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Cosmic Messenger Connection

AGNs, SNRs, GRBs... * A\ )
- . 5 il e T S A neutrino/gamma-ray connection is
holes can be absorbed and are created by . . .
Sitple eviston e ha e expected if hadronic processes occurs in

astrophysical sources (such as AGN)

i - g Neutrinos are considered ideal cosmic
They are weak, neutral . Al 1 . )
Pl tarroltothor messengers and ‘smoking gun’ for

sources and carry information

from deep within their origins. [t hadmﬂlc Interactlons

They are charged particles and
are deflected by magnetic fields.

* X

Image credits: IceCube Collaboration
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Gamma-ray Timeline

80s/90s: 2nd generation of
75-81: COS-B satellite ~ Cherenkov Telescopes led by the 04-present: NASA's Swift satellite
discovers 25 point sources Whipple observatory

60s: 1st generation of ground
based Cherenkov Telescopes

1968: The 10-m Whipple
f Telescope starts operations

1960 1970 1980 1990 2000
! ' "

60's: VELA satellites 70s: Detectors on Apollo 15& ~ 91-2000: Compton Gamma-ray  20003: 3rd generation of Cherenkov Telescopes:
programme detects GRBs

2010

CTA: Next generation of
16 discover the gamma-ray Observatory (CGRO) H.ES.S., CANGAROO, MAGIC, VERITAS. IACTs under construction

diffuse background : cta ?:s‘m

First balloon experiments

Image credits: A. Rosales de Ledn
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Gamma-ray observatories/detectors around the world

Locations of the current operating (blue spots) and future (green spots) gamma-ray observatories around the world, including
SGSO (yellow ellipse). While VERITAS, H.E.S.S., MAGIC and CTA are IACTs; HAWC, TIBET, TAIGA, LHAASO and the proposed
SGSO are hased on particle detector arrays. Image credit: W. Hofmann (Talk at TeVPA2018).
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The first Cherenkov detector used by B. Galbraith and J.
V. Jelley in 1953. A 25-cm parabolic mirror with a PMT
attached at the focus inside a garbage can.

. H.ES.S-Il is the | herenkov tel
Image credit: Jelley (19817). Fred Whipple at Mount Hopkins Observatory’s eversbﬁilt Eﬂ; tl:) ggfg]stwtgthe2828(_1:'113;3_(8:?2%%

opening day in 1968. mirror.

Image credit: Whipple Observatory. Image credit: H.E.S.S. collaboration.
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CTA is coming....

LSTs MSTs/SCTs SSTs
Energy range 20 GeV - 3 TeV 80 GeV - 50 TeV 1 TeV - 300 TeV
Reflector diameter 23.0 m 11.5/9.7 m 43 m
Effective area 370 m? 88/41 m? 8 m?
Focal length 28 m 16/5.6 m 2.15m
Field of view (EaV)) 4.3° 7.5/7.7/7.6° 10.5°
Photodetector type PMT PMT/SiPM SiPM
Pixels per camera 1855 1754/1855/11328 2368
Pixel size (imaging) 0.1° 0.17/0.17/0.07° 0.19°
Repositioning time 50 s 90 s 90 s
(any point in the sky)
# of telescopes for CTA-N 1 15 -
# of telescopes for CTA-S 4 25 70

Technical specifications for the 3 different CTA telescope
sizes. For the midle-sized telescopes, two designs are being
built and tested: MST and SCT.

Schematics of the 3 different telescope sizes developed for CTA. From left to

For further details, see:
right: Small-Sized Telescopes (SSTs), Medium-Sized Telescopes (MSTs), or Turtier de1ars, 866
and Large-Sized Telescopes (LSTs). For the MSTs, 2 designs are being built and

tested. Image credit: CTA consortium
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http://www.cta-observatory.org/project/technology/

Neutrino + Gamma-ray correlation ?

/ \

Neutrino alerts

. Steady Neutrino
sources
Follow-up MWL .
Observations \ (bright enough to be detected)
/ l \ Population studies Depends on the
. i to search for itivitv and
Radio Op(tjlca:; X-ray Gamma-ray correlation with Zi:ﬂs:;'r'eyt?,:e
and U IceCube HESE
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Multi-messenger astronomy:
IceCube-170922A & TXS 0506+056
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Multi-messenger astronomy:
IceCube-201114A & TXS 0506+056

Il.l

Improved IC alert system:

Image Credit: Inter-University Institute For High Energies
www.iihe.ac.be/icecube

-y

Gold alerts: 50%
Bronze alerts: 30%
astrophysical origin

Blaufuss et al. (2019)

Fermi-LAT reported:
no significant detection of the source
1-day and 1-month prior to the neutrino alert

November 14th, 2020 (T0=59167.6288 MJD

signalness=0.562

false alarm rate=0.92 events/year 4FGL J0658.6+0636 (NVSS J065844+063711)
3 © 41 900/.1199- Mancf £+ QEO Follow Up Observations:
R.A.=105.25° +1.28°/-1.12°; Dec=6.05°£0.95
99 Tel Blazar, HSP, >0.5 X-RAY: Swift, NICER, eROSITA
' 0.8° away from the best-fit event position Radio: MPIfR
Alert distributed worldwide Identified as a VHE (E>20 GeV) source
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Video Credits: IceCube Collab

Motivations: Neutrinos

Other possible neutrino candidates from flaring blazars: HESE Astrophysical neutrinos

3HSP J095507.9+355101 (BL Lac) — 1G200107A PKS B1424-418 (FSRQ) — IC HESE-35 ‘Big Bird’ (2012) @
muon track event 0.62° away from the best-fit position Cascade event, 2PeV, RA=208.4°, Dec = -55.8°, R=15.9°
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http://www.youtube.com/watch?v=i4yq-7WB768

2¢ Motivations: gamma rays

Hadronic emission has been proposed as a possible ‘Successful’ SED modelling for flaring blazars:
explanation of observed gamma-ray spectral
hardening at TeV energies: Markarian 501 - Miicke &Protheroe (2001)
163 1101252 3C 219 - Diltz & Bottcher (2016)
) TXS 0506+056 - Petropoulou et al. (2020)
- A T etc....
% Z}m" Z 10'3;—
Ener‘g;"(; - — 10° 10" 10" 10"’”1]3):; 10° 0% 10" 10® 1 , N 16‘0‘. 1:6‘5 ; NE L
1ES 1101_232 and 3C GBA eleV] 10° 10?10 10 \I:(;:z] 10° 10 10* 10
H 2356-303 Bittcher et al. (2013) TXS 0506+056 3 279
Aharonian et al. (2006) Petropoulou et al. (2020) Diltz & Béttcher (2016)
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Photo-hadronic contributions

: . . , Hadronic (py) contributions at VHE:
Let’s assume the standard interpretation of the leptonic model:

Standard Leptonic = electron-synchrotron + SSC
Physical Parameters: {R, &, I, B}

pr®, 70 — yy
, T = vy, gt o et Hve + vy

RELATIVISTIC
JET

EMISSION
REGION

Ground-based
telescopes

Log (v Fv)

ACCRETION
DISK

BLACKHOLE
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A case study: Markarian 421, 2010 flaring activity

Mrk 421: prominent blazar (BL Lac) 2010 Fiaring activity:
RA=66.114°, Dec = 38.209°, z=0.031 14-days in March 2010 [MJD 55264—55277)

near bright gamma-ray source (TeV) remarkable flux variability at the VHE band (E > 100 GeV)
highly active, constant monitoring (MWL campaign 2010)
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Aleksic et al., A&A 518, A22 (2015)
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Modelling :’I> Output
Markarian 421 (2010 Flare)

I_(Ilnde-ane Leptonic Model as a base Model output: py contribution
+ -
adronic (py — A-resonance approx) EBL Model of Dominguez et al. (2011)
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Fixed parameters: 5=21, B=3.8x10-2 G, R=5.2x10"¢ ¢m
Abdo et al. 2011
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Akaike Information Criterion (AIC)

.

Akaike (1974)
Is a method to compare and select “the best” model from a set of models.
Seeks the preferred model based on:
How close it is to the true values ks = Number of free parameters
s = Likelihood of 2 model s y @ m
The larger the difference, the less plausible it is that the fitted
AIC Difference model is the best model, given the data. As a rule of thumb:
ANAIC = AIC,, — AIC A; Level of Empirical Support of Model i
B ¥ 4 0-2 Substantial
Py VS one-zone SSe 4-7 Considerably less
> 10 Essentially none.
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py vs two-zone SSC

Burnham and Anderson (2002).
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Likelihood is assessed using a x2 statistic.

Advantages:

Balance: goodness of the fit & simplicity

Caveats:
Extension to lower energies?
Other hadronic components?

Rosales de Leon et al., MNRAS, Volume 501, 2198 (2021)
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Results

Time A, a Preferred AAICssc,py AAICh0-z0nessc,py
MID Model

55266 5.02+2.74 3.12+0.07 two-zone SSC 25.45 -48.78

55267 27.24+12.79 3.41 +0.09 Py 6.11 9.10

55274 0.19 £ 0.01 2.31 £0.03 inconclusive 2.54 0.73

55276 0.10 £ 0.02 2.17 £0.03 Py 26.40 2.04

55277 0.18 £0.02 2.32 +£0.03 254 5.92 2.90

e Inall cases the py model was favoured as a better fit description than the one-zone leptonic model and in the majority of
cases with respect to the two-zone model from Aleksi¢ et al. 2015.

e The high frequency of the seed photons considered lowers the energy threshold for the protons:
800 GeV < Ep < 50 TeV (observer’s reference frame)

e Neutrinos Expected? For 1C-59, during the 14 days the expected value is Nevents << 1
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Multi-messenger astronomy: IceCube Neutrino Alerts
IC-201114A alert

Il.l

Improved IC alert system:

Image Credit: Inter-University Institute For High Energies
www.iihe.ac.be/icecube

-y

Gold alerts: 50%
Bronze alerts: 30%
astrophysical origin

Blaufuss et al. (2019)

Fermi-LAT reported:
no significant detection of the source
1-day and 1-month prior to the neutrino alert

November 14th, 2020 (T0=59167.6288 MJD

signalness=0.562

false alarm rate=0.92 events/year 4FGL J0658.6+0636 (NVSS J065844+063711)
3 © 41 900/.1199- Mancf £+ QEO Follow Up Observations:
R.A.=105.25° +1.28°/-1.12°; Dec=6.05°£0.95
99 Tel Blazar, HSP, >0.5 X-RAY: Swift, NICER, eROSITA
' 0.8° away from the best-fit event position Radio: MPIfR
Alert distributed worldwide Identified as a VHE (E>20 GeV) source
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/0

@ ermi

IC-201114A alert

Fermi-LAT analysis

12.3-year data set: 54683-59178 MJD
IRFs: Pass8v6 & 4FGL-DR2 catalog
Energy range: 200 MeV - 300 GeV
Rol: 15°; bin size=0.1°/pixel
‘SOURCE’ class events (evclass=128 & evtype=3)

BIN-A: (2008/08/04 - 2009/10/28 )

10-°

E2 dN/dE [MeV cm~2 s71]

10~
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Photo-hadronic contribution:

_ — py (2=0.5)
10-5- — py(z=0.5) 1075 — py(2=0.6)
— py (2=0.6) Ger — py (z=0.7)
— py (z=0.7) -~ — py (2=0.8)
. — py (2=0.8) - o — py (2=0.9)
-—I' _r_ = py(2=0.9) lm _r_ ———— = py (z=1.0)
0 — py (z=1.0) 10_6 - :
10—6 L ~ = = py (z=1.1)
~ 11U T/ TR TR T — py(z=1.1) | N
I R P m— py (2=1.2)
E ____________________________ — py (2=1.2) E sl i
___________ ot B o - py (z=1.3)
(@) === e > o py (z=1.4)
% py (z=1. () _7 py (z=1.5)
2 70 py (z=1.5) = 10 N Fermi-LAT
= 10 # Fermi-LAT — o 95% CL limit
" W 95% CL upper limit L o=k pperim!
5 o
2 =
= o
< 1078} W 107
W8]
10-2 ) . ! ‘t 10725 3 ~} ~) ‘ 6 7
BIN TS Flux NpL K Ay A, MDT Fy int
10°? [phem=2s71] 1071 [MeV em=2 571 102 1072 [TeVem™2s7!]  Time [days] 1072 [TeV cm™2)
BIN-A 38 3.69 = 1.56 89+22 21+02 1.85-1.92 6.35-6.93 160 (IC40) 8.66 - 9.46
100 (IC59) 5.54-6.05
BIN-B 34 1.04 = 0.61 46+2.1 1.5+£02 299-539 186.15 - 352.21 2.5 (IC86) 4.02-17.61

Minimum Detection Time (MDT): the estimated time elapsed for IceCube to detect a couple of neutrino events during an active state of the source.
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Results

e for BIN-B: a dominant photo-hadronic contribution is compatible with the SED behaviour of the source
MDT~2.5-days is expected and coincides with the most energetic VHE photon registered (E = 155~GeV)
About 16-days to emulate the 13 excess events from 2014-15 neutrino flare of TXS 0506+056

e  For BIN-A: the predicted spectrum does not match the Fermi-LAT data
Low-level gamma-ray emission over an extended period
Expected MDT between 100-160-days

g _ 4-month data set: 59108-59228 MID No significant gamma-ray activity during this time window.
@S?fML centered at the time of the neutrino alert Assuming a photon target spectrum similar to
7 |RFs: Pass8v6 & 4FGL-DR? catalog BIN-A or BIN-B
Energy range: 200 MeV - 300 GeV
Rol: 15° ; bin size=0.1°/pixel ﬂ
‘SOURCE’ class events (evclass=128 & evtype=3 )

Photo-hadronic contribution for 1C-20114A
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Photo-hadronic contributions around IC-201114A

BIN-A like spectrum BIN-B like spectrum
_ =— py (2=0.5) _ w— py (2=0.5)
10 St — py (2=0.6) 10 St _t_ — py (z=0.6)
— py (2=0.7) _I_ w— py (2=0.7)
= py (z=0.8) = py (2=0.8)
-—I'<_| = py (2=0.9) -—|’1_‘ I _r__ = py (z=0.9)
(%) -6 = py (z=1.0) (7)) -6 = py (z=1.0)
~ 107°F — py(z=1.1) ~ 107°F — py(z=1.1)
IE - py (z=1.2) IE t - py (z=1.2)
@] py (z=1.3) (@) py (z=1.3)
> py (z=1.4) > py (z=1.4)
= 107} \ Yoy 2 107} o
: 1 95% CL upper limit : ¥ 95% CL upper limit
ke o
~ S~
= =
ko] o
o, 1078 o, 1078
107255 ~ ~ ~ 106 7 10775 n3 i ~ ‘ 6 7
10 10 10 10 10 10 10 10 10 10 10 10
E [MeV] E [MeV]
Parameter  Typical Value / Range Assumed Ay A, MDT Fy int
B 0515 Behaviour [TeV em=2 571 %1073 [TeV cm™2)
R, (1.35:2.25)x10'0 cm? BIN-Alike 0.11-020 (3.66-7.15x10-""  12-days 3.80- 7.42
g 1123 BIN-Blike 1.39-224  (1.05- 1.78)x10%  ~ 1-hour 3.79 - 6.41
o b Rosales de Leon et al., PoS (ICRC 2021), 1001
DOI: https://doi.org/10.22323/1.395.1001
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In Summary...

There are some interesting results and motivations to hadronic component in the blazars:

e Mrk 421 flaring activity in 2010
A hadronic component could be dominant at VHE in specific days, followed by a dominant SSC leptonic component. If the proton
injection occurs randomly, there is no preferred time for hadronic dominance during the flare.

e IC-201114A alert & 4FGL J0658.6+0636
Under the assumptions made a photo-hadronic scenario, we found some compatible results with the behaviour of the source,

although more evidence is needed to claim that 4FGL J0658.6+0636 is a neutrino emitter.

o We are living the dawn of multi-messenger Astronomy.
To explore the neutrino/gamma-ray connection in the upcoming years, the next generation of gamma-ray and neutrino observatories,
such as GTA, SWGO, AMEGO, IceCube-Gen2, Trinity, will play a crucial role...
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(cta cherenkoy Neutrino Target of Opportunity (NToO)

for CTA

CTA will be able to look for a gamma-ray counterpart from a neutrino source alert
and also monitorate “hot-spots” that exceeds lceCube (IC) sensitivity

SIMULATIONS:
Hadronic contributions: py process

Steady Sources - Looking for an excess point (“hot-spot”) above IC limit
Transient Sources - Alerts coming from flaring blazar sources

Different CTA configurations are being tested:

Alpha configuration
Omega configuration
High NSB (x5 NSB; moon observations)

A. Rosales de Ledn LPNHE.Seminar March 20th, 2023



Cta cherenka FIRESONG

array First Extragalactic Simulation of Neutrinos and Gamma-rays
Steady Sources Tung e.t al,, JOSS, 6(&'?‘1], 3194 (2021)
— B https://github.com/ChrisCFTung/FIRESONG
TE’ 8 Pink Line =100% IC diffuse flux g
E ! 3 Simulates a neutrino population, given:
2 @ Al Source evolution (e.g. star formation rate)
L o o Luminosity function (e.g. standard candle)
g 4 8
o
g 3 o Density vs Luminosity
- o}
i o
1 g / \
¢ Steady Sources Transient Sources
=1 Local source density (sources/Mpc?) Local burst density rate (% flaring blazars )
Neutrino luminosity Neutrino flare luminosity

log,  p [Mpc?]

Output: z (redshift), A (neutrino flux @100 TeV) & 6 (declination)
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https://github.com/ChrisCFTung/FIRESONG

( Cta FIRESONG Simulations

Steady Sources Transient Sources
Standard candles, follow the SFR evolution model of Standard candles and flat cosmological evolution
Madau & Dickinson (2014).

Based on neutrino flare model of TXS 0506+056 in 2014-2015
Local density p = 10" to 10-° Mpc™3, Halzen et al., Ap) 874 (2019).

Luminosities: L = 5x10% to 10° erg/year
Only a fraction F (1%, 5% and 10%) of all blazars is responsible
Gamma-ray flux parametrised assuming D7y interactions for the astrophysical neutrino flux
Ahlers & Halzen (2018)
All the sources are assumed to have the same flare duration in
Sources exceeding lceCube’s sensitivity (Aartsen et al., IceCube their reference frame (110 days @z TXS)
Collaboration, (2019)) are used as seeds of the NToO for CTA

Assuming IC Gold alerts and events always observable by CTA.
Assuming all the sources are always observable by CTA
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Cta clsscope CTA follow up observations

array

Energy spectra vs CTA differential sensitivity for detected sources SIMULATIONS: ctools-1.6.2 with prod3b-v2 IRFs
o EBL attenuation Zenith angles: 20°/409/60° and Average/N/S B-field
| romsumbamedian Right ascension (RA) assigned randomly
: Ii:::t: zgﬁ:zz: zgig:; gzri?:guez etal. 2011 / Energy range 003 ) 200 Tev
— = CTA differential sensitivity, N, 20 deg., average magnetic field » Observatmn duratmn 30 mm

10—10 __

-—I'«_' - = CTA differential sensitivity, S, 20 deg., average magnetic field . .
8 EBL absorption by Dominguez et al. 2011
£
E T
§ Source is detected, if the test statistics TS > 25 (~5o)
10, TS = 2 (InL(M, + My) — In L(M))
InL(M, + M,) log-likelihood of: Source + Background
10-13 L SE— e N — ; . .
10-2 10-! 100 10! 102 InLM,) log-likelihood of: Background only

Energy (TeV)
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cta

cherenkov
telescope

array

CTA-N; 30 min obs; SFR evolution
AV

Results: Steady Sources
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Assuming these sources will be always observable by CTA:

At low-mid zeniths (209-40°) CTA-N detects
all sources up to p= 10" Mpc™®

Drastic performance loss, up to 65%,
at high zeniths (60°)

Magnetic field effect: 10-30% difference
for low to high zeniths

For sources with flat redshift evolution the
trends are similar, but less pronounced




( Cta elescope Results: Redshift reach

CTA-N; 30 min obs; SFR evolution; p= 10-'2 Mpc-3

The redshift reach is defined as the maximum redshift up to which 90%

307 cran20° .
e CTANZO- of sources are detected (cut the last decile)
-==+ CTA-N20°
237 gﬁ:;g Highest redshift reach is obtained at low densities and high luminosities
CTA:N40" (FUrp= 10_12 MDC'3 up to Z~2.8)
- 2.0 = CTA-N60"°
I g Redshift reach goes down at higher zeniths: For 20° and 40° the
sl redshift reach is similar, but there is a huge drop at 60°

o There is a cut in redshift coming from an IceCube preselection effect

Sources with a flat cosmological evolution follow the same trend, but
the redshift reach is lower than for SFR evolution

0.5r

Luminosity [erg/year]
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Redshift reach [z]

cta

1.00

0.10

0.01

cherenkov
telescope
array

CTA-N; 30 min obs; SFR evolution

Results: Redshift reach

103
1076
1077
1078
10-°
10-10
1011
10*12

Redshift reach for (a) CTA-N and (b) CTA-S in the steady source
scenario following the SFH evolution model of Madau and Dickinson
(2014).

Each coloured arrow represents the redshift reach of a different
simulated population in the parameter space. The dotted line is the
best fit curve to the redshift reach points in log-log space.

As expected, the redshift reach increases with higher luminosities.

SFH evolution

105

1(;51

052

1(;53

Luminosity [erg/year]
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o5

1655

o5

1057

Source density

Max Luminosity

Redshift reach

Mpc—3 5.62x erg/year CTA-N CTA-S
10~° 1050 0.01 0.01
106 1051 0.03 0.03
1077 1052 0.08 0.09
10-8 1033 0.2 0.2
10~° 1054 0.6 0.6
1010 10°° 1.4 1.4
1011 1056 3.0 3.0
10—12 1036 2.8 2.9




cherenkov
telescope
array

a

CTA-N 30 mins obs; Flaring blazars

1.0_. PP ———

o
=3

| Density [Mpc~3]
— 1012
10-11

o
(o]
=
S
—
=]

Detection Probability
[
o

o
S
=
S)
-

0.2 +—— IceCube+CTA
-- IceCube

0.0,

48 49 50 51 52 - 53 54
Luminosity [erg/yr]

A. Rosales de Ledn LPNHE Seminar March 20th, 2023

57

Results: Transient Sources (Flaring blazars)

Selecting IC Gold alerts (>50 %) and assuming observable
conditions by CTA:

Plot shows the detection probability for the simulated
neutrino hot-spots detected by IceCube and observed with
CTA-N in 30-min observations.

The coloured dashed curves show the lceCube detection
probability, the coloured dotted curves the CTA detection
probability and the solid curves the combined detection
probability.

The coloured stars mark the points at which the simulated
populations saturate the lceCube neutrino diffuse flux.




array

Cta «eore  Results: Transient Sources (Flaring blazars)

CTA-S 30 mins obs; Flaring blazars

1'0 B - /’——. - - agn - .
Z & o P For CTA-S, the combined detection probability is lower in
e RS : '_’:‘:‘:’:‘ﬁ""'_‘_'_'."‘_‘»'f",:.‘:-"""" --------- e comparison to GTA-N. This is expected as IceCube is more
*81" Density [pc- | AL A sensitive to the neutrino sources in the northern
> S— -12 ! .
< - hemisphere.
g 0.6 10-10
& i5
é — 1078
§ 04+ — 1077
[ . . .
e = A drop in CTA-S detected sources plays a higger role in the
— 107 . . . s
02— IceCube+CTA final shape of the combined detection probability curves,
---- IceCub / ; T -9 _
Pl B especially at low densities (po < 10™ Mpc-3).
------ CTA / _
0.0, “a 2 53

48 49 50 51 52 57

Luminosity [erg/yr]

A. Rosales de Ledn LPNHE Seminar March 20th, 2023



( Cta wee  Conclusions and Outlook for CTA

CTA will enhance our understanding of the high energy universe and play a key role in multi-messenger astronomy.

CTA prospects are particularly promising for the flaring blazars case, up to 37% chances of detection with 30 mins observations.

Results also show a high CTA detection probability for steady sources in certain parameter space regions.

In future, we plan to investigate:

Longer observation times, especially for steady sources (5 hrs, 50 hrs)

Different durations for transient sources: 100s to few hours

Include CTA visibility constraints for steady and transient sources

Include effect of delays introduced by the alert system and the telescope re-pointing.

More configurations: Results for the sub-arrays and high night sky background (NSB) are being analysed
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Thanks for your attention

For more gamma-ray and neutrinos discussions:
Alberto Rosales de Leon
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