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https://iihe.ac.be/research/theses/searches-for-neutrino-emission-from-blazar-flares-with-icecube
https://hubblesite.org/image/2307/gallery/19-interacting-galaxies

The Multimessenger Connection LPNHE )

PARIS

» Cosmic rays (p) > Neutrinos (v)
» Energies up to 102% eV = 16 ] » Not deflected or attenuated
» Deflected by B —s origin unknown! » Smoking gun of hadronic interactions

» Gamma rays (y)
» Attenuated by matter & radiation

» Also produced in leptonic processes

[lceCube/NSF]
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The Ditfuse High-Energy Neutrino Sky L PNHE

PARIS

» Diffuse flux discovered by IceCube in 2013

What is the of
high-energy neutrinos?

» Spectrum described by single power law (y ~ 2.5)
» Consistent with isotropic observations
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https://arxiv.org/abs/2011.03545

The lceCube Neutrino Observatory L PNHE

PARIS

IceCube Lab
> | km? detector at the South Pole S lceTop surface array

Tt gy 81 stations
50m —— i 324 DOMs
» 5160 digital optical modules (DOMs)

» 86 strings down 1o 2.45 km depth

IceCube in-ice array

86 strings including DeepCore
5160 DOMs

AMANDA-II array

Penetrator HV Divider 1450 m ——— Precursor to lceCube
DOM DeepCore
Mainboard ' 8 strings with denser spacing

480 DOMs

Eiffel Tower
324 m

[IC (2017) JINST 12 PO3012]
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https://arxiv.org/abs/1612.05093

» Neutrinos can interact with ice

» Produce secondary charged partficles
» These emit Cherenkov radiation

» Mostly focus on muon (u) fracks
> Signatures of v, and v,

» Typical angular resolution <1°
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Detecting Neutrinos with lceCube
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https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=184099&from=
https://arxiv.org/abs/astro-ph/0407044
https://edoc.hu-berlin.de/handle/18452/22672

Background vs Signal L PNHE

» Data mostly atmospheric background %0
» Induced by cosmic-ray air showers p -g
» Relatively soft spectrum ~ E=37 Vs gi
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https://edoc.hu-berlin.de/handle/18452/22672

Searches for Neutrino Point Sources LPNHE

PARIS

» Look for spatial clustering of tracks

» Steady sources: infegrate over total livetime IceCube poinf-source sensitivity (10 yr)
» Transients: look for clustering in time window o] JZ ANTARES BT Sensit | == o0k Senit B
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https://arxiv.org/abs/1910.08488
https://arxiv.org/abs/2211.09972

» Neutrino alert (E,, ~ 200 TeV) on 22 September 2017
» 30 coincidence with gamma-ray flaring blazar

» Archival analysis revealed neutrino flare at 3.5¢
» But no coincident gamma-ray flare!

» Other production mechanism?

Declination [°]

13 4+ 5 neutrinos

[Spec’rrcl index:y =214+ O.ZJ

TXS 0606+056: First Transient Source (1/2)

LPNHE
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[IC (2018) Science 361 147;

IC+ (2018) Science 361 eaat1378]
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https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/1807.08816

TXS 0506+056: First Transient Source (2/2)

» Blazar at redshift z = 0.334 (1.75 Gpc)
» TXS 0506+056 must be a “special” blazar

» Conftribution of Fermi 2LAC blazars consfrained
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108 107

[IC (2017) ApJ 835 45]

NHE D

PARIS

Active galactic nucleus (AGN)

Clumpy Gas and Dust Torus
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https://arxiv.org/abs/1611.03874
https://public.nrao.edu/gallery/a-unified-agn-model/

NGC 1068: First Steady Source (1/2) L PNHE

PARIS

» Northern Sky scan with 10 years of data
» Hotspot at location of NGC 1068: 2.00 post-trial

» Parallel catalog search of 110 pre-selected sources
» Evidence for 79752 neutrinos coming from NGC 1068: 4.2¢ post-trial
» Power-law spectral fit: y = 3.2 + 0.2

[NASA/ESA]
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https://arxiv.org/abs/2211.09972
https://hubblesite.org/image/2307/gallery/19-interacting-galaxies

NGC 1068: First Steady Source (2/2)

» Well-known nearby Seyfert || galaxy (14.4 Mpc)

» Coupled with strong starburst activity

» Obscured AGN models favored

» Starburst reservoirs less favored

Clumpy Gas and Dust Torus

SMBH 4

Accretion Disk®

Clumpy Gas and Dust Torus
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Archival data
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https://arxiv.org/abs/2211.09972

Status of Neutrino Astronomy (1/2) LPNHE )

PARIS

hadronic y-ray emission nprmalized to best—ﬁt non—blazar EGB

° T 1 —6 | — v (per flavor)
» Fermi-LAT: 86% of EGB from blazars 5 10 o
» IceCube: blazar contribution constrained '« En
N l_}_| IceCube combined
. |
» Neutrino sources cannot exceed = 1
non-blazar EGB ° + %
>
» Points towards gamma-ray opaque O 1
Neutrino SOUIrCEeS Muraser (2016) PRL116071101] o 10~° T ]
A 2FHL rang'e.,.\ AR
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[Bechtol+ (2017) ApJ 836 47]
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https://arxiv.org/abs/1511.00688
https://arxiv.org/abs/1509.00805

Status of Neutrino Astronomy (2/2) LPNHE

PARIS

» Sources of diffuse flux largely unidentified e e R o
» At least two source types! ]
105}
» Constraints after 10 years of IceCube data 105l
» Favor numerous populations of dim sources 9 -
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https://arxiv.org/abs/2008.04323
https://arxiv.org/abs/2211.09972

| Ultra-Luminous Infrared Galaxies

log1g f, [Jy]

» The most luminous objects in the IR sky

» Even more than NGC 1068l

> L = 10%* L between 8-1000 micron

MRK 273 (“Toothbrush Galaxy")
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[NASA/IPAC Extragalactic Database]
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NHE

PARIS

» Rich in obscuring gas and dust

» Mergers of spiral galaxies

[NASA/ESA]


https://ned.ipac.caltech.edu/
https://hubblesite.org/image/2307/gallery/19-interacting-galaxies

| Ultra-Luminous Infrared Galaxies

log1g f, [Jy]

» The most luminous objects in the IR sky

» Even more than NGC 1068l

> L = 10%* L between 8-1000 micron

MRK 273 (“Toothbrush Galaxy")

» Mergers of spiral galaxies
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[NASA/ESA]

NHE

PARIS

» Rich in obscuring gas and dust

[not Oral-B]


https://hubblesite.org/image/2307/gallery/19-interacting-galaxies
https://ned.ipac.caltech.edu/
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https://arxiv.org/abs/0907.2408

Neutrino Production in ULIRGs (1/2) L PNHE

PARIS

» Starburst activity
> Stellar factories: = 100 Mg yr~*

» Enhanced supernova rate

» Cosmic-ray reservoir
. . [He+ (2013) PRD 87 063011;
» Cosmic rays confined Palladino+ (2019) JCAP 09 004]
» Intferact with dust/gas (pp)
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https://webbtelescope.org/contents/news-releases/2022/news-2022-041
https://arxiv.org/abs/1303.1253
https://arxiv.org/abs/1812.04685

Neutrino Production in ULIRGs (2/2) NHE

» Compton-thick AGN
4

» Extremely obscured: Ny = 10%* cm™2
» Secondary IR component (~10%)

» AGN beam dump
» Cosmic rays shot at dense target

» Intferact with dust/gas (pp)
[Vereecken+ (2020) arXiv:2004.03435]

A
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https://arxiv.org/abs/2004.03435

ULIRG Analysis Motiviation LPNHE )

PARIS

ULIRGs are most extreme ULIRGs are promising neutrino
infrared sources source candidates

Perform for high-energy
nevutrinos from ULIRGs with IceCube
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Selection of ULIRGS

» Start from three IRAS catalogs

Infrared Astfronomical Satellite
Jan-Nov 1983

NHE D

» Determine redshift up to which:
> All ULIRGs with Lz = 10** L are observed

» Given an IRAS sensitivity foo = 1]y

> Final sample: 75 ULIRGs within z < 0.13
» Representative of local ULIRG population
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Pablo Correa | ICRC 2021 | IceCube Search for Neutrinos from ULIRGs

12, 25, 60, 100 micron PARIS
[Neugebaver+ (1984) ApJ 278 L1] J
Arp 220 Mrk 273

[NASA/ESA] [NASA/ESA]



https://ui.adsabs.harvard.edu/abs/1984ApJ...278L...1N/abstract
https://hubblesite.org/image/2307/gallery/19-interacting-galaxies
https://esahubble.org/images/heic0810bf/

lceCube Dataset

North Sk
» GFU sample [IC (2017) Astropart. Phys. 92 30] Orthern oxy

» Well-reconstructed fracks

» /.2 years of data

» 6./ mHz all-sky rate

» 1.5 million events (mostly background)

Southern Sky

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

tellit i
HLC Hits Onlinel2 satellite Offline

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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https://arxiv.org/abs/1612.06028

Analysis Method LPNHE )

PARIS

. ° ° EZCI) 24 EZCD A
> Maximum likelihood method
» Fit for number of ULIRGs neutrinos, ng
. . y = 2.0 y = 3.0
» Fit for power-law spectral index, y ‘ ‘
» Hypothesis test (one-tailed) E E

» H,. data only atmospheric background
» H.. data contains signal from ULIRG locations

» Larger TS —— smaller p-value L(n,y) = Z Wksk(y] 1 _ _)
S’ -
Background
PDF
Hs
L(n, =7,y =
. TS = 2 log (ng Y =7)
(ns =
> j_[o

TS
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Stacking Technique L PNHE

PARIS

epe o S
» Stack ULIRGs to enhance sensitivity ;
. . . 3 IRAS11010+4107 5
» Theoretical weight t,: fotal IR flux (8—1000 micron) Si \ Si
» Detector weight r,: detector response ”; S [
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https://arxiv.org/abs/1406.4509

Sensitivity & Discovery Potentials

» Test analysis performance
» Simulate pseudo-signal according to

ENTY
%
®y15,(E) = @0 ()

» Sensitive to 10-100 ULIRG neutrinos

» More sensitive to harder spectra
» Easier to distinguish from E~3-7 background

E%2d “Yatm = 3.7 E2] 4 Yatm = 3.7
\ y = 2.0 y =3.0
E E
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Analysis Results LPNHE )

PARIS

» 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% 40 :

» DOM efficiency, ice properties, muon propagatfion 20 1-10

S —~

e 20

Analysis yields
1S=0 I e
0 % -~ -30
1.0 2.0 3.0 4.0
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Extrapolating to Diffuse Limits L PNHE

» Set limits on diffuse flux of full ULIRG population
» Infegrate contribution of ULIRGS up 10 z, a4

» Assume L;p « L, = constant and same E~Y spectrum

o \)%05

0.0 0.5 1.0 1.5 2.0

[Magnelli+ (2011) A&A 528 A35; .
Vereecken+ (2020) arXiv:2004.03435] R e d S h 1 ft

Log( Number Density [Mpc™®] )

Pablo Correa | LPNHE Seminar | 13 February 2023 26


https://arxiv.org/abs/1101.2467
https://arxiv.org/abs/2004.03435

Extrapolating to Diffuse Limits L PNHE

PARIS

» Set limits on diffuse flux of full ULIRG population .
» Integrate contribution of ULIRGS UP 10 Zyax PIEimax — “imar () Pz=0d3

Vutvy z=0.13 Vutvy
» Assume L;p « L, = constant and same E~Y spectrum

Zmax = 4.0

Log( Number Density [Mpc™®] )

0.0 0.5 1.0 1.5 2.0

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

L —
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https://arxiv.org/abs/1101.2467
https://arxiv.org/abs/2004.03435

Limits on ULIRG Population

» Integral limits

» Contribution to diffuse observations
constrained for E~2% and E~2° spectra

ULIRG evolution, z,,,, = 4.0
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LPNHE

PARIS

» Differential limits
» Conftribution to diffuse observations

constrained for 10-100 TeV and 100- 1000 TeV

ULIRG evolution, z,,,, = 4.0

10_9f~~~"*~~"'*~~"~4F~2HESE(75yﬂ~'~'~~
F=7T" ‘ : - :
r -I == v+ v, (9.5y1)
= = « Diff. limits ULIRGs
10°10 ]
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10~ T :f?wwwm
.
10712 T
1071 104 10°
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Comparison with Reservoir Model | LPNHE )

PARIS

» He+ (2013) PRD 87 063011

» Neutrino flux powered by hypernovae

» At level of our upper limit
» More datfa needed to exclude/validate

ULIRG evolution, z,,, = 2.3

+ HESE(7.5yr) === E;?0limit ULIRGs
== v, +7,(9.5yr) == Heetal (2013)

E, [TeV]
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https://arxiv.org/abs/1303.1253

Comparison with Reservoir Model | LPNHE

» Palladino+ (20192) JCAP 09 004

SFR evolution, z,,, = 4.0

» Generic model of hadronically powered 10— ‘ ‘ ;
gamma-ray galaxies (HAGS) 1 + HESE(7.5yr) ===+ E;*!?limit ULIRGs
) @ =iE v, +v, (9.5yr) === Palladino et al. (2019)
» ULIRGs excluded as sole HAGS responsible for Torotop DT
diffuse observations o | —+ | |
: 1 S _I_ 3
— 3 | : ,
_‘x 1--31--1--
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- 10—13 ;
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https://arxiv.org/abs/1812.04685

Comparison with Beam-Dump Model L PNHE

PARIS

» Vereecken+ (2020) arXiv:2004.03435 Obscured-AGN limits
» Compton-thick AGN beam dump 5B51200+608
SBS0812+578
> Set lower limit on parameter f, = L. /L, RGBJ1534+372
» Fit model to E~29 ULIRG limit PKS1717+177
» Order of magnitude estimation NGC3628
» Consistent with previous limits on obscured AGN MRKO0668
[PoS ICRC2017 1000] GB6J1542+6129
CGCG186-048
- ‘ r \ B21811+31
ARP220

BN -3

@ /pk:}g fe =10 4C+04.77
% 3C371
o \. / . 2MASX]05581173+5328180
‘ Limit from our ULIRG analysis 104117

T 10
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https://arxiv.org/abs/2004.03435
http://dx.doi.org/10.22323/1.301.1000

Conclusions & Outlook LPNHE )

PARIS

/ Summary \ / Outlook \

» Excifing times for neutrino astronomy! | | > LIRGS
» First neutrino sources unveiled » 10x less luminous but 100x more humerous

» MANY more to be discovered! >NGC 1068 is a LIRG!
» lceCube analysis planned [Merckx (2021) MSc thesis]

» Searched for ULIRG neutrinos

» Upper limits on ULIRG source class » Compton-thick AGN
» Constrained model predictions » [ceCube analysis underway [pos ICRC2021 1142]

~ Paper published [IC (2022) ApJ 926 59 » Focus on X-ray sources of neutrinos

\_ AN /
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https://arxiv.org/abs/2107.03149
https://iihe.ac.be/sites/default/files/thesis-yarno-merckx-icecube-master-2021pdf/thesis-yarno-merckx-icecube-master-2021.pdf
https://pos.sissa.it/395/1142/

The Future of Neutrino Astronomy

Diffuse Flux, 1:1:1 Flavor Ratio
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107+ Astrophysical: MMA constraints, clusters, TDEs
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https://arxiv.org/abs/2203.08096

BACKUP LPNHE )

PARIS
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The Mystery of Astroparticle Physics LPNHE )

PARIS

Cosmic-ray energy spectrum

250 L R R | LAY R L = 2l i
. . . 10° =
» Cosmic rays discovered in 1912 :
» Charged atomic nuclei (p, He, ..., Fe) T = S !
A ¥ -
» Observed up to ulira-high energies i"’ | b= é
» Highest energy 3x10%° eV = 50 ] < O CASA-MIA i
> O Kascade OGO |
(E 10° © Kascade Grande E
g ¢ IceTo ]
E— O HiRespl ]
° :. O HiRes 2 il
do (vltra)-high-energy N oL o Auger |
. = Telescope Arra — 3
cosmic rays come from? g = s = 14TeV) 5
1 TETT| B S R R TT] B SR I R TT] B ll.mll ol vl il !

10" 10" 10" 10" 10" 10" 10" 10”°

E [eV]

[PDG (2022) PTEP 083C01]
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

The Diffuse High-Energy Sky I;AESN/I-HE\

Focus of this talk
[Fermi-LAT (2017) ApJS 232 18]

[Auger (2018) ApJL 853 L29]

What is the o]
(vlira)-high-energy
cosmic rays? .
Unresolved 10_SGeV gamma rays TeV-PeV nevutrinos EeV cosmic rays
isotropic 1 1 1 [IC (2021) PRD 104 022002] 1 | 1 |
observations - Ty, ; ; : : ‘ ‘ e 4 ;
. 10y ot e ey e
Similar ener % M, o0 Gy : S P >
budgets 7o " ;\;‘9’ s, Ly |
Sources likely = 7 o o
extragalactic > - H R ©)
i . | N o)
What is the of & I ! CR*
high-energy neutrinos? [EER [ O v

107t 109 10! 102 103 10% 10> 10° 107 10% 102 10!9 10!t 1012
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http://arxiv.org/abs/1702.00664
https://arxiv.org/abs/1801.06160
https://arxiv.org/abs/2011.03545
http://arxiv.org/abs/1410.3696
https://arxiv.org/abs/2109.13400

Event Signatures in lceCube L PNHE

PARIS

Track Cascade Double Bang
v, charged-current v, (v;) charged-current & all neutral-current v, charged-current at highest energies
Good angular resolution, < 1° Good energy resolution, ~ 15% v, candidates observed! [iC (2022) EPJC 82 1031]
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https://arxiv.org/abs/2011.03561

Initial Selection of ULIRGS LPNHE )

PARIS

» Start from three catalogs based on IRAS data nfrared Astronomical Sateliite

> Mainly observe flux at 60 micron, fg, y, m Jan-Nov 1983
. (' (3 12, 25, 60, 100 micron
» 189 unique ULIRGs S [Neugebauert (1984) Ap) 28l )

— Galactic Plane
A ULIRGs in IRAS RBGS
--=-- with |b] > 5°
® ULIRGs in IRAS FSC
e with |b| > 30°, 6 > —-40°
*  ULIRGs in IRAS PSCz
and observed by Spitzer

A [Sanders+ (2003) AJ 126 1607] @ [Kim+ (1998) ApJS 119 41] % [Nardini+ (2010) MNRAS 405 2505]
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https://ui.adsabs.harvard.edu/abs/1984ApJ...278L...1N/abstract
https://arxiv.org/abs/astro-ph/0306263
https://arxiv.org/abs/astro-ph/9806148
https://arxiv.org/abs/1003.0858

Completeness Estimation

» Perform log-linear fit between f,, and F 102l
» Flux density at 60 micron, fg,

» Total IR flux (8-=1000) micron, F;p = L;r/(4md?)

» Find maximum distance d; from fit for Eml
> feo = 1]y u.§
> LIR = 1012L®

» Result: dp ~ 700 Mpc or z ~ 0.143 100l

» Make conservative choice z = 0.13 for cut
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Effect of Missing Sources

> Final ULIRG selection: f,o = 1]y
» For fyo = 5.24 Jy: complete

»For1]Jy < fio < 5.24 Jy: imited sky coverage

> Likely miss ~40 sources with 1]y < fio < 5.24 Jy 1800
» Simulate 40 ULIRGs on patch not fully covered 1222
» Detector weight: declination dependent TE 12001
» Theoretical weight: average total IR flux of FSC ULIRGs E 1000
. ,

» Effect on final analysis result: ~10% 3 800
» Taken into account in ULIRG population limits ; 600}

400t
200}

0
0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14

Weight fraction in 40 missing 1-Jy sources
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GFU Effective Area LPNHE )

PARIS

105 | V/u + Vy
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101 H A S —
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102 103 10* 10> 10° 107 108 10°

[IC (2017) Astropart. Phys. 92 30]
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https://arxiv.org/abs/1612.06028

Maximume-Likelihood Method LPNHE )

PARIS

» Construct likelihood » Determine fest stafistic
> Fit for » Perform hypothesis test
> Number of signal events n; (get best fit A,) » Background-only TS PDF from data scrambles
» Power-law spectral index y (get best fit y) » Use to determine p-value

N

ton =] |

i

M . .
Alternative hypothesis
s K _s\g
N Z Wi 2y (1 N)@ Data is compatible with

background + ULIRG signal

.. Detector response | | Energy: E~Y spectrum ||Energy: E~37 spectrum

[STocking Term\//SignoI PDF A /Bockground PDB

I
L(ng = A,y =7)
TS = 2 log <¥
Wi & tyTi Simulation Scrambled data L(ns = 0)
ti. Total IR flux Space: 2D Gaussian Space: Uniform in RA

Null hypothesis

Sum over Evaluate for Evaluate for Data is compatible with

\ each source k J \ each event i / \ each eventi / atmospheric background
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The Power of Stacking

» Increase in sensitivity flux of sources combined

» Decrease in sensitivity flux per source

» Strongly depends on chosen weights

—_
o

E2 dN/JE [10" TeV cm? s71]

Total Flux for Discovery

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

_____

LPNHE

PARIS

IRAS11010+4107

«
IRAS15327+2340 IRAS08572+3915
, ‘ THE
: £ . RETURN OF
- T e THE KING
. o - /8 = *
b 5. 10y
R 0‘ & Fagmc
d 5 » eO;
IRAS18520-5048 m IRAS04326+1904 J.R.R.TOLKIEN
¢ P I
0 :
.
.
.
.
IRAS04384-4849 IRAS22388+3359
.
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ty Tk

IR flux X detector response

—
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10
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Number of Sources Stacked
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v

[Hung+ (2014) ApJ 791 63]
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https://arxiv.org/abs/1406.4509

Sensitivity & Discovery Potentials LPNHE )

PARIS

» Test analysis performance » Sensifive 1o 10-100 ULIRG neutrinos
» Simulate pseudo-signal according to » More sensitive to harder spectra
AT » Easier to distinguish from E~3-7 background
b, 1y (Ev) = (E_O)

1000

100}

Total number of ULIRG neutrinos

10,
= ==+ 3¢ discovery potential |
c?o 50 discovery potential - 50 discovery potential -
NN 1o . . . . v . . 1 S S S SR SR S
2.0 2.5 3.0 2.0 2.5 3.0
Spectral index y Spectral index y
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» Stacking 75 vs 189 ULIRGs
» Small sensitivity loss of 20—-40%

— —
e (e»]
N N
N )

(L,) per source [erg s7!]
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Stacking ULIRGs with d;? weights
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Crosschecks of Analysis Performance

» Software comparison
» Consistent results within 20%

LPNHE

PARIS

o Stacking ‘189 ULIRGS with diz weights

Ey=10TeV

---------------
oy
o
-~
-

SkyLab sensitivity
= Skylab 5¢ disc. pot.
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Spectraf index y
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Redshift-Evolution Parameter LPNHE )

1+2)*z<1
#(z) = 1
@) {flat z>1

(1+2)3* z<1

H(z) = {(1 +2)93 2> 1

H(z)=1

2 HEZHYA+zH)Y
z - dz’
) 0 VQn(1+2)3+Q, ‘

[Vereecken+ (2020) arXiv:2004.03435]
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https://arxiv.org/abs/2004.03435

JWST vs lceCube-Gen?

Spitzer (2003) James Webb (2022)
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lceCube (2021)

PARIS

lceCube-Gen2e (2030+)
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