements 3
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LST-1 observations of RS Ophiuchi

- t_obs = 6.5h accumulated in the first 3 nights of the outburst 
- 12 σ detection for the 3 nights combined, 6 - 8 σ each nightDaily SEDs

8

date Φ [10-10 TeV-1 cm-2 s-1] @ 130 GeV PL index
20210809 3.3 ± 1.1 4.1 ± 0.2

20210810 4.8 ± 0.9 3.6 ± 0.1

20210812 5.4 ± 0.9 3.4± 0.1

- Consistent with   
H.E.S.S./MAGIC

- Hint of hardening

Daily SEDs

8

date Φ [10-10 TeV-1 cm-2 s-1] @ 130 GeV PL index
20210809 3.3 ± 1.1 4.1 ± 0.2

20210810 4.8 ± 0.9 3.6 ± 0.1

20210812 5.4 ± 0.9 3.4± 0.1

- Consistent with   
H.E.S.S./MAGIC

- Hint of hardening
SEDs consistent with  
MAGIC and H.E.S.S.

PRELIMINARY
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LST-1 observations of 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 (AIChad = 95.6, AIC_lep = 128.8)

• The hadronic model is preferred 
over the leptonic one
– Hadronic: Total* AIC = 95.6
– Leptonic: Total AIC = 128.8

• The reduced chi-square is large 
for both models 
(~ 1.6 and 2.2, respectively)

• Important differences between 
MAGIC and HESS

8

Hadronic vs. leptonic modelling

Total AIC: Akaike information criterion (AIC) value obtained sums up of all the observations days fit results

11

Model fit results

• The injected proton spectrum
– Softening of the proton-spectrum 

slope 
– Increase of the cutoff energy from 

230 GeV to 1000 GeV

Proton acceleration up to TeV

• The injected electron spectrum
– Ad hoc spectral break to explain 

the curvature of the (-ray SED
– Very soft and unphysical slope

PRELIMINARY

PRELIMINARY
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Novae follow-up with LST 

- Can LST-1 (or the full LST array) detect more novae (T CrB, classical novae)? 
- very different γ-ray emission among different systems 
- LST sensitivities computed using either classical (LAT) or RS Oph spectra

• Can LST-1 and the 4LSTs 
detect more novae ?
– T CrB ? (see next talk by David)
– Classical novae ?

• Very different !-ray emission 
among the different systems

• LST sensitivities computed 
without the 5% bkg condition
– Non and Noff corrected by the 

sensitivity integrated time

12

Detectability studies
PRELIMINARY
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Next nova: T CrB
- ~3x closer => 9 times brighter than RS Oph; RG and WD about 2x closer 
- showing same behaviour now as in previous eruption in 1946 
- predictions by Schaefer et al.: estimate eruption by February - August 2024 
- LST-1 + MAGIC + XMM + NuSTAR + CAHA + Liverpool + IXPE + …

What is T CrB?

• T CrB is a recurrent symbiotic novae very 
similar to RS Oph


• Few key difference:


• ~3x closer = ~9x brighter


• RG and WD around 2x closer to each 
other

4

Parameter RS Oph T CrB

Shock Speed ~4000 km/s ~4500 km/s

Distance 2.69 kpc 0.91 kpc
Peak Magnitude  

(V band) ~5 ~2

Binary Seperation 2 au 1 au
Time between 

bursts ~15 years ~80 years

Hα and Hβ lines

Higher element lines:

N, O, Mg, Si, Fe… 

Before the Munich Meeting
When is T CrB?

• T CrB is showing same behavior now as 
previous eruption in 1946


• Plateau period which started in 2016


• Two current estimates:


• 2023.6 ± 1 (Schaefer, https://
ui.adsabs.harvard.edu/abs/
2019AAS...23412207S/abstract)


• Also predicted RS Oph (2021±6) 
and U Sco (2020.7±1.6)


• 2026 ± 3 (Luna, https://
ui.adsabs.harvard.edu/abs/
2020ApJ...902L..14L/abstract)

5

adapted from Schaefer (2019)
compiled by D. Green
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Next nova: T CrB
- Stellar interferometry with IACTs (Dravins et al. 2013) can provide critical 

information on the star photosphere: stellar sizes, asymmetries, time evolution… 

- If MAGIC+LST SII system is ready for outburst (being worked on!), SII data will be 
taken on the first few days (only about ~20 min needed for SII)

ensure that we can run an o✏ine data analysis when we are not taking data, specifically for calculation
crosschecks and to extract images out of the correlation arrays.

We have recently purchased the elements to build a test correlator with only four channels. The F-Machine is
made of two computers each with a 2-channel digitizer, and a computer for the X-Machine. All three computers
are Supermicro AS-2014CS-TR (AMD ROME 7352 DP/UP 24C/48T processor, SSDs, PCIe4 bus). We have
selected GPUs Nvidia Ampere A100. The three computers are linked with a Mellanox MQM8790-HS2F 40-port
Infiniband switch (200Gbit/s maximum bidirectional data rate), a Mellanox card MCX653106A-HDAT-SP in
each computer and optical fibers. We are currently setting up the correlator for a lab performance test.

If the test correlator performs successfully more computers can later be added to the F-Machine. The digitizer
may in fact be upgraded to a new version of the same company with 1 GSPs sampling. We are actually planning
to apply this correlator concept to the CTA LSTs that we are discussing below.

4.2 Extending the interferometer to the LSTs

CTA8 will consist of two arrays of IACTs at the northern and southern hemispheres. With its large number of
telescopes and di↵erent baselines, equipping CTA for intensity interferometry will deliver a significant increase in
performance respect to the current IACT arrays (see for instance section 14.3 of reference8 for some of its scientific
goals). However there is no well defined timeline or specific technical solution for the CTA interferometer.

Figure 8. Expected error in the measurement of the diameter of a star with the diameter and declination of � Crv as
a function of its magnitude for the two MAGIC telescope interferometer, a second interferometer consisting of the two
MAGIC telescopes and the already existing LST-1 and a third interferometer incorporating the two MAGIC telescopes
and the four LSTs that will be built at ORM in La Palma. The simulated total observing time across a single night
is 140 minutes. Error bars are the resulting 1-sigma dispersion of 100 simulated iterations, while the dashed lines show
the linear trend of the relative error that would be achieved under dark-sky conditions (negligible night-sky background
contribution).

The primary mirrors of the CTA IACTs will be of three di↵erent sizes, optimized for di↵erent �-ray energy
ranges. The proposed sub-arrays of four Large-Sized Telescopes (LST17) at CTA-North and CTA-South should
be equipped with the largest mirror area (roughly 400 m2). The team within CTA responsible for the development
of the LST is the LST international collaboration. This collaboration completed the design of the telescope in
2015 and finished the hardware installation of a full-size prototype (LST-1) at the CTA-North site at ORM in
2018, at a distance of around 100 m from the MAGIC telescopes. It is completing its software integration and

from Cortina et al. (2022)

correlations of Gaussian variates to products of their lower-order
correlations (described in detail by Mandel and Wolf [76]). It is
then possible to show [64] that, for linearly polarized light:

hI1ðtÞI2ðtÞi ¼ hI1ihI2ið1þ jc12j
2Þ ð3Þ

where c12 is the mutual coherence function of light between loca-
tions 1 and 2, the quantity measured in ordinary amplitude
interferometers.

Defining the intensity fluctuations DI as:

DI1ðtÞ ¼ I1ðtÞ % hI1i DI2ðtÞ ¼ I2ðtÞ % hI2i;

one obtains:

hDI1ðtÞDI2ðtÞi ¼ hI1ihI2ijc12j
2; ð4Þ

since hDIi ¼ 0.
An intensity interferometer thus measures jc12j

2 with a certain
electronic time resolution. This quantity remains positive irrespec-
tive of atmospheric or optical disturbances although – since realis-
tic time resolutions do not reach down to optical coherence times –
it may get strongly diluted relative to the full value it would have
had in the case of a hypothetical ‘perfect’ temporal resolution
(shorter than the light-wave period). For realistic values of nano-
seconds, this dilution typically amounts to several orders of magni-
tude and thus the directly measurable excess correlation becomes
quite small. This is the reason why very precise photon statistics
are required, implying large flux collectors.

3. Optical aperture synthesis

The original intensity interferometer at Narrabri used two tele-
scopes, movable on railroad tracks, which could be positioned at
different separations r, to deduce angular sizes of stars from the
observed function jc12ðrÞj

2, analogous to what can be measured
with a two-element amplitude interferometer. Systems with
multiple telescopes and different baselines (Fig. 1) enable corre-
spondingly more complete image reconstructions. Techniques for
interferometric imaging and aperture synthesis were first

developed for radio telescopes [111,112], but have since been elab-
orated also for the optical [34,64,80,100]. Here we recall the basics.

The separation vector between a pair of telescopes in a plane
perpendicular to the line of observation, the ðu;vÞ-plane, is
r1 % r2, so that for an optical wavelength k; r1 % r2 ¼ ðuk;vkÞ. If
the telescopes are not in such a plane, also a third coordinate en-
ters: the time-delay w for the propagation of light along the line
of sight to the source; r1 % r2 ¼ ðuk;vk;wÞ.

With the angular coordinate positions of the target ðl;mÞ, one
can deduce the following expression for the correlation function
C12 ¼ hEðr1ÞE&ðr2Þi:

Cðu; vÞ ¼
ZZ

Iðl;mÞe%2piðulþvmÞdldm: ð5Þ

This equation represents the van Cittert–Zernike theorem,
equating the quantity measured by an [amplitude] interferometer
for a given baseline to a component of the Fourier transform of the
surface intensity distribution of the source. This Fourier transform
can be inverted:

Imðl;mÞ ¼
ZZ

Vðu;vÞe2piðulþvmÞdudv ; ð6Þ

where Vðu;vÞ equals the normalized value of cðu;vÞ. Thus, by using
multiple separations and orientations of interferometric pairs of
telescopes, one can sample the ðu;vÞ-plane and reconstruct the
source image with a resolution equal to that of a telescope with a
diameter of the longest baseline. This is the technique of aperture
synthesis.

In intensity interferometry, however, an additional complica-
tion enters in that the correlation function for the electric field,
c12, is not measured directly, but only the square of its modulus,
jc12j

2. Since this does not preserve phase information, the direct
inversion of the above equation is not possible.

This limitation will be removed in intensity interferometry car-
ried out with larger telescope arrays. For CTA, with some 50 or
more elements, the possible number of baselines between tele-
scope pairs becomes enormous; N telescopes can form
NðN % 1Þ=2 baselines, reaching numbers in the thousands (even if
possibly periodic telescope locations might make several of them
redundant). Since such telescopes are fixed on the ground, the pro-
jected baselines trace out curves in the ðu;vÞ-plane, as a source
moves across the sky. With proper signal handling, all successive
measures of jc12j

2 can be allocated to their specific ðu;vÞ-coordi-
nates, producing a highly filled ðu;vÞ-plane, with a superior cover-
age of projected orientations across the source image. As will be
discussed below, such complete data coverage indeed enables
reconstruction of the phases of the Fourier components, and thus
permits full two-dimensional image reconstructions (although
the completeness of such coverage depends on how the source
moves across the sky and thus on, e.g., whether it is located near
the celestial equator or close to its poles).

For large numbers of telescopes, another advantage of intensity
interferometry becomes obvious. Since telescopes connect only
with electronic signals, there is in principle no loss of data when
synthesising any number of baselines between any pairs of tele-
scopes: the digital signal from each telescope is merely copied
electronically. By contrast, amplitude interferometry in the optical
(as opposed to radio) requires optical beams of actual starlight be-
tween telescopes since the very high optical frequency (combined
with rapid phase fluctuations in chaotic light) precludes its ampli-
fication with retained phase information. In order to obtain the
many baselines needed for efficient aperture synthesis (such as
realized in radio), starlight from each telescope is split and sent
to beam combiners to interfere with the light from other tele-
scopes, each combination with its own delay-line system. While
such ambitious arrangements can be made for a moderate number

Fig. 1. Principle of a multi-element stellar intensity interferometer. Several
telescopes observe the same source, simultaneously recording its rapidly fluctuat-
ing optical light intensity InðtÞ. Cross correlations of the intensity fluctuations are
measured between different pairs of telescopes:
hI1ðtÞI2ðtÞi; hI1ðtÞI3ðtÞi; hI1ðtÞI4ðtÞi; hI2ðtÞI3ðtÞi; hI2ðtÞI4ðtÞi, etc. These yield a mea-
sure of the second-order spatial coherence of light, from which an image of the
source can be deduced, with an angular resolution corresponding to the optical
diffraction over the projected baseline distance between each pair of telescopes.
Numerous telescopes enable a very large number of baselines to be synthesised,
permitting a high-fidelity reconstruction of the source image. Telescopes distrib-
uted over also km-long baselines enable an angular resolution so far unprecedented
in optical astronomy.

D. Dravins et al. / Astroparticle Physics 43 (2013) 331–347 333

from Dravins et al. (2013)
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LST-1 observations of 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
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Fig. 3. Fermi-LAT TS map in Galactic coordinate above 2 GeV, which
shows the sources present in the 4FGL-DR3 catalog with their 95%
positional errors (magenta and red ellipses). The small green rectan-
gle indicates the position of the LHAASO source with statistical uncer-
tainty on RA and Dec derived from a two-dimensional Gaussian model,
while the smaller green circle represents 95% position uncertainty of
0.14� reported by Cao et al. (2021a). The larger green circle indicates
the 95% UL on the source extension (0.26�). The white cross highlights
the position of a new potential hard source, whereas the yellow contour
indicates the FoV of the previously discussed XMM observation.

of 4FGL J2108.0+5155, whereas using a harder photon index
moves the peak toward the southeast (in Galactic coordinates).
This trend becomes even more evident when we move towards
higher energies. Already above 2 GeV, the excess of the TS maps
assumes an elongated shape toward the southeast, and can no
longer be considered as point-like, nor can it be reproduced by an
extended symmetric Gaussian. These TS maps (Fig. 4) confirm
the very soft spectral behavior of 4FGL J2108.0+5155, whose
flux steeply drops above a few GeVs, and suggest the presence
of two di↵erent sources with clearly distinct spectra, located at
two di↵erent positions separated by ⇠0.4�. One of these sources
is 4FGL J2108.0+5155, which is already included in the 4FGL-
DR3 catalog, whereas the other is a new hard source (hereafter
HS), approximately located at l = 92.35� and b = 2.56�, not
included in the catalog. Such sources are di�cult to distinguish
from one another at low energies because of the relatively large
PSF of the Fermi-LAT instrument, and it is not trivial to spatially
disentangle them. On the contrary, they are clearly distinguish-
able above a few GeVs, where the PSF becomes smaller than
the two source separations7. The existence of two distinct peaks
is also evident in the nonsmoothed TS maps. Assuming a flat
spectrum, the excess at the position of HS dominates over that
of 4FGL J2108.0+5155 above ⇠4 GeV. If instead we assume a
harder spectrum, a similar transition occurs at even lower ener-
gies. It is important to mention that the new HS source does not
spatially correlate with the local structure of the di↵use Galactic
emission model.

Adding the new HS source in the original source model
and rerunning the likelihood fit analysis provides slightly dif-

7 As a matter of reference, 0.4� corresponds to more than
68% containment angle above 3 GeV for the Fermi-LAT instru-
ment. At higher energies, the PSF decreases, reaching 0.2� and
better above 10 GeV. For a detailed Fermi-LAT PSF dependence
on energy see: https://www.slac.stanford.edu/exp/glast/
groups/canda/lat_Performance.htm

ferent results for the spectral shape of 4FGL J2108.0+5155,
which is now fitted with a log parabola with a normalization
of (9.9 ± 0.9) ⇥ 10�13 ph cm�2 s�1MeV�1, ↵ = 2.7 ± 0.2 and
� = 0.32 ± 0.16, assuming the same fixed value for Eb. The
new HS source is detected with a significance of ⇠4�, and
its spectrum can be fitted with a PL with a normalization of
(1.5 ± 0.9) ⇥ 1013 ph cm�2 s�1MeV�1 and a photon index of
� = 1.9 ± 0.2, using an energy scale of E0 = 1 GeV. If we fix
the photon index, the normalization accuracy of HS improves
to (1.5 ± 0.5) ⇥ 10�13 ph cm�2 s�1MeV�1. Due to the HS small
flux at low energies, its inclusion in the model does not signif-
icantly a↵ect the spectral results of the neighboring sources, in
particular at low energies. Using a di↵erent model to represent
the HS source, such as a log parabola or ECPL does not improve
the likelihood fitting, and so the simple PL is preferred, which
presents fewer degrees of freedom. The angular separation of
this HS from the LHAASO J2108+5157 source is 0.27�, which
is larger than the 95% upper limit of the extension provided in
Cao et al. (2021a), and is therefore unlikely to be its counterpart.

The SED points of J2108.0+5155 and HS shown in Fig. 5
were computed by running a separate independent likelihood
analysis in each smaller energy band, replacing the source of
interest with a simple PL spectrum. The normalization of this
spectrum was let free to vary in the fit, whereas its photon index
was fixed to the local slope (↵) of the log parabola in the case of
J2108.0+5155, and to the previous obtained photon index � in
the case of the HS source. The error bar represents 1� statistical
error. The confidence band represents the 1� error obtained from
the covariance matrix of the fit.

The discrepancy between our flux and that provided by
Cao et al. (2021a) can arise from the several di↵erences present
between the two analyses, which we highlight in this article. In
particular, we used a more recent IRF, a more recent source cat-
alog, and a more recent isotropic di↵use emission component.
Furthermore, Cao et al. (2021a) provided the integral flux value
assuming a symmetric Gaussian extended source with a radius
of 0.48�, and our TS map results suggest this is not a correct
assumption (see Fig. 4).

2.3. XMM-Newton

The field surrounding LHAASO J2108+5157 was observed
by XMM-Newton on June 11, 2021, for a total of 13.6 ks.
The observation was centered on RA(J2000)=317.0170�,
Dec(J2000)=+51.9275�. We reduced the data from the
European Photon Imaging Camera (EPIC)8 of XMM-Newton

using XMMSAS v19.1 and the X-COP data-analysis pipeline
(Eckert et al. 2017; Ghirardini et al. 2019). After screening the
data and creating calibrated event files using the standard chains,
we used the XMMSAS tasks pn-filter and mos-filter to
filter out time periods a↵ected by strong soft proton flares. After
excising the flaring time periods, the clean exposure time is
4.7 ks (MOS1), 4.9 ks (MOS2), and 3.0 ks (pn). From the clean
event files, we extracted images in the soft (0.5–2 keV) and
hard (2–7 keV) bands, and used the eexpmap task to create
e↵ective exposure maps accounting for vignetting, bad pixels,
and chip gaps. To estimate the nonX-ray CR-induced back-
ground (NXB), we made use of the unexposed corners of the
detectors to rescale the filter-wheel-closed event files avail-
able in the calibration database. We then reprojected the filter-
wheel-closed data to match the attitude file of our observation

8 The EPIC is made of three co-aligned detectors: MOS1, MOS2
and pn.
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- LST-1 data set: 91h taken  from June 
to Sept. 2022 => 50h after quality 
cuts selection 

- Dedicated Fermi-LAT analysis using 
~12 yrs of data and the 12-year 4FGL-
DR3 catalog  

-  Obtained XMM-Newton dedicated 
observations on the source for 
about 14 ksec 

-
Abe et al. (CTA-LST collaboration) 2023

- First scientific publication by the LST-1 Collaboration (Abe et al. 2023)
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LST-1 observations of LHAASO J2108+5157
- LST-1 analysis yields a hint for an excess (3.7σ) in at E > 3 TeV.  

SST ⌀4 m

Early Science: candidate Pevatron Observation

LHAASO J2108+5157 is the first gamma-ray 
source directly discovered in the UHE 
band (~100 TeV)

䙘 ~ 91 hour observation
䙘 No X-ray or VHE counterpart (3.7σ in 

the few TeV band) → 
constraining upper limits achieved

䙘 First Science publication by LST-1

J. Juryšek et al. (CTA-LST Project et al.): arXiv:2210.00775 (A&A accepted, 2023)

Alessandro Carosi TeVPA 2023 - 2023/09/15

- When the whole E-range is 
considered, a signal at 2.2σ is 
found (assuming point-like 
source morphology) 

- Analysis of XMM data does 
not yield to any significant 
detection either, assuming 
extended emission around 
the SNR or associated PWN 

- Fermi-LAT: soft emission 
from 4FGL J2108.0+5155, 
displaying a typical cutoff 
spectrum of GeV PSRs, no  
hints for extended emission

Abe et al. (CTA-LST collaboration) 2023
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LST-1 observations of LHAASO J2108+5157
- Both leptonic (IC) and hadronic (pp interactions in nearby MCs) considered  
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Table 4. Best-fit parameters of an ECPL electron distribution in the
form dN/dE = N0(E/E0)�↵ exp(�(E/Ec)), where E0 is the energy scale,
↵ the spectral index, and Ec the cuto↵ energy.

Parameter Best fit value Frozen

E0 [TeV] 1 True
Ee,min [GeV] 0.1 True
Ee,max [TeV] 1000 True
N0 [⇥1043 TeV�1] 1.7+4

�1.4 False
Ec [TeV] 100+70

�30 False
↵ 1.5 ± 0.4 False

Notes. Normalization of the spectrum N0 is calculated for the source
distance of 1 kpc. VHE-UHE emission of LHAASO J2108+5157 is
assumed to be dominated by emission due to IC scattering of electrons
on CMB (T = 2.83 K, u = 0.26 eVcm�3) and FIR (T = 20 K, u =
0.3 eVcm�3) seed photon fields.

Fig. 7. Multiwavelength SED of LHAASO J2108+5157 showing a
leptonic scenario of emission. Observations with di↵erent instruments
are represented by data points of di↵erent colors: XMM-Newton r =
60 (blue), r = 160 (green), Fermi-LAT (red), LST-1 (purple), and
LHAASO-KM2A (yellow). The black solid line represents the best-
fitting IC-dominated emission of LST-1 and LHAASO data. The cor-
responding synchrotron radiation of the same population of electrons
is represented with dashed and dash-dotted lines for B = 1.2 µG and
B = 1.9 µG, respectively. The dotted line represents a phenomenolog-
ical model of a tentative pulsar: the best-fit PL with a subexponential
cuto↵ on the Fermi-LAT data.

limits, which are relevant if the source is relatively close, the
constraints on the magnetic field would be even stronger, namely
B . 0.5 µG. Given its Galactic latitude of b ⇡ 3�, the source is
close to the Galactic plane if it is not too distant from the Sun,
and one should not expect a background magnetic field strength
significantly below the typical level; therefore the absorbed case
is favored. The possibility of greater extension of the undetected
PWN – which would potentially lead to more relaxed constraints
on its magnetic field – cannot be excluded. However, we note
that even the approximate absorbed X-ray flux ULs scaled on the
full UHE source extension lead to a relatively low B . 1.9 µG
compared to the average Galactic magnetic field (also shown in
Fig. 7 for reference).

Such a weak magnetic field, needed to suppress the syn-
chrotron emission of LHAASO J2108+5157, is on the lower
end of the typical range seen for BPWN, which is, 1�100 µG
(Martin et al. 2014; Zhu et al. 2018). However, we note that a
relatively weak magnetic field is needed to explain a leptonic
UHE emission, which is only possible in radiation-dominated
environments (Vannoni et al. 2009; Breuhaus et al. 2021, 2022).
MILAGRO (Abdo et al. 2009) and HAWC (Abeysekara et al.
2017) detected an extended 2� TeV emission surrounding the
pulsar Geminga, leading to the recent establishment of a new
class of TeV-halo sources (Linden et al. 2017; Sudoh et al.
2019). Resulting from propagation of relativistic electrons that
already left the PWN in the interstellar medium (ISM), mag-
netic field in the TeV halos can be expected to follow the
level of the magnetic field in the ISM. However, Liu et al.
(2019) obtained an upper limit on the magnetic field in the
halo of Geminga of B < 1 µG, and therefore the TeV halo
scenario for LHAASO J2108+5157 is also feasible. The TeV
nebula surrounding Geminga has a large angular extension, but
this pulsar is also relatively close (d = 250 pc Faherty et al.
2007). In the Geminga-like scenario, the lower limit on the
distance of LHAASO J2108+5157 is approximately 2 kpc in
order not to violate the source-extension UL of 0.26� provided
by Cao et al. (2021a).

Inverse-Compton-dominated radiation of a single electron
population cannot explain the soft GeV emission of 4FGL
J2108.0+5155, which is spatially coincident with LHAASO
J2108+5157. There are 117 �-ray pulsars identified in the
Fermi-LAT data showing similar spectral properties to 4FGL
J2108.0+5155 (Abdo et al. 2013). We therefore put forward the
hypothesis that the GeV emission is the signature of a �-ray pul-
sar. Saz Parkinson et al. (2016) applied machine learning meth-
ods to classify sources in the Third Fermi-LAT catalog in two
major classes: AGNs and pulsars. 3FGL J2108.1+5202, which is
the Third Fermi-LAT general catalog (Acero et al. 2015) coun-
terpart of 4FGL J2108.0+5155, was classified consistently with
logistic regression (LR) and RF classifiers as a pulsar, which
provides support for our hypothesis. However, we note that the
resulting LR and FR probabilities are relatively low, that is,
only about 30%, and therefore we cannot exclude the possibil-
ity of misclassification of the source, and an extragalactic origin
of the HE emission cannot be excluded (for further details see
Saz Parkinson et al. 2016).

Gamma-ray pulsars are characterized by soft spectra, with
the flux steeply falling above a few GeV (e.g., MAGIC
Collaboration 2020). In the Fermi-LAT energy band, the typical
di↵erential spectrum can be described with a PL with a subexpo-
nential cuto↵ dN/dE = N0(E/E0)�� exp(�(E/Ecuto↵)b), where
E0 is the energy scale, � the photon index, Ecuto↵ the cuto↵
energy, and b the cut-o↵ strength (Leung et al. 2014; MAGIC
Collaboration 2020). In order to reduce the degeneracy of the
model parameters, considering that there are only three signifi-
cant Fermi-LAT flux points, we fixed b = 0.7, which is the cut-
o↵ strength of the PL with a subexponential cuto↵ model of the
Geminga pulsar SED in the GeV band (MAGIC Collaboration
2020). The best fit of the Fermi-LAT data consistent with XMM-

Newton ULs shown in Fig. 7 has � = 1.5+0.1
�0.2 and Ecuto↵ =

0.9 ± 0.2 GeV. Despite the large uncertainty, the photon index
is consistent with that of �-ray pulsars with a spin-down power
of Ė = 1034 � 1037 erg s�1 (Abdo et al. 2013). The �-ray lumi-
nosity of 4FGL J2108.0+5155 of between 1 and 100 GeV is
L1�100 GeV = 2 ⇥ 1033(d/1 kpc)2 erg s�1. One should note that,
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Fig. 8. Multiwavelength SED of LHAASO J2108+5157 with hadronic
models of emission. Observations with di↵erent instruments are rep-
resented by datapoints of di↵erent colors: XMM-Newton r = 160
(blue), Fermi-LAT (green), LST-1 (red), and LHAASO-KM2A (pur-
ple). The best-fitting hadronic model of VHE-UHE emission (solid
line) with fixed spectral index of the proton PL distribution ↵ = 2.75
has �min = 1.6 ⇥ 105 for both clouds. Dashed line represents the
total neutrino flux for both clouds. Black and red dash-dotted lines
represent the synchrotron emission of secondary particles for cloud 1
and cloud 2, respectively. The gray dash-dotted line represents the ⇡0

decay emission model with ↵ = 2 and �min = 1 shown for reference
(Cao et al. 2021a).

is ET,1 = 7.5 ⇥ 1046 erg and ET,2 = 1.5 ⇥ 1046 erg, assuming the
interaction of protons with the more distant and closer molecu-
lar cloud, respectively. This is well below the energy content of
CR protons interacting with molecular clouds in the vicinity of
W28 and IC 443, which is 1%�10% of the total energy of a typ-
ical SN, which is ESN ⇡ 1051 erg (Ackermann et al. 2013; Cui
et al. 2018).

The total neutrino flux resulting from ⇡+/� decay is compa-
rable with the �-ray flux in the TeV range (see Fig. 8), which
makes this source an interesting candidate for a follow-up anal-
ysis of data from a neutrino detector in this region. However,
we note that the sensitivity of current neutrino detectors is about
an order of magnitude lower than the predicted neutrino flux,
and only future instruments will have the potential to defini-
tively confirm or reject the hadronic emission hypothesis (e.g.,
Grant et al. 2019).

The HE �-ray emission cannot be explained in a single-
component hadronic scenario together with VHE-UHE emis-
sion. Cao et al. (2021a) suggested that the spectrum of the
extended source 4FGL J2108.0+5155e may be associated with
an old SNR, which usually features a soft spectrum above 1 GeV
(Acero et al. 2016b; Li et al. 2021). However, our dedicated
analysis of Fermi-LAT data shows that the Gaussian extended-
source assumption is not correct. Fitting the SED of 4FGL
J2108.0+5155 in the Fermi-LAT energy band above 1 GeV with
a single PL provides a photon index of � = 3.2 ± 0.2, which
in turn tends to be too soft compared to the observations of old
SNRs interacting with dense molecular clouds (see Yuan et al.
2012). One might also consider a significant contribution of HE
emission from the sea of CRs. The energy density of CRs at
Galactocentric radii > 8 kpc is uCR(E > 1 GeV) ⇡ 0.5 eV cm�3

Table 5. Best-fit parameters of ⇡0 decay-dominated VHE-UHE emis-
sion of LHAASO J2108+5157 for both molecular clouds in the direc-
tion of the source.

Parameter Best fit value Frozen
Cloud 1 Cloud 2

n [cm�3] 115 240 True
d [kpc] 3.1 2.0 True
R [pc] 7.1 4.5 True
�min [⇥105] 1.6 ± 0.5 1.6 ± 5 False
�max [⇥106] 1.0 1.0 True
B [mG] 9 ± 5  8 False
N [⇥10�15 cm�3] 4 ± 1 3 ± 1 False
↵ 2.75 2.75 True

Notes. The injected protons are assumed to be distributed according
to ECPL with �-factor in the range (�min, �max), cuto↵ at �cut, spectral
index ↵, and total numeric density N.

(Yang et al. 2016), which is lower than observed in the Solar
System. Considering the angular resolution of Fermi-LAT at
1 GeV, which is about 0.9�, the UL on the radius of 4FGL
J2108.0+5155 to still appear as a point-like source can be writ-
ten as R < d tan (0.9�). This results in rather weak limits on
the proton energy density up,1(E > 1 GeV) > 0.14 eV cm�3 and
up,2(E > 1 GeV) > 0.10 eV cm�3, for the more distant and closer
molecular cloud, respectively, and a hadronic origin for the HE
emission therefore cannot be excluded.

4. Summary and conclusions

In this work, we present a multiwavelength study of the uniden-
tified UHE �-ray source LHAASO J2108+5157, which has not
yet been found to be associated with any PWN, SNR, or pul-
sar. Dedicated observations of the source with LST-1 – yielding
49 hours of good-quality data – resulted in a hint (2.2�) of hard-
spectrum emission at energies between 300 GeV and 100 TeV,
which can be described with a single PL with a photon index of
� = 1.62 ± 0.23. Our data analysis with selection cuts optimized
for source detection show a possible excess (3.7�) at energies
E > 3 TeV. Although a confirmed detection of the VHE emis-
sion would require deeper observations, the LST-1 data provide
important constraints on the source emission in the TeV range.

The VHE-UHE �-ray emission can be well described with
IC-dominated emission of relativistic electrons with a spectral
index of ↵ = 1.5 ± 0.4 and a cut-o↵ energy of Ec = 100+70

�30 TeV,
favouring the PWN scenario. However, there is no sign of any
X-ray source in 13.6 ks of dedicated observation with XMM-

Newton, which puts strong constraints on the magnetic field in
the emission region, B . 1.2�1.9 µG, depending on the angular
extension of the X-ray-emitting region. Such a weak magnetic
field is on the lower end of a typical magnetic field in PWNe,
and also compatible with a magnetic field in the TeV halo around
Geminga. A detailed morphological study of the region with a
high-resolution instrument, such as the future completed CTA
observatory, or a deeper X-ray observation would shed more
light on the nature of the source and help to distinguish between
the PWN and TeV-halo hypotheses.

The lack of detection of a pulsar associated with the UHE
source presents another challenge for the PWN/TeV-halo sce-
nario. Our dedicated analysis of the 12 years of Fermi-LAT data
allowed us to precisely determine the spectral properties of the
HE source 4FGL J2108.0+5155, which is spatially consistent
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Fig. 1. ON (blue) and OFF (orange) counts detected by the LST-1 telescope after selection cuts in 49.3 hours of e↵ective observation time in
four blindly selected energy bins. Number of excess events in the first two ✓2 bins for the highest energies is 45 ± 13 with a Li and Ma detection
significance of 3.67�.

Table 1. Best-fit parameters for the spectral analysis performed on the LST-1 data alone using a PL model of the spectrum, and for the joint fit to
LST-1 and LHAASO data using ECPL.

Data Spectral N0 � Ecuto↵ �2 logL
model [⇥10�14 cm�2 s�1 TeV�1] [TeV]

LST-1 PL 8.0 ± 5.4 1.62 ± 0.23 . . . 5.17
LST-1 + LHAASO ECPL 7.6 ± 4.8 1.37 ± 0.22 50 ± 14 7.30

Fig. 2. Spectral energy distribution of the LHAASO J2108+5157 source
observed with LST-1. The green confidence band represents the best-
fitting PL spectral model of LST-1 data and its statistical uncertainties.
The blue confidence band shows a joint likelihood fit of the LST-1 data
and LHAASO flux points with an ECPL spectral model. The ECPL
spectral model was used to estimate the 95% confidence level ULs on
the di↵erential fluxes shown in all energy bins.

Eb = 1580.67 MeV). The other three 4FGL sources visible in
Fig. 3 are fainter and present a softer log-parabolic spectrum
with a turnover at lower energies, with the only exception being
J2109.5+5238c, whose spectrum is a PL with a photon index
of 2.6, which locally overtakes the flux of 4FGL J2108.0+5155
above a few tens of GeV.

The spectrum of the closest source to LHAASO
J2108+5157, namely 4FGL J2108.0+5155, presents a steep
decrease above a few GeVs, which is not compatible with the

Table 2. LST-1 flux ULs (95% confidence level) assuming a point-like
source with an ECPL spectral model.

E min E max Flux ULs TS

[TeV] [TeV]
"
⇥10�14

cm�2s�1

#

0.32 1.00 30.8 0.85
1.00 3.16 19.2 0.23
3.16 10.00 10.6 4.19
10.00 31.62 4.86 7.07
31.62 100.00 1.20 0.15

UHE LHAASO points. Therefore, its physical relation to the
UHE source is challenging (see the discussion in the following
sections). By rerunning the analysis, extending the low-energy
threshold to 500 MeV and to 300 MeV, and properly increasing
and adapting the selected ROI, the fitted spectra that we obtain
present some scatter at low energy, which is due to the large
instrument PSF. Although it depends on how much freedom we
allow in the fit to the neighboring sources and to the Galactic
di↵use emission, in all cases the trend converges toward a
unique and consistent behavior above a few GeVs.

In order to verify the goodness of the used source model at
high energies, we constructed a 15� ⇥ 15� TS map centered on
the LHAASO source, removing the source 4FGL J2108.0+5155
from the model. We computed the TS map above di↵erent
threshold energies, from 1 GeV to 10 GeV, and we used a PL
spectrum for the putative source, assuming di↵erent � indices
(from �1.5 to �3). Some of these TS maps are reported in
Fig. 4. Each TS map has been smoothed with a Gaussian with
a standard deviation equal to 68% of the Fermi-LAT contain-
ment angles at each di↵erent threshold energy. From this analy-
sis, we can clearly see that, assuming a very soft photon index,
above 1 GeV the peak of the TS map coincides with the position
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- The LST-1 and LHAASO observations can be explained 
as IC emission by relativistic electrons with a cutoff 
energy of 100+70 TeV.  

- The low magnetic field in the source imposed by the 
X-ray upper limits on synchrotron emission is 
compatible with PWN / TeV halo, but no PSR detected 

- UHE emission and LST hint 
of hard spectrum could work 
in a hadronic scenario 
(protons from middle-aged 
SNR + MC interaction), but 
then the HE counterpart may 
not be related?  
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LST-1 observations of G106.3 + 2.0 (Boomerang SNR)

- Gamma-ray emission has been observed in the SNR G106.3+2.7 region from GeV up 
to few hundreds of TeV energy range.

See dedicated talk F. Cassol

Boomerang 3

Figure 1. CGPS 1420 MHz radio temperature brightness map [K] of the SNR G106.3+2.7 region with the head, tail and PWN
indicated by green dashed lines. The pulsar location is marked by the green cross. The white ellipse represents the extent of the
gamma-ray emission previously detected by VERITAS. The black plus, yellow cross, and cyan diamond represent the centroids
of the gamma-ray emission detected by HAWC, LHASSO, and Fermi-LAT, respectively.

The Boomerang region is one of the most remarkable composite SNRs for its complex multi-wavelength morphology
and the recent detection of gamma rays above 100 TeV indicating it to be a PeVatron candidate. Its large-scale radio
emission (G106.3+2.7) consists of a compact boomerang-shaped nebula around the radio pulsar PSR J2229+6114
and cometary structure extending toward the southwest. The radio source G106.3+2.7 was first identified as a SNR
by Joncas & Higgs (1990) following the Dominion Radio Astrophysical Observatory (DRAO) survey of the northern
Galactic plane. Using further DRAO observations in the 408 MHz and 1420 MHz continuum bands, Pineault & Joncas
(2000) discerned two distinct regions of SNR G106.3+2.7, labeled the head and the tail (See Figure 1). The head
region is characterized by its higher surface brightness and flatter spectral index in comparison to the elongated tail
region. Using VLA observations at 20 and 6 cm, as well as ROSAT and ASCA observations, Halpern et al. (2001b)
identified a compact radio and X-ray source in the northeast area of the SNR G106.3+2.7 head region and suspected
it to be a pulsar with a corresponding PWN. The radio and X-ray detections of a 51.6 ms pulsation from the pulsar,
now known as PSR J2229+6114, confirmed this hypothesis (Halpern et al. 2001a). Further radio and X-ray timing
studies of the pulsar led to determining a spin-down power of 2.2 ⇥ 1037 erg s�1 and a characteristic age of ⇠10 kyr
(Halpern et al. 2001a). A compact PWN with a r ⇠ 10000 extension was detected in the radio band and was suggested
to be associated with SNR G106.3+2.7 based on the subsequent measurement of the same peak H I velocity from
the compact Boomerang nebula and the head region (Kothes et al. 2001). While SNR G106.3+2.7 has been labeled
as an SNR, no thermal X-ray emission is reported anywhere in the Boomerang complex, and no large-scale radio
morphological features are evident that might suggest the supernova blast wave. The larger-scale integrated radio
spectral index is �0.61 (Kothes et al. 2006), while that of the PWN alone is ⇠ 0 (Halpern et al. 2001a), suggesting a
shock acceleration source for the larger scale electrons, but there is no edge brightening apparent in any location.
It has been hypothesized that the Boomerang’s shape could be caused by a bow-shock between PSR J2229+6114 and

its surrounding medium. However, this was deemed unlikely, as simple modelling of the system under this assumption
resulted in a supernova explosion energy far below anything ever recorded; the pulsar also does not lie at the apex of

- GeV emission coincident with PSR 
J2229+6114 (also pulsations; Abdo+ 
2019), which was also associated with 
EGRET source 3EG J2227+6122 
(Hartman et al. 1999) 

- VHE emission from the tail region 
(VER J2227+608; Acciari et al. 2009), as 
well as from the head region (MAGIC, 
Oka et al. 2021).

Pope et al. (NuSTAR & VERITAS coll.) 2023

PeVatron candidates with LST-1
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- Emission at E > 100 TeV detected by HAWC, Tibet ASγ, and LHAASO, coincident with 
the VERITAS and Fermi-LAT tail region source 

- LST-1 large zenith angle observations on G106.3+2.7 to better constrain its 
morphology and spectral properties 

- VHE and UHE emission origin: leptonic (PWN?) or hadronic (SNR + MC interaction)? 

Scientific justifications

2) Recent results from Hawc (and MAGIC?) show the
presence of a UHE source also close to the PWN. Through
MAGIC-Hawc MoU we got some details regarding the head
emission and it is something that it is very interesting to
address with LST1

?

ECRS 2022 MAGIC, T. Oka 2022

?

MAGIC, T. Oka 20221)   All  recent MWL  (radio, X, GeV, TeV)  studies of the SNR 
tail strongly favour an hadronic emission model, BUT also…

Scientific justifications

2) Recent results from Hawc (and MAGIC?) show the
presence of a UHE source also close to the PWN. Through
MAGIC-Hawc MoU we got some details regarding the head
emission and it is something that it is very interesting to
address with LST1

?

ECRS 2022 MAGIC, T. Oka 2022

?

MAGIC, T. Oka 20221)   All  recent MWL  (radio, X, GeV, TeV)  studies of the SNR 
tail strongly favour an hadronic emission model, BUT also…

Adapted from Saito et al. (Gamma-Ray Symposium 2022); courtesy of F. Cassol 

LST-1 observations of G106.3 + 2.0 (Boomerang SNR)

PeVatron candidates with LST-1
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Galactic Center

- LST-1 has observed the Galactic Center, the first proposed Galactic PeVatron 
(H.E.S.S. Collaboration 2016) 

- LST-1 obserations taken at LZA in 2021 - 2023, for a total of about 40h, using 
wobble observations at 0.5 and 0.7 deg offset.  

- Analysis is being carried on using the standard analysis software lstchain, 
as well as dedicated (in development) background modelling  

- Joint campaign with MAGIC

Daniel Mazin ICRC2023, Nagoya, July 26 - Aug 3, 2023

Early Science: Galactic Center

• Data taken in 2021 - 2023 in 
wobble mode with an offset 
angle of 0.5 deg and 0.7 deg 

• After data selections, the data 
amounts to 39 hours 

• Analysis is carried out through 
the standard software lstchain 
and a special background 
modeling 

• Also taken joint data with 
MAGIC (S. Abe et al.)

11

See details in Shotaro Abe poster

Daniel Mazin ICRC2023, Nagoya, July 26 - Aug 3, 2023

Early Science: Galactic Center

• Data taken in 2021 - 2023 in 
wobble mode with an offset 
angle of 0.5 deg and 0.7 deg 

• After data selections, the data 
amounts to 39 hours 

• Analysis is carried out through 
the standard software lstchain 
and a special background 
modeling 

• Also taken joint data with 
MAGIC (S. Abe et al.)

11

See details in Shotaro Abe poster PRELIMINARY

from Abe et al. (ICRC 2023)



Summary: LST & Galactic Science
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- LST capabilities for PSR studies 
- Sensitivity and low-E threshold (~20 GeV) ideal for studying PSRs @ VHEs 
- Crab (100h, 15σ) and Geminga (20h, 8σ !) already detected with LST-1

- LST observations of Novae outbursts 
- RS Oph is the first galactic transient detected with LST-1 
- More novae to be detected with LST-1 (e.g. T CrB) and LST array (classical novae?

- LST follow-up of PeVatron candidates 
- Excellent sensitivity in the sub-TeV regime and relatively large FoV of LST-1 allow 

for spectral + morphological studies of recently discovered UHE sources 
- LHAASO J2108+5157 the first unidentified UHE source observed with LST-1.  
- Further LHAASO sources (from LHAASO catalog) will arrive in Cycle II 

- LST potential on Galactic Transients 
- Fast repositioning, energy range, sensitivity: LST is a “Transients Machine” 
- Plenty of potential Gal Transients: from MQs to GBs, PWN flares, magnetars…


