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1. Introduction to Multimessenger Astronomy’

[Credit: C. Raab]

*very brief
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The High-Energy Universe

» Violent processes in the Universe accelerate particles up to high energies

» High-energy cosmic messengers allow us to study these processes

Galactic sources

\

Supernova remnants
(SNRs)

Pulsar wind nebulae

and more

(PWNe)

\_

Extragalactic sources

\

Active galactic nuclei
(AGN)

Starburst galaxies

and more
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The Multimessenger Connection 1

» Cosmic rays (p) » Neutrinos (v)
» Energies up 1o 3x10%% eV =~ 48] » Smoking gun of hadronic interactions
» Deflected by B —>[origin unknown!] » Not attenuated but hard to detect

» Gamma rays (y)
» Produced in leptonic & hadronic processes

» Easy to detect but easily attenuated

rinos

:::::
:::::

[lceCube/NSF] o e
Gravitational waves can also be

coupled to acceleration processes
Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2026 4



4 EeV cosmic rays N

» Cannot be confined by magnetic
fields in Milky Way

» Sources must be extragalactic

Y,
4 TeV-PeV nevutrinos )
» Mostly extragalactic (~90%)
» Sources remain largely unknown,
but first hints are appearin
\ PP d Y
4 GeV gamma rays h
» Extragalactic sky dominated by
blazars (AGN with jet towards us)
» Gamma-ray bri?h’r sources in
\tension with neutrinos Y
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The Diffuse High-Energy Sky

[Fermi-LAT (2017) ApJS 232 18]

[[ceCube (2023) Science 380 1338]

[Auger (2018) ApJL 853 L29]

energy dénsh‘y |
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E [GeV]
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http://arxiv.org/abs/1702.00664
http://arxiv.org/abs/1702.00664
http://arxiv.org/abs/1702.00664
https://arxiv.org/abs/1801.06160
https://arxiv.org/abs/2307.04427
http://arxiv.org/abs/1410.3696
https://arxiv.org/abs/2109.13400
https://arxiv.org/abs/2011.03545

| The Diffuse High-Energy Sky

Gamma rays and nevuirinos are complementary

windows into the high-energy sources of cosmic rays
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1. Infroduction to Multimessenger Astronomy
2. The High-Energy Astrophysics of U/LIRGs

[NASA/ESA/CSA — James Webb]
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» The most luminous objects in the IR sky
»LIRGs: L;z =10 Ly »ULIRGs: L;p = 101 L

> Triggered by galaxy interactions & bar instabilities

[NASA/ESA — Hubble]
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(Ultra)-Luminous Infrared Galaxies IFAE"
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MRK 273 (“Toothbrush Galaxy”)
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https://ned.ipac.caltech.edu/
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» The most luminous objects in the IR sky
»LIRGs: L;z =10 Ly »ULIRGs: L;p = 101 L

> Triggered by galaxy interactions & bar instabilities

[NASA/ESA — Hubble]
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(Ultra)-Luminous Infrared Galaxies 1k
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https://ned.ipac.caltech.edu/
https://science.nasa.gov/asset/hubble/hubble-interacting-galaxies-poster/
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(Ultra)-Luminous Infrared Galaxies

» The most luminous objects in the IR sky
»LIRGs: L;z =10 Ly »ULIRGs: L;p = 101 L

> Triggered by galaxy interactions & bar instabilities

» Mostly powered by (circum)nuclear starburst
» Gas & dust reprocess UV emission from young stars to IR

S

o

¥,

A

tarbuyst -
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I

(Ultra)-Luminous Infrared Galaxies 1

Radio-Loud Broad Line

Blazar Quasar Radio Galaxy

[Credit: E. Alexander]

» The most luminous objects in the IR sky
»LIRGs: L;z =10 Ly »ULIRGs: L;p = 101 L

> Triggered by galaxy interactions & bar instabilities

Narrow Line

\\ L J /

» Mostly powered by (circum)nuclear starburst

.« e h Seyfert 2
» Gas & dust reprocess UV emission from young stars to IR

» Secondary contribution from AGN (~10%)
» Typically dust-obscured Seyferts

» Dust reprocesses AGN emission from core to IR

Not to scale! Radio-Quiet Quasar

~ =100 pe

Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2024 11



Range of Star-Forming Galaxies [srx10i,/i) srss

Regular SFGs Starburst galaxies LIRGs ULIRGs
(extreme starbursts) (even more exireme starbursts)
Andromeda NGC 253 NGC 1068 Mrk 273

Milky Way M82 Arp 299 Arp 220

: : : } >

0.1 1 10 100 SFR [M yr~1]
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» IR traces star-forming activity

» Radio traces non-thermal particle acceleration

» Radio-IR correlation observed across SFG population

. synchrotron
B emission:
foecve Of
relativistic g
chorged = E
particle oy, YAV >
wn <D 2
- 5
>, VWW
VWV [
.
ng\ 10l
e

[NASA/IPAC Extragalactic Database]

I

— =t
Radio 3 IR o
L E 8_I]-O()() Hm L L L
8 12 14 16 18 20
logyo v [HZ]
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log L1.46Hz [W. HZz™1]

The Radio-Infrared Correlation of SFGs

24

N
OV

N
=

N
o

- |Og L1.4GHZ = |Og (I_|R) +11.41
== Bell 2003
Lrl.410cr

11 data

8 9 10 11 12

8 9 10 11 12
logLg [Lo]
[Kornecki+ (2022) A&A 657 A49]
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https://arxiv.org/abs/2107.00823
https://arxiv.org/abs/2107.00823
https://ned.ipac.caltech.edu/

» SFGs are established gamma-ray sources

» Gamma-ray emission requires hadronic component
» Gamma-SFR correlation observed across population

M82 gamma-ray spectrum
T s||'|'|||| T LR | T LA R |

T T

e
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[ 17]
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=z . (/V i
c [ Bremsstahlung 0
o —-+ ISM, s = 2.15 BG)
=== Heavy, s = 2.25 9?;
13| — ISM, s = 2.25 i
10 - —— Total y 1
| & This work
- 4 Fermi-LAT (Ajello+20) 2 .
[VERITAS (2025) ApJ 981 189] 10—4 10—3 10—2 10—1 100 101
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The Gamma-SFR Correlation of SFGs
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https://arxiv.org/abs/2504.17024
https://arxiv.org/abs/2504.17024
https://arxiv.org/abs/2501.09998
https://arxiv.org/abs/2501.09998
https://arxiv.org/abs/2501.09998

The Gamma-SFR Correlation of SFGs

Star formation is directly related to cosmic-ray

acceleration from regular SFGs to starburst galaxies and
the most exireme U/LIRGs

Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2026
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Starbursts as Cosmic-Ray Reservoirs 1

» Enhanced SFR yields enhanced supernova rate
» Cosmic-ray acceleration up to ~10-100 PeV in SNRs, PWNe,...

» Cosmic rays perform random walk in starburst region
» Leaky box: Lifefime t depends on propagation and interactions

-1

T = [Tg + Toge + Top |

[e.g. Peretti+ (2019) MNRAS 487 168; Ambrosone+ (2021) MNRAS 503 4032]

Starburst:

. '}” 4. 3%.

Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2024 16


https://arxiv.org/abs/1812.01996
https://arxiv.org/abs/2011.02483

Starbursts as Cosmic-Ray Reservoirs 1

» Enhanced SFR yields enhanced supernova rate
» Cosmic-ray acceleration up to ~10-100 PeV in SNRs, PWNe,...

» Cosmic rays perform random walk in starburst region
» Leaky box: Lifefime t depends on propagation and interactions

R | — —{=d
T = [Tdiff T Tadv T Tpp ]

[e.g. Peretti+ (2019) MNRAS 487 168; Ambrosone+ (2021) MNRAS 503 4032]

/" Diffusionby )

magnetic fields

2
T = Hggr
o= _@_

Depends on
magnetic-field strength
B ~ 0.1-1 mG
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Starbursts as Cosmic-Ray Reservoirs 1

» Enhanced SFR yields enhanced supernova rate
» Cosmic-ray acceleration up to ~10-100 PeV in SNRs, PWNe,...

» Cosmic rays perform random walk in starburst region
» Leaky box: Lifefime t depends on propagation and interactions

-1

T = [Tg + Toge + Top |

[e.g. Peretti+ (2019) MNRAS 487 168; Ambrosone+ (2021) MNRAS 503 4032]

Starburst:
% 'a‘._r’.":{ﬁ‘__ N
[ Diffusion by \ [ Advection by \ '
magnetic fields galactic superwinds
H? Hsgr
Tdiff = @_SBR Tadv = l Vad l
Depends on Depends on
magnetic-field strength superwind velocity

B~01-1mG J \Waav ~500-1500 kms )/
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Starbursts as Cosmic-Ray Reservoirs 1

» Enhanced SFR yields enhanced supernova rate
» Cosmic-ray acceleration up to ~10-100 PeV in SNRs, PWNe,...

» Cosmic rays perform random walk in starburst region
» Leaky box: Lifefime t depends on propagation and interactions

R | —1 —{=d
T = [Tdiff T Tadv T Tpp ]

[e.g. Peretti+ (2019) MNRAS 487 168; Ambrosone+ (2021) MNRAS 503 4032]

[ Diffusion by \ [ Advection by\ ﬂnterqctions with\

magnetic fields galactic superwinds ambient gas
Heen Hgspr _ 1
3 — 95 v = T —
48 = B 2 = (Do) PP (@ opp(E) ¢ ¢
Depends on Depends on Depends on
magnetic-field strength superwind velocity gas density

B ~ 0.1-1 mG ) %dv ~ 500-1500 km y K n = 100 cm™3

Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2024 [ E, ~E,/10,E, ~ E,/20 ] 19
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Starburst Activity in U/LIRGs 1

» U/LIRGs are expected to approach calorimetric limit
» Much larger gas densities compared to regular starburst galaxies

» Most cosmic rays interact with ambient gas before escaping

T = [T(if_lf + Ta;if, T 7'p_p1]

[Merckx, PC+ (2023) PRD 108 023015]

Arp 299 casestudy
.“ g »
=45
:.) _e -0.8
=
S 3
L Q.
s = 2
E » Tgiff: Hsgr = 150 pc, B = 250 uG lm 0.6 —_
v 10! — Tpp: N =1340cm™3 = -
© N -3
o == Tpp: N =2500cm X Il
)]
g L B T, : Vagy = 370-890 km st § 0.4 2
= . ~
= ~ . Q
~.
~.
_______ - ~i
T~ S 0.2
\\\ '~
\\\ \'~.
102 Rt .
101 102 10° 10% 10° 10° 107 10® 10° 10° 100 102 103 104
Proton energy [GeV] n [cm~3]
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Starburst Activity in U/LIRGs 1%

U/LIRGs are the most exireme star-forming systems to
study cosmic-ray acceleration, fransport, and

interactions up to the highest energies”
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Seyfert Activity in U/LIRGs 1

. . . James Webb image of NGC 7469
» AGN is also candidate cosmic-ray source T

» Cosmic-ray acceleration up to at least 100 PeV possible via magnetic :
reconnection and turbulence in AGN corona, ulira-fast outflows,... AGN Starburst

» AGN feedback can influence surrounding starburst

[e.g. Murase+ (2020) PRL 125 011101; Le Nagat Neher+ (2026) A&A 709 A91; Vereecken (2019) PhD thesis]

NGC 7469

Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2024 22
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Seyfert Activity in U/LIRGs

» AGN is also candidate cosmic-ray source

» Cosmic-ray acceleration up to at least 100 PeV possible via magnetic
reconnection and turbulence in AGN corona, ultra-fast outflows, ...

» AGN feedback can influence surrounding starburst

» Cosmic rays interact near AGN environmen’r
» Dense photon fields (IR-optical-UV): u,,q4 = 10° erg cm™

» Compton-thick gas columns: N, = 10%* cm ™2

[e.g. Murase+ (2020) PRL 125 011101; Le Nagat Neher+ (2026) A&A 709 A91; Vereecken (2019) PhD thesis]

Can attenuate
gamma rays!

P .J\

IEAZ(
1Ty =

James Webb image of NGC 7469

1.0” (330 pc)

AGN Starburst
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Seyfert Activity in U/LIRGs

U/LIRGs are composite systems where AGN activity can
lead to additional cosmic-ray acceleration™ and

influence surrounding starburst

,\
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2. The High-Energy Astrophysics of U/LIRGs - g{}c
3. Probing U/LIRGs with TeV Neutrinos TS
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*biased towards IceCube
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Detecting Neuirinos

» Indirect detection with km3
water-Cherenkov telescopes
» High-energy: 1 TeV - 10 PeV @

[AMANDA (2004) NIMPRA 524 69]

Charged current
inferaction

Completed in 2011

[Kintscher (2020) PhD thesis]

Under construction
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Detecting Neuirinos

» Indirect detection with km3
water-Cherenkov telescopes
» High-energy: 1 TeV - 10 PeV @

Cherenkov cone
O @ O

IceCube
Duty cycle ~100% § B
Field of view ~100% of sky 2 :g . ‘s [AMANDA (2004) NIMPRA 524 69]
Angular resolution® <1°(>1TeV) i oi g Charged current
Energy resolution® Factor ~2 : interaction

*for frack-like events

[Kintscher (2020) PhD thesis]
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E2 dN,/dE,(GeV cm™ 57" sr")

lceCube Search for ULIRG Neutrinos 1

4 )
Motivation

ULIRG" source population proposed as significant conftributors to
lceCube observations, either through starburst or AGN activity

"LIRGs not included in this study (L;z < 1012 L)

107°E T T - T T 3
[ [¢, w==I|C86 5 year sensitivity *=**-* AGN(Stecker et. al.) =+==GZK (Kotera et al.,FRIl) -

. e i — - —-GZK (Ahlers et al.,best)

S.E \—I'Iotmosph_re neutrinos ! > (Ahlers et al.,best) b

10-6 IceCube TGM

+ IceCube HESE
m— PP Neutrinos

-—
b
~
T
1
]
]
1
]
1
1
]
1
!

1078

Energy flux [GeV cm2s'sr]

10_9 ----- Direct

-------- Cascade
10_10 Total .

10 1000  10° 107

Energy [GeV]
10~1 10° 10! 102 10°® 10* 10° 10® 107 108
E (GeV)
[He+ (2013) PRD 87 063011] [Palladino+ (2019) JCAP 09 004] [Vereecken (2019) PhD thesis]
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https://arxiv.org/abs/1303.1253

lceCube Search for ULIRG Neutrinos 1

[lceCube [PC] (2022) ApJ 926 59]

Mrk 273

» Selection of 75 ULIRGs representative of Arp 220
ULIRG population within z < 0.13

» Stacking analysis using 7.5 years of
lceCube track data

-
o
TTT

Total Flux for Discovery

--------- Flux per Source for Discovery

E2 dN/dE [107"' TeV cm? s°7]
|

nceczubeI (2011) ApJ 732 18] e
107 10 20 30 40 50
Number of Sources Stacked
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lceCube Search for ULIRG Neutrinos 1=

» Selection of 75 ULIRGs representative of
ULIRG population within z < 0.13

» Stacking analysis using 7.5 years of
lceCube track data (p-value = 1)

> Null results extrapolated to enfire ULIRG
source populationup to z ~ 4

CDZS4-.9 — CDZSO.1.3
vty vty

encodes ULIRG redshift evolution
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Log( Number Density [Mpc™] )

[lceCube [PC] (2022) ApJ 926 59]

0.0 0.5 1.0 1.5 2.0
Redshift
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lceCube Search for ULIRG Neutrinos 175

[lceCube [PC] (2022) ApJ 926 59]

» Selection of 75 ULIRGs representative of

ULIRG pOpU'OﬁOﬂ within z < 0.13 ULIRG evolution, zy,y = 4.0
: : ; 71070 r) === E;20limi -
» Stacking analysis using 7.5 years of 0|+ HESE(Syn) == Eimit ULIRGs
2 =EE v, +v, (9.5yr) == E;25limit ULIRGs
lceCube track data (p-value = 1) . | A ULIRG
. 107100 i : ~
> Null results extrapolated to entire ULIRG £ |
source populationup to z ~ 4 E . .
I
4 A s
The ULIRG source population cannot ap 1077
account for more than ~10% of the 101 100 10°
total diffuse neutrino flux
. J
31
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Aly

KM3NeT Search for ULIRG Neuvtirinos -

» Selection of 75 ULIRGs representative of
ULIRG population within z < 0.13

ARCA19-21, 336 days

=
o
&

§ ARCA E—2 7.5yr (GFU) IceCube (E~2)
. . . 6] === ARCAE™??  ———. 75yr (GFU) IceCube (E~?2)
» Stacking analysis using 336 days of T s
ARCAI19-21 track data (p-value = 0.2) SRRUE S S
. o ] e T
> Null results exirapolated to entire ULIRG g w°s 1.
source populafion up fo z ~ 4 $ 10 Bt =y
g 10—10E
r N\ s
The ULIRG source population cannot “107y
account for more ihqn ~10% Of ihe 10_121_02 T IIIII:II-I(!.)3 T IIIII:II-I(I)4 T TTT I]I-I(I)5 I TTT I]I_I(I)G T IIIII]I-I(I)7 T I””]I_IOS
total diffuse neutrino flux E[GeV]
\ ) [KM3NeT (2026) arXiv:2609.034609]
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» Evidence for NGC 1068

> First steady neutrino source (4.20)

- 1oglo (plocal)

[lceCube (2022) Science 378 538]

- LOG1o<pLOCAL)
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» Evidence for NGC 1068

> First steady neutrino source (4.20)

» Preference for AGN corona models:
X-ray bright, gagmma-ray opaque

@ VLA
102 |l @ VLBA

V ALMA

® 4FGL
101 e MAGIC

= |ceCube

1074

10-15 10712 10~9
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E [GeV]

prim. syn (corona)
== == == S@C, SYyNn (CcOrona)
prim. syn (starburst)
== == == SeC, syn (starburst)
prim. IC (corona)
sec. IC (corona)
prim. IC (starburst)
sec. IC (starburst)

= = =« non-therm brems (starburst)
= === DD — Yy (COrona)
= pp — Yy (Starburst)
—— }/ (COrONa)

e (starburst)

y (total)

s V) (COrona)

— ) (total)

[ free-free (extended corona)

[ photon backgr. (corona)
photon backgr. (starburst)

[Eichmann+ (2022) ApJ 939 43]
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Evidence for Neutrinos from Seyferis 13

» Evidence for NGC 1068

> First steady neutrino source (4.20)

» Preference for AGN corona models:

X-ray bright, gamma-ray opaque

» Hints for X-ray-bright Seyferts

» 14 southern sources (3.00) from stacking search
> 11 northern sources (3.30) from binomial test

»NGC 7469 prominent hard spectrum (two >100 TeV events)

a

Diffuse Astro. v
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| e . 50 DP (W/O Cen A) g
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Evidence for Neutrinos from Seyferts

» Evidence for NGC 1068

> First steady neutrino source (4.20)

» Preference for AGN corona models:
X-ray bright, gamma-ray opaque

» Hints for X-ray-bright Seyferts

» 14 southern sources (3.00) from stacking search

> 11 northern sources (3.30) from binomial test
»NGC 7469 prominent hard spectrum (two >100 TeV events)

Diffuse Astro. v

g = NGO 1068) )
Composite
B NGC 7469
starburst-AGN
systems* I CGCG 420-015
\_ NGC 4151  J

"Not included in ULIRG stacking search (L;z < 1012 L)

E?¢(E) [TeVem 2571
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TeV nevutrinos are a window into the cosmic-ray

acceleration processes related to AGN activity in
. composite systems, including U/LIRGs
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Starburst Neutrinos from GOALS Galaxies iF&

» Great Observatories All-sky LIRG Survey

» Complete multiwavelength survey of nearby

LIRGs (180) and ULIRGs (22)

Count

[Merckx, PC+ (2023) PRD 108 02301 5]

mm 10 L,<LRr<1012 [,
mmm 101008 | </gp<101[,
E= L g=>10 L,

@

ULIRGs

LIRGs

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Redshift
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Starburst Neutrinos from GOALS Galaxies iF&

» Great Observatories All-sky LIRG Survey

[Merckx, PC+ (2023) PRD 108 023015]
» Complete multiwavelength survey of nearby

LIRGs (180) and ULIRGs (22) 4
» Data-driven model of starburst neutrinos 5= 0.8
» Highly calorimetric leaky-box model £
» Normalize cosmic-ray injection rate to Lz T 0.6
: “ TE 0.4
0.2
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» Great Observatories All-sky LIRG Survey

» Complete multiwavelength survey of nearby
LIRGs (180) and ULIRGs (22)

» Data-driven model of starburst neutrinos
» Highly calorimetric leaky-box model
» Normalize cosmic-ray injection rate to Lz
» Predict neutrino flux for each GOALS galaxy

7 Starbug\ :

0) 5:3"% [TeV~! cm~2 s 1]

Starburst Neutrinos from GOALS Galaxies IFAE

[Merckx, PC+ (2023) PRD 108 023015]

10-8
10-years IceCube (IC) sensitivity
5—10 x improved IC sensitivity
* 101008 <] <10 Lo
10-10. e 101 [,=<Lr<10%?L,
® Lr=10%Lo
10—12_
NGC 3256 Arg 220 NGC 21:16
o S,
10_14_ : . Y . .. [ )
4 « ? w-%%‘a'i Wb
) § 'p ’
**
* .
10—16 5 : :
~1.0 —-0.5 0.0 0.5 1.0

sin(6)
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Starburst Neutrinos from GOALS Galaxies ira

Starburst component of U/LIRGs is unlikely to be probed

. with TeV neutrinos using current or next-generation
neutrino telescopes
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Fermi-LAT
> Direct detection with satellites rray entrs o
» High energy: 100 MeV - 100 GeV

Detecting Gamma Rays

Electromagnetic cascade

» Indirect detection with imaging
air-Cherenkov telescopes (IACTs)
» Very-high energy (VHE): >100 GeV

10 nanosecond snapshot

0.1 km? “light pool” — a few photons per m?
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Fermi-LAT | FAAE *

Detecting Gamma Rays

/
y

» Direct detection with satellites rrayanes e
» High energy: 100 MeV - 100 GeV

Electromagnetic cascade

» Indirect detection with imaging
air-Cherenkov telescopes (IACTs)
» Very-high energy (VHE): >100 GeV

Fermi-LAT IACTs
Duty cycle ~100% ~10-20%
S NI R  ~20% oOf sky ~3-5°
Angular res. ~0.1° <0.1°
Energy res. ~10% ~15% 5-10%

10 nanosecond snapshot

(current)  (CTAO)

0.1 km? “light pool” — a few photons per m?
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Starburst Galaxies in VHE Gamma Rays

[ Only two nearby starburst galaxies™ detected so far at TeV energies

H

*not of exireme U/LIRG type

VERITAS (254 h)
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VHE Observations of Composite Systems

[ Latest constraints on starburst-AGN systems at TeV energies ]

H.E.S.S. (168.5 h) + MAGIC (125 h)

H.E.S.S.
MAGIC

LAT (0.1-1 TeV)
LAT bow tie

1x10712 |

1x10™"8 | e
\w
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Jet-driven bubbles - —-- |
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VHE Observations of Composite Systems

Current IACTs do not have enough sensitivity to probe

VHE gamma-ray emission from U/LIRGs®

*upper limits for Arp 220 & Arp 299
[ : : ]
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Cherenkov Telescope Array Observatory iFAE”

> CTAO will improve sensitivity of current _
IACTs by a factor ~10 g
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Prospects for U/LIRG Studies with CTAO

» Consider four U/LIRGs detected
by Fermi-LAT
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Prospects for U/LIRG Studies with CTAO 13

» Consider four U/LIRGs detected
by Fermi-LAT

» Compare extrapolated best-fit
spectra with CTAO sensitivity™

» Spectra consistent with
starburst emission model

*15 yr of data (4FGL-DR4)

**3¢ discovery potential for 50h of observations

Arp 299
| = CTAO-N(30), zen = 40° -~ LHAASO 1 yr
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50


https://arxiv.org/abs/2504.17024
https://arxiv.org/abs/2504.17024

Prospects for U/LIRG Studies with CTAO

10-11 Arp 299
» Consider four U/LIRGs detected
by Fermi-LAT k
» Compare extrapolated best-fit <
spectra with CTAO sensitivity™ =~ 7| = pcnmmet oo
<+ SED (Ajello et al. (2020))
. . 107 -1 N3 N1 2 N3 4 5
» Spectra consistent with Y e
starburst emission model Arp 220
» Cross-checked with GOALS - 1
starburst-driven framework Lo
» Recent M1 internship of g o
Victor Courvoisier-Gernigon s
Y - Erfc:;): :rz:nnitxz;ig”hl 227y}, r=2.48
-|- gl;lrjnziljiez:::::Ijie(lgoo:;)a)l.(ZOZO),r =2.48+0.14
*10 yr of data [Ajello+ (2020) ApJ 894 88] 0T T ot 51?(; " 103 104‘ 105

**50 discovery potential for 50h of observations
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Prospects for U/LIRG Studies with CTAO

Deep CTAO observations have potential to probe the

g starburst component of U/LIRGs with TeV gamma rays
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Conclusions & Outlook

/ Summary \

> U/LIRGs host high-energy phenomena
that can produce cosmic rays (CRs)

» GeV gamma rays are associated with
starburst activity in U/LIRGs

» TeV neutrinos suggest gamma-ray-
dim AGN component in U/LIRGs

\_ /

< 45‘

H
]
il

>

will improve upon studies

> will be able to probe

» MM observations key to complete
picture of CR physics in U/LIRGs
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lceCube & Neutrino Sources



The lceCube Nevirino Observatory

» 1 km?3 detector at the South Pole
» 5160 digital optical modules (DOMs)
» 86 strings down to 2.45 km depth

Penetrator HV Divider
o LED
DOM Flasher
Mainboard

[IC (2017) JINST 12 PO3012]

IceCube Lab IceTop surface array

81 stations
324 DOMs

50m —— N -'—':-:.—.;-;;'__—‘;;; ;.

IceCube in-ice array

86 strings including DeepCore
5160 DOMs

AMANDA-II array

Precursor to lceCube

1450 m

DeepCore

/ 8 strings with denser spacing
255

480 DOMs

Eiffel Tower
324 m

Glass Pressure Housing

Bedrock
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Detecting Neuirinos

» Indirect detection with km?
water-Cherenkov telescopes
» High-energy: 1 TeV - 10 PeV

IceCube
Duty cycle ~100%
Field of view ~100% of sky
Event Type Tracks Cascades
Angular res. <1°(>1TeV) >8°
Energy res. Factor ~2 ~30%

00000000

Track

§: 1
[ {4
(o} [ [
se byl
§ 4 H 3 SR EEE
@. ] \é)gn 3
fﬁoég \%803%&
BT .goégﬁié
098:\) H QJ
H ° 8

[Kintscher (2020) PhD thesis]
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Background vs Signal

» Data mostly atmospheric background
» Induced by cosmic-ray air showers

» Relatively soft spectrum ~ E~37

Atmospheric Atmospheric Astrophysical
muons neutrinos neutrinos Northern Sky

2,700 per second 600 per hour 10-100 per year

Southern Sky
South only Full sky Full sky

E*® “Yatm =37 E?® 4\ Yatm = 3.7
\ y = 2.0 y = 3.0

> >

E E
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[Kintscher (2020) PhD thesis]
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Searches for Neutrino Point Sources

» Look for spatial clustering of tracks
» Steady sources: infegrate over total livetime
» Transients: look for clustering in fime window

L1 Signal 1 Total
[ Background ¢ Data

80 A

60 A

#Events
S
S
1
+

) -—|_‘_|_‘\
0 1 2 3 4
P2 [deg?] llceCube (2022) Science 378 6619 538]

lceCube point-source sensitivity (10 yr)

10774 _

== ANTARES E—3 Sensit. =——— 5 Disc. Pot. E—3

ANTARES E~2 Sensit. === 90% Sensit. E=3

90% Sensit. E~2

50 Disc. Pot. E72
90% Upper Limits F~2
90% Upper Limits £F~3

-

-—

-

= =
—

—

'mJ
v
vw VvV
WP AL L
10-13 | | |
—1.0 —0.5 0.0 0.5 1.0

[lceCube (2020) PRL 124 051103]
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Diffuse Neutrinos

y.Optical

I optical
» lceCube (v) I
. . l gamma
» Most neutrinos (~90%) are extragalactic rays
: [
» Sources remain largely unknown \ eutrinos F . G conn \
. . R - \‘
» Contribution of blazars constrained | -
_————T,l—,,,—‘T...T.'.‘.,_..TI_.T..._. —_— T 7 5 —
2LAC Blazar Upper Limit .= = equal weighting | | | EEZOM;::; : EiizoB::::IFtitvvFl;:x

T'_| ]-0_6 3 D FSI = —2. 5 E > 10 TeV """""""" V'Welght'lng """" E I e 0 Myode| —_— 0 Bgst.Fitp Flux

= f | —— I'qy=—-22,FE,>10TeV | : f | 156 | M.G. Aartsen et al.(2020)

CT I . - @

g 10-7 Blazars |ImI|'S 3 g \ T

ol § 2 v Milky Way
> _8 0 > detection
o 10 5> | O

o, 00 | <k

< oz gl
S ¢z B

2 1077 iz |

N g

102 100 10% 10° 105 107 108 109 ' R (AR e
[lceCube (2017) ApJ 835 45] Neutrino Energy [GeV] B, IGe¥]

[lceCube (2023) Science 380 1338]
Pablo Correa | Exploring the Multimessenger Emission of U/LIRGs | IFAE Seminar | 23 September 2024 61



https://arxiv.org/abs/1611.03874
https://arxiv.org/abs/1611.03874
https://arxiv.org/abs/1611.03874
https://arxiv.org/abs/1611.03874
https://arxiv.org/abs/2307.04427
https://arxiv.org/abs/2307.04427

(] |
i
>
7L

Diffuse Neutrinos vs Gamma Rays

» lceCube (v)

» Most neutrinos (~90%) are extragalactic hadronic y-ray emission normalized to best-fit non-blazar EGB

» Sources remain largely unknown T 10-6! — ¥ (er e
. . R S I — to.taly
» Contribution of blazars constrained T"J %;:LZGB = amar
> Fermi-LAT (y) 21077, ) mcismming |
. _ | On b/ ’J.I:"]T" '—}—'
» Extfragalactic gamma-ray background (EGB) = %ar g
dominated by blazars (~86% above 50 GeV) O gl ¢ er
[Fermi-LAT (2016) PRL 116 1511035] > 10 "N
O "N ,VQO
4 N @ DN
Nevtrino sources cannot exceed o 107° ~_ |
non-blazar EGB R R RN
l 107201 1 10 10> 10° 10

E [TeV]

[Bechtol+ (2017) ApJ 836 47]

Neutrino sources are likely
opaque to gamma rays
[e.g. Murase+ (2016) PRL 116 071101] j
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Status of Neutrino Asironomy 13

>
Al

:

Orange band: Required to supply diffuse flux
Blue region: Excluded source populations

» Sources of diffuse flux largely unidentified
» At least two source types!

106}
» Constraints after 10 years of IceCube data o5l
» Favor numerous populations of dim sources bf .
lal L
§ 10
W NGC 1068 Astro. v, g 103
TXS 0506+056 ~ —¢4— Astro. vev; Z 102
‘m
— 107 i 3 10
Im —— @
~ I e 1t
= s v g
; 10~ - —— T BT o1
()
=T . D 5 |o-2| B TceCube
E_ [ IceCube-Gen2
& 10°% 1 1073}
= 1 == [ 10% 10% 10% 10% 10% 10% 10% 10% 10% 10%
L L A S AL A effective neutrino luminosity L[erg/s]
103 104 10° 106 107
[lceCube (2022) Science 378 6619 538] E, [GeV] L
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lceCube ULIRG Search



. Infrared Astronomical Satellite I ——
Selection of ULIRGs Jan-Nov 1983 1 ==
12, 25, 60, 100 micron
» Start from three IRAS catalogs [Neugebaver+ (1984 ApJ 278111 J

Arp 220 Mrk 273
> Determine redshift up to which: ~

» All ULIRGs with Ljg = 1012 L are observed
» Given an IRAS sensitivity feo = 1]y

» Final sample: 75 ULIRGs within z < 0.13
» Representative of local ULIRG population

[NASA/ESA]
13.0

[
12.8
< 12,6/ “ ey
> . - S 1o V4. SaleE O S
~ ° P o p
v212.4» .. ;.;"'.-f"’ | +15° R e D
%0 e o°° ...‘l".o. Oh
~ 122} o *eeuppd W | 24h
A P <
R ) ‘ _150 ......
120/ a2° ?‘f'l" .............................................
0 500 1000 1500 2000
d; [Mpc ‘
1 [Mpc] —75°
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https://hubblesite.org/image/2307/gallery/19-interacting-galaxies
https://esahubble.org/images/heic0810bf/
https://ui.adsabs.harvard.edu/abs/1984ApJ...278L...1N/abstract
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lceCube Dataset

Northern Sky
> G FU sam ple [lceCube (2017) Astropart. Phys. 92 30]

» Well-reconstructed tracks

»7.2 years of data

» 6.7 mHz all-sky rate

» 1.5 million events (mostly background)

Southern Sky

TRIGGER / FILTERS
v \
l Level 1 Level 2 Level 3

tellit
HLC Hits Onlinel.2 —_—

Analysis

5-25 Hz
(per DOM)

2.7 kHz 40 Hz 6 Hz 6.7 mHz

DOM ICL ICL ICL ICL Madison
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Analysis Method IEA =]

: o e E2] 4 E2] 4
» Maximum likelihood method

» Fit for number of ULIRGs neutrinos, ng o

» Fit for power-law spectral index, y ! :‘2'0 $ _‘ '
» Hypothesis test (one-tailed) E E

> 7. data only atmospheric background

» J .. data contains signal from ULIRG locations

» Larger TS —— smaller p-value

o P L(ng,y) = Z wi SEW)|+ 1 — —) B;
Background
PDF
Hs
_ L(ng =75,y =7)
P TS—210g< L(n. = 0)
TS
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Stacking Technique

» Stack ULIRGs to enhance sensitivity
» Theoretical weight t,: total IR flux (8—1000 micron)

» Detector weight r,. detector response

E~20 gpectrum
10° p
X
-+ -1 :
‘_golo ......... x v
v a0 R . X X
; & —: xXO .)(' ® @ .%x ® ..lx
O 1072 A A A R R SN . S
Q ‘ > X% pod
N X : ‘x L % X o X x
—_ :AX,QO&’ 3% N ¢ p x
g % x x; o % ‘
— 3 ® :
8 10 3 ?(;;;J g ”;((x ................... DeteCtOI', rk
X x
Z. xx X x *% Theoretical, #;
1074 x  Combined, wy | |
-1.0 -0.5 0.0 0.5 1.0
sin o

4
S;
3 IRAS11010+4107 5
«
IRAS1532'.I+2340 IRAS08572+3915
& -
% *‘ »
IRAS18520-5048 IRAS04326+1904
i
s? . ‘® - B
IRAm4384-58:9 IRAS22388+3359
. -
‘Sil i7
Stack
[Hung+ (2014) ApJ 791 63]
I AN YRR

¥ w,Sk: stacking weight: wy « t,7,
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https://arxiv.org/abs/1406.4509

Sensitivity & Discovery Potentials

» Test analysis performance
» Simulate pseudo-signal according to

1000,

EN"Y
Dy, (B) = o () |
0 100}

» Sensitive to 10-100 ULIRG neutrinos

» More sensitive to harder spectra
» Easier to distinguish from E~37 background

[N
(e)
T — T

==+ 30 discovery poténtial E

= 50 discovery poténtial 1

Total number of ULIRG neutrinos

246 A = 3.7 2 A = 3.7 : i ‘ . ‘ ‘ j . . ‘ ‘ i ‘
E“® Yatm E“® Yatm 2.0 25 3.0
Spectral index y
\ Yy =20 y =30
E E
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Analysis Results

(] |
i
>
7L

» Analysis consistent with background

> Set upper limits on flux from 75 ULIRGs (z < 0.13)  _, Unblinded likelihood space

—0
> Limits equal to sensitivity (90% CL) »  Best fit
» Total systematic uncertainty ~15% *0
» DOM efficiency, ice properties, muon propagation ol =10
NS —
pli] S —
- 1 | -20
Analysis yields | ‘
1S=0 e —
p-value = 1.0 0 1 L 30
1.0 2.0 3.0 4.0
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Extrapolating to Diffuse Limits

» Set limits on diffuse flux of full ULIRG population
» Integrate contribution of ULIRGS up 10 zyax

» Assume L;p < L, = constant and same E~Y specirum

Log( Number Density [Mpc™] )

3
I @
el W -
1 N N N N | N N N N | N N N N | N N N N | N N N
0.0 0.5 1.0 15 2.0
[Magnelii+ (2011) A8A 528 A35; .
Vereecken+ (2020) arXiv:2004.03435] Redshift
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Extrapolating to Diffuse Limits

» Set limits on diffuse flux of full ULIRG population
» Integrate contribution of ULIRGS up 10 zyax

» Assume L;p < L, = constant and same E~Y specirum

B \3\'\?‘0s

0.0 0.5 1.0 1.5 2.0

[Magnelli+ (2011) A&A 528 A35; .
Vereecken+ (2020] arXiv:2004.03435] Redshift

Log( Number Density [Mpc™®] )

Z<Z $z=z z<0.13
pZ=Fmax  — 2ZZimax (1) pZzs01
Vutvy $2=013 Vutvu

Zmax = 4.0
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Limits on ULIRG Population

> Integral limits

» Contribution to diffuse observations
constrained for E~29 and E~2® spectra

Zmax = 4, 0.

-9
10°°) 4

ULIRG evolution,

'HESE (7.5yr) ===
vy +7, (95yr) ==

E;20 limit ULIRGs

E;25 limit ULIRGs

+ E;9 limit ULIRGs

109 10! 102

103 104

E, [TeV]

» Differential limits
» Contribution to diffuse observations

constrained for 10- 100 TeV and 100- 1000 TeV

=
)

ULIRG evolution, z,,,, = 4.0

- 107 + - HESE (7.5 yr)-
= FeT=1 : _
B == v, +v,(9.5y1)
e = = = Diff. limits ULIRGs
‘?810—10 SN S S
; FeTea r=r-"
élO‘”  ~.~. Tt
N e
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= 10712 o T
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Comparison with Reservoir Model |

» He+ (2013) PRD 87 063011

ULIRG evolution, z;,4x = 2.3

» Neutrino flux powered by hypernovae — 107
. . |
> At level of our upper limit ke =y, 05y
» More data needed to exclude/validate » 107 | |
D
£
@]
2
[_,4
I§
+
g
CEQ;

+ HESE(7.5yr) === E;2°limit ULIRGs

He et al. (2013)
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Comparison with Reservoir Model i

» Palladino+ (20192) JCAP 09 004

» Generic model of hadronically powered
gamma-ray galaxies (HAGS)

» ULIRGs excluded as sole HAGS responsible for
diffuse observations

10~°

E2 D, 47, [TeV cm =2 571 sr7!]

L
>
Al

] ]
q
)

SFER evolution, zy,, = 4.0

10710}

+ HESE(7.5yr) === E;212limit ULIRGs
=eE v, +7, (9.5y1)

Palladino et al. (2019)

10!
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https://arxiv.org/abs/1812.04685
https://arxiv.org/abs/1812.04685

» Vereecken+ (2020) arXiv:2004.03435
» Compton-thick AGN beam dump

> Set lower limit on parameter f, = L. /L,
» Fit model to E~%% ULIRG limit
» Order of magnitude estimation

» Consistent with previous limits on obscured AGN
[PoS ICRC2017 1000]

( )

fo=1073
g J
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Limit from our ULIRG analysis

Comparison with Beam-Dump Model

SBS1200+608
SBS0812+578
RGBJ1534+372
PKS1717+177
NGC3628
MRK0668
GB6]1542+6129
CGCG186-048
B21811+31
ARP220
AC+04.77
3C371
2MASXJ05581173+5328180
1H1720+117

Obscured-AGN [imits

103 102

fe
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http://dx.doi.org/10.22323/1.301.1000

GOALS Modeling



Modeling Neuvutrinos from GOALS Galaxies

Data-Driven Parameters

]
qh
>
7L

1. Core-collapse supernova rate, Rgy

2. Spectral index of proton injection rate, ysy '”jeg:é?gnifﬁi%ergﬂed
3. Maximum momentum of proton injection rate, p,,,4.

4. Advection velocity, v, )

5. Magnetic-field strength, B CR escape vs neutrino
6. ISM particle density, 1,5y production in starburst
7. Scale height of nuclear starburst disk, H¢gp —

8. Distance to source, D; } Neutrino flux determination
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Modeling Neuvutrinos from GOALS Galaxies
Core-Collapse Supernova Rate & Energy Output

(] |
i
>
7L

» Use Starburst99 software to calibrate SN rate 1o IR luminosity
» Input: IMF, SFH, metallicity

» Output. Balmer spectrum (UV) of all stars, SFR evolution, SN rate
» Assumes all UV is reprocessed in IR

R SFR
» Top-heavy IMF preferred for starbursts ( SN’_S?QQ) — Agg s ( 3899)

(SFRSng) A (LIR,SED)
Mg yr—! w

yr Mg yr—1
» Lower SN rate compensated by higher average SN energy
Rsn Lir
Air X 1044 Asrr AR X 1046 Rsn [yr_l] ( _1) — AIR . ( _1)
Salpeter 748  0.008  5.98 0.23 yr CIg
Kroupa 4.93 0.012 5.97 0.23
TH Bhigh = 1.5 1.54 0.027 4.15 0.16 Elon — <MSN,IMF> E
TH Bhign = 1.0 124 0.026  3.24 0.12 N MRy
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Predictions for Arp 299

®, [ergcm™2s71]
=
o
L
w

EZ

Multimessenger emission by
Victor Courvoisier-Gernigon

NGC 3690E

Gamma rays: =2, Rsy = 1.86 yr !, pmax = 100 PeV/c

—— Neutrinos: =2, Rgy = 1.86 yr—1, pmax = 100 PeV/c
--=- Neutrinos: N'=2.11, Rey = 0.28 yr !, pmax = 10 PeV/c

o
——— - ——
| -.-.—--—-
-
-
-~
-
-
-~
-~
-~
-~

Gamma rays: T=2.11, Rgy = 0.28 yr™%, pmax = 10 PeV/c 3

Tt 10s
Ey, [GeV]

g3

EZ, ®y,+5, [GeV cm™2 s71]

Neutrino emission from
GOALS framework paper

IceCube point-source sensitivity at sin(6) = 0.85

Rsy = 1.86 yr‘l, Ysn = 4.00

10—10
. Pmax =
100 PeV
1071
1 -13 - Hsgr = 150 pc
0 - n=2500cm™3

g Vadv - 500 km S_l
10-14 - B =250 uG

- D, =50.7 Mpc
10—15

10> 10* 10> 10®° 107 108
E,, [GeV]
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CTAO & Star-Forming Systems



Galactic Star-Forming Systems 1

» Stellar remnants are VHE tracers of star formation Sensitivity to Cygnus OB2 (130 hr)
» SNRs, PWNe, microquasars,... — ) —

0.03-0.1 TeV 0.1-0.3 TeV

» Resolve star-forming regions with many VHE sources
» Cygnus region, Carina nebula, Westerlund 1 cluster

» Study interplay of cosmic rays and star formation
» Acceleration, propagation, escape into ISM, feedback,...
Herschel IR image of Cygnus-X

—
' Y - iy A
ﬁ Ay .
‘» ¥ )
3 .
. %
"

1-30 TeV

a“

[ESA] [CTAO (2019) World Scientific Publishing]
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https://www.esa.int/Science_Exploration/Space_Science/Herschel/Cygnus-X_the_cool_swan_glowing_in_flight
https://arxiv.org/abs/1709.07997

Neighboring Star-Forming Galaxies 1=
> Resolve local star-forming galaxies LMC survey (340 hr; 5200 GeV)
> Andromeda & Large Magellanic Cloud B = e

» Probe diffuse vs localized VHE emission
» Study cosmic-ray injection & diffusion across entire galaxy -eacoo-

Herschel + Spitzer IR image of LMC

68°00' g

Declination

-70°00' y

-72°00' S

96°00' 88°00' 80°00' 72°00' 64°00'
Right Ascension
I ]
1 120

counts/pixel

[ESA/NASA]
[CTAO (2019) World Scientific Publishing]
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https://www.esa.int/ESA_Multimedia/Images/2015/03/The_tumultuous_heart_of_the_Large_Magellanic_Cloud
https://arxiv.org/abs/1709.07997

Starburst Galaxies 17

Spitzer IR image of NGC 253

H H

» Starburst nuclei in centfral ~100 pc
» Typically triggered by galaxy interactions & bar instabilities

» Enhanced star-formation rates SFR ~ 10 Mg yr~! (L;z ~ 101°L)

» Study equipartition of cosmic-ray reservoir
» Energy balance between cosmic rays, magnetic fields, radiation

[NASA]
H.E.S.S. image of NGC 253

10 12
H.E.S.S. preliminary (180 hrs)

_+_ CTA (100 hrs)

ﬁtf
T S NGC 253

10-13} +\#& %

k -25.5

Declination [deg]

N
(3

E? dN/dE (erg cm 2 s71)

CTAO sensitivity to NGC 253 {
14 ‘ -26
10710 10° 10° 00h50m 00h48m 00h46m
[CTAO (2019) World Scientific Publishing] Energy (TeV) [H.E.S.S. (2009) Science 326 1080] Right Ascension
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https://svs.gsfc.nasa.gov/30980/
https://arxiv.org/abs/1709.07997
https://arxiv.org/abs/0909.4651

(Ultra)-Luminous Infrared Galaxies 1Y

» Most extreme starburst galaxies

T/Tpp

Cop

> LIRGs: Ljg = 101 Lo ULIRGS: Ljg = 10%2L Calorimetric conditions in U/LIRGs
>»SFR = 10-100 M, yr~1 1 U/LIRG
i " N 2 A .
» “Perfect” calorimeters =EAN .
» Aim for first U/LIRG observations af VHE _ ="
T 0.6
JWST IR image of Arp 220 ~10E =
* CTAO sensitivity to Arp 220 X "
o | | 3 0.4
310-11 - MAGIC 3 5 ULs (15.4 hrs) ~
: | |
L | I __ TT | ! | o5
= KR Work @ VUB
oL 10° 10! 102  10°  10*
n [cm™3]

[Merckx+ (2023) PRD 108 023015]

[CTAO (2019) World Scientific Publishing]
1 \\\\\H‘ 1 \\\\\H‘ 1 \\\\\H‘ 1

Ll
3 4

10 10
Energy (GeV)

10 10°

— T T TTTTI

[ESA/NASA/CSA]
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https://arxiv.org/abs/1709.07997
https://www.esa.int/ESA_Multimedia/Images/2023/04/Webb_captures_the_spectacular_galactic_merger_Arp_220
https://arxiv.org/abs/2304.01020
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The IR-VHE Connection

Scaling relation across (extra)galactic star-forming systems

» Scaling relation between IR and VHE o of%
i 104} L1
» Infrared traces star formation: Ljp « SFR ol P
» SFR yields supernova rate: SFR « SN rate T v} I
> SNe drive cosmic-ray energy density: SN rate «< L, £ 1%} o ™ L, T
= 10v g™ = A
» LIRGs have not been explored yet = 1| _ =1 T
» Build upon starburst model by Y. Merckx (VUB) \; i S = I
» Target GOALS galaxies (nearest U/LIRGsS) wnf LH - . t
S T . 33| xisting measurements |
Test feasibility of CTAO detection i: 1 CTAO sensiivity

A Calorimetric prediction|
Work to start soon by intern @LPNHE 107 s = = o e T =

Estimated SN rate (yr!)

[CTAO (2019) World Scientific Publishing]
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