
Draft version July 2, 2024
Typeset using LATEX twocolumn style in AASTeX631

Probing the connection between IceCube neutrinos and MOJAVE AGN

R. Abbasi,17 M. Ackermann,65 J. Adams,18 S. K. Agarwalla,40, ∗ J. A. Aguilar,12 M. Ahlers,22 J.M. Alameddine,23

N. M. Amin,44 K. Andeen,42 C. Argüelles,14 Y. Ashida,53 S. Athanasiadou,65 L. Ausborm,1 S. N. Axani,44 X. Bai,50

A. Balagopal V.,40 M. Baricevic,40 S. W. Barwick,30 S. Bash,27 V. Basu,40 R. Bay,8 J. J. Beatty,20, 21

J. Becker Tjus,11, † J. Beise,63 C. Bellenghi,27 C. Benning,1 S. BenZvi,52 D. Berley,19 E. Bernardini,48

D. Z. Besson,36 E. Blaufuss,19 L. Bloom,60 S. Blot,65 F. Bontempo,31 J. Y. Book Motzkin,14

C. Boscolo Meneguolo,48 S. Böser,41 O. Botner,63 J. Böttcher,1 J. Braun,40 B. Brinson,6 J. Brostean-Kaiser,65

L. Brusa,1 R. T. Burley,2 D. Butterfield,40 M. A. Campana,49 I. Caracas,41 K. Carloni,14 J. Carpio,34, 35

S. Chattopadhyay,40, ∗ N. Chau,12 Z. Chen,56 D. Chirkin,40 S. Choi,57, 58 B. A. Clark,19 A. Coleman,63

G. H. Collin,15 A. Connolly,20, 21 J. M. Conrad,15 R. Corley,53 D. F. Cowen,61, 62 P. Dave,6 C. De Clercq,13

J. J. DeLaunay,60 D. Delgado,14 S. Deng,1 A. Desai,40 P. Desiati,40 K. D. de Vries,13 G. de Wasseige,37

T. DeYoung,24 A. Diaz,15 J. C. Díaz-Vélez,40 P. Dierichs,1 M. Dittmer,43 A. Domi,26 L. Draper,53 H. Dujmovic,40

D. Durnford,25 K. Dutta,41 M. A. DuVernois,40 T. Ehrhardt,41 L. Eidenschink,27 A. Eimer,26 P. Eller,27

E. Ellinger,64 S. El Mentawi,1 D. Elsässer,23 R. Engel,31, 32 H. Erpenbeck,40 J. Evans,19 P. A. Evenson,44

K. L. Fan,19 K. Fang,40 K. Farrag,16 A. R. Fazely,7 A. Fedynitch,59 N. Feigl,10 S. Fiedlschuster,26 C. Finley,55

L. Fischer,65 D. Fox,61 A. Franckowiak,11 S. Fukami,65 P. Fürst,1 J. Gallagher,39 E. Ganster,1 A. Garcia,14

M. Garcia,44 G. Garg,40, ∗ E. Genton,14, 37 L. Gerhardt,9 A. Ghadimi,60 C. Girard-Carillo,41 C. Glaser,63

T. Glüsenkamp,26, 63 J. G. Gonzalez,44 S. Goswami,34, 35 A. Granados,24 D. Grant,24 S. J. Gray,19 O. Gries,1

S. Griffin,40 S. Griswold,52 K. M. Groth,22 D. Guevel,40 C. Günther,1 P. Gutjahr,23 C. Ha,54 C. Haack,26

A. Hallgren,63 L. Halve,1 F. Halzen,40 H. Hamdaoui,56 M. Ha Minh,27 M. Handt,1 K. Hanson,40 J. Hardin,15

A. A. Harnisch,24 P. Hatch,33 A. Haungs,31 J. Häußler,1 K. Helbing,64 J. Hellrung,11 J. Hermannsgabner,1

L. Heuermann,1 N. Heyer,63 S. Hickford,64 A. Hidvegi,55 C. Hill,16 G. C. Hill,2 K. D. Hoffman,19 S. Hori,40

K. Hoshina,40, ‡ M. Hostert,14 W. Hou,31 T. Huber,31 K. Hultqvist,55 M. Hünnefeld,23 R. Hussain,40

K. Hymon,23, 59 A. Ishihara,16 W. Iwakiri,16 M. Jacquart,40 S. Jain,41 O. Janik,26 M. Jansson,55 G. S. Japaridze,5

M. Jeong,53 M. Jin,14 B. J. P. Jones,4 N. Kamp,14 D. Kang,31 W. Kang,57 X. Kang,49 A. Kappes,43 D. Kappesser,41

L. Kardum,23 T. Karg,65 M. Karl,27 A. Karle,40 A. Katil,25 U. Katz,26 M. Kauer,40 J. L. Kelley,40 M. Khanal,53

A. Khatee Zathul,40 A. Kheirandish,34, 35 J. Kiryluk,56 S. R. Klein,8, 9 A. Kochocki,24 R. Koirala,44

H. Kolanoski,10 T. Kontrimas,27 L. Köpke,41 C. Kopper,26 D. J. Koskinen,22 P. Koundal,44 M. Kovacevich,49

M. Kowalski,10, 65 T. Kozynets,22 J. Krishnamoorthi,40, ∗ K. Kruiswijk,37 E. Krupczak,24 A. Kumar,65 E. Kun,11

N. Kurahashi,49 N. Lad,65 C. Lagunas Gualda,65 M. Lamoureux,37 M. J. Larson,19 S. Latseva,1 F. Lauber,64

J. P. Lazar,37 J. W. Lee,57 K. Leonard DeHolton,62 A. Leszczyńska,44 J. Liao,6 M. Lincetto,11 Y. T. Liu,62

M. Liubarska,25 C. Love,49 L. Lu,40 F. Lucarelli,28 W. Luszczak,20, 21 Y. Lyu,8, 9 J. Madsen,40 E. Magnus,13

K. B. M. Mahn,24 Y. Makino,40 E. Manao,27 S. Mancina,48 W. Marie Sainte,40 I. C. Mariş,12 S. Marka,46

Z. Marka,46 M. Marsee,60 I. Martinez-Soler,14 R. Maruyama,45 F. Mayhew,24 F. McNally,38 J. V. Mead,22

K. Meagher,40 S. Mechbal,65 A. Medina,21 M. Meier,16 Y. Merckx,13 L. Merten,11 J. Micallef,24 J. Mitchell,7

T. Montaruli,28 R. W. Moore,25 Y. Morii,16 R. Morse,40 M. Moulai,40 T. Mukherjee,31 R. Naab,65 R. Nagai,16

M. Nakos,40 U. Naumann,64 J. Necker,65 A. Negi,4 L. Neste,55 M. Neumann,43 H. Niederhausen,24 M. U. Nisa,24

K. Noda,16 A. Noell,1 A. Novikov,44 A. Obertacke Pollmann,16 V. O’Dell,40 B. Oeyen,29 A. Olivas,19 R. Orsoe,27

J. Osborn,40 E. O’Sullivan,63 V. Palusova,41 H. Pandya,44 N. Park,33 G. K. Parker,4 E. N. Paudel,44 L. Paul,50

C. Pérez de los Heros,63 T. Pernice,65 J. Peterson,40 A. Pizzuto,40 M. Plum,50 A. Pontén,63 Y. Popovych,41

M. Prado Rodriguez,40 B. Pries,24 R. Procter-Murphy,19 G. T. Przybylski,9 C. Raab,37 J. Rack-Helleis,41

M. Ravn,63 K. Rawlins,3 Z. Rechav,40 A. Rehman,44 P. Reichherzer,11 E. Resconi,27 S. Reusch,65 W. Rhode,23

B. Riedel,40 A. Rifaie,1 E. J. Roberts,2 S. Robertson,8, 9 S. Rodan,57, 58 G. Roellinghoff,57 M. Rongen,26

A. Rosted,16 C. Rott,53, 57 T. Ruhe,23 L. Ruohan,27 D. Ryckbosch,29 I. Safa,40 J. Saffer,32 D. Salazar-Gallegos,24

P. Sampathkumar,31 A. Sandrock,64 M. Santander,60 S. Sarkar,25 S. Sarkar,47 J. Savelberg,1 P. Savina,40

P. Schaile,27 M. Schaufel,1 H. Schieler,31 S. Schindler,26 L. Schlickmann,41 B. Schlüter,43 F. Schlüter,12

N. Schmeisser,64 T. Schmidt,19 J. Schneider,26 F. G. Schröder,31, 44 L. Schumacher,26 S. Sclafani,19 D. Seckel,44

M. Seikh,36 M. Seo,57 S. Seunarine,51 P. Sevle Myhr,37 R. Shah,49 S. Shefali,32 N. Shimizu,16 M. Silva,40

B. Skrzypek,8 B. Smithers,4 R. Snihur,40 J. Soedingrekso,23 A. Søgaard,22 D. Soldin,53 P. Soldin,1 G. Sommani,11

C. Spannfellner,27 G. M. Spiczak,51 C. Spiering,65 M. Stamatikos,21 T. Stanev,44 T. Stezelberger,9

T. Stürwald,64 T. Stuttard,22 G. W. Sullivan,19 I. Taboada,6 S. Ter-Antonyan,7 A. Terliuk,27 M. Thiesmeyer,1

W. G. Thompson,14 J. Thwaites,40 S. Tilav,44 K. Tollefson,24 C. Tönnis,57 S. Toscano,12 D. Tosi,40 A. Trettin,65

R. Turcotte,31 J. P. Twagirayezu,24 M. A. Unland Elorrieta,43 A. K. Upadhyay,40, ∗ K. Upshaw,7

A. Vaidyanathan,42 N. Valtonen-Mattila,63 J. Vandenbroucke,40 N. van Eijndhoven,13 D. Vannerom,15

J. van Santen,65 J. Vara,43 F. Varsi,32 J. Veitch-Michaelis,40 M. Venugopal,31 M. Vereecken,37

S. Vergara Carrasco,18 S. Verpoest,44 D. Veske,46 A. Vijai,19 C. Walck,55 A. Wang,6 C. Weaver,24 P. Weigel,15

A. Weindl,31 J. Weldert,62 A. Y. Wen,14 C. Wendt,40 J. Werthebach,23 M. Weyrauch,31 N. Whitehorn,24

C. H. Wiebusch,1 D. R. Williams,60 L. Witthaus,23 A. Wolf,1 M. Wolf,27 G. Wrede,26 X. W. Xu,7 J. P. Yanez,25

ar
X

iv
:2

4
0
7
.0

1
3
5
1
v
1
  
[a

st
ro

-p
h
.H

E
] 

 1
 J

u
l 

2
0
2
4



2

E. Yildizci,40 S. Yoshida,16 R. Young,36 S. Yu,53 T. Yuan,40 Z. Zhang,56 P. Zhelnin,14 P. Zilberman,40 and
M. Zimmerman40

1III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4Dept. of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA

5CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
6School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA

7Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
8Dept. of Physics, University of California, Berkeley, CA 94720, USA

9Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
10Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany

11Fakultät für Physik & Astronomie, Ruhr-Universität Bochum, D-44780 Bochum, Germany
12Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium

13Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
14Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, USA

15Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
16Dept. of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan

17Department of Physics, Loyola University Chicago, Chicago, IL 60660, USA
18Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

19Dept. of Physics, University of Maryland, College Park, MD 20742, USA
20Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

21Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
22Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

23Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany
24Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

25Dept. of Physics, University of Alberta, Edmonton, Alberta, T6G 2E1, Canada
26Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg, D-91058 Erlangen, Germany

27Physik-department, Technische Universität München, D-85748 Garching, Germany
28Département de physique nucléaire et corpusculaire, Université de Genève, CH-1211 Genève, Switzerland

29Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
30Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA

31Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany
32Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany

33Dept. of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada
34Department of Physics & Astronomy, University of Nevada, Las Vegas, NV 89154, USA

35Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA
36Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

37Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
38Department of Physics, Mercer University, Macon, GA 31207-0001, USA

39Dept. of Astronomy, University of Wisconsin—Madison, Madison, WI 53706, USA
40Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706, USA

41Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
42Department of Physics, Marquette University, Milwaukee, WI 53201, USA

43Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, D-48149 Münster, Germany
44Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

45Dept. of Physics, Yale University, New Haven, CT 06520, USA
46Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, NY 10027, USA

47Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
48Dipartimento di Fisica e Astronomia Galileo Galilei, Università Degli Studi di Padova, I-35122 Padova PD, Italy

49Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
50Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

51Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA
52Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

53Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA
54Dept. of Physics, Chung-Ang University, Seoul 06974, Republic of Korea



3

55Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
56Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

57Dept. of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea
58Institute of Basic Science, Sungkyunkwan University, Suwon 16419, Republic of Korea

59Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan
60Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

61Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
62Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA

63Dept. of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden
64Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

65Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, D-15738 Zeuthen, Germany

Abstract

Active Galactic Nuclei (AGN) are prime candidate sources of the high-energy, astrophysical neutrinos

detected by IceCube. This is demonstrated by the real-time multi-messenger detection of the blazar
TXS 0506+056 and the recent evidence of neutrino emission from NGC 1068 from a separate time-
averaged study. However, the production mechanism of the astrophysical neutrinos in AGN is not

well established which can be resolved via correlation studies with photon observations. For neutrinos

produced due to photohadronic interactions in AGN, in addition to a correlation of neutrinos with

high-energy photons, there would also be a correlation of neutrinos with photons emitted at radio

wavelengths. In this work, we perform an in-depth stacking study of the correlation between 15 GHz

radio observations of AGN reported in the MOJAVE XV catalog, and ten years of neutrino data from
IceCube. We also use a time-dependent approach which improves the statistical power of the stacking

analysis. No significant correlation was found for both analyses and upper limits are reported. When

compared to the IceCube diffuse flux, at 100 TeV and for a spectral index of 2.5, the upper limits

derived are ∼ 3% and ∼ 9% for the time-averaged and time-dependent case, respectively.

1. INTRODUCTION

Neutrinos are a valuable complementary messenger to

photons, however, their elusive nature adds complexi-

ties to their detection leading to uncertainties about the

exact sources producing them. Understanding the neu-

trino production mechanism and the concurrent detec-

tion of photons can help pinpoint their sources. This can

be done using a hypothesis that the observed neutrinos

and photons follow a certain correlation. This corre-

lation supports the theory that both particles originate

from similar or related processes within or around extra-
galactic sources. A positive correlation will help us find
the sources that may be producing neutrinos and under-

stand the processes that lead to their creation. However,
these correlation studies are limited by a lack of coin-
cident photon observations with neutrino data reducing
their sensitivities. One of the theories involving neutrino

production in Active Galactic Nuclei (AGN) involves the

∗ also at Institute of Physics, Sachivalaya Marg, Sainik School
Post, Bhubaneswar 751005, India

† also at Department of Space, Earth and Environment,
Chalmers University of Technology, 412 96 Gothenburg, Swe-
den

‡ also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

possibility of a correlation with photon detected at ra-
dio wavelengths (see Sec 1.1). In this work, we per-

form a stacking analysis using 10 years of data collected

by the IceCube Neutrino Observatory (2008-2018) along

with the time-dependent photon observations published

in the MOJAVE XV catalog (Lister et al. 2018) to test
for correlation between the radio and neutrino obser-

vations. The time-dependent stacking study makes use
of additional coincident information and improves the
statistical power of traditional stacking analyses.

The IceCube Neutrino Observatory, located at the ge-

ographic South Pole, is a cubic kilometer in-ice neutrino
detector that has collected ∼18 years of neutrino data
(Aartsen et al. 2017). When high-energy neutrinos pass

through the Earth, they may interact with the ice or

surrounding bedrock, creating secondary charged parti-

cles. These particles produce Cherenkov light which is

detected and used to reconstruct the high-energy neu-

trino interaction energy and direction. While the first

evidence of astrophysical neutrino diffuse flux detection

was reported in 2013 (Aartsen et al. 2013), the origin of
these elusive particles and the sources producing them
remains uncertain. One of the prime candidates for the
origin of these particles are AGN, which are active su-

permassive black holes, some of which have jets of ex-
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tremely high-energy particles originating from the center
(Eichler 1979; Berezinsky & Ginzburg 1981).

In 2017, IceCube detected a high-energy neutrino

event in a direction coincident with the AGN TXS

0506+0561 which was found to be flaring in gamma rays
(Aartsen et al. 2018a). A follow-up analysis of archival

IceCube neutrino data revealed an earlier burst of neu-
trino events from the same source in 2014/2015 without
an accompanying flare of gamma rays (Aartsen et al.

2018b). This source is a blazar which is a type of AGN

with the jet pointed in the direction of the observer. Re-

cently, Abbasi et al. (2022) reported significant evidence
of neutrino emission from NGC 1068, a nearby Seyfert

II type of AGN. Seyfert II sources are galaxies that are
observed with narrow emission lines in their spectrum
and a variable radio emission. Some Seyfert II AGN also

have jets radiating outward, however, they are relatively

dim gamma-ray sources, unlike blazars which have rel-

ativistic jets oriented in Earth’s direction. These detec-

tions motivated studies involving all AGNs as potential

neutrino sources. To better explain neutrino produc-

tion in these sources, theoretical modeling efforts and

correlation studies are performed with photon observa-

tions in a particular energy regime. Multiple indepen-

dent analyses from both: the IceCube Collaboration (see

for example Huber 2019; Desai et al. 2021; Abbasi et al.

2022c, 2023b) and other researchers (see for example

Plavin et al. 2020, 2021; Kun et al. 2022; Rodrigues et al.

2021; Zhou et al. 2021) which used different datasets and

analysis methodology were performed. Based on these

studies and AGN model predictions, one of the lead-

ing theories is that the neutrinos observed by IceCube

may be correlated with the photons observed in the ra-

dio regime as the radio variability traces environment
conditions ideal for neutrino production (See Jacobsen

et al. 2015; Murase & Stecker 2023, and Sec 1.1 of this

work for more details). Additionally, as blazar jets point

in the direction of the observer, due to Doppler boost-

ing the broadband SED of radio-loud AGN is not clear

with the jet emission dominating over the electromag-

netic signal. As the neutrino signal from these AGNs

will not be affected by the jets, a positive correlation

will help identification of radio-loud AGN accelerators

and understand their relevant neutrino production pro-

cesses.

1.1. Neutrino-radio correlation in AGN

Theoretical predictions of neutrino production in
AGNs depend on the the type of interaction and the

1 https://gcn.gsfc.nasa.gov/gcn3/21916.gcn3

location where it can occur. Two types of interaction

that can lead to the production of these neutrinos from

AGN are the photohadronic (nucleon-photon or pγ) and

hadronuclear (nucleon-nucleon or pp) processes, which

can occur close to the core of the AGN or in the jet of

a jetted-AGN (Sikora et al. 1987; Stecker et al. 1991;

Murase & Stecker 2023). Depending on where these
processes take place, there may be a correlation of the

neutrino signal with photon observations at a particular

wavelength. Understanding this correlation, or a lack of

it, can help researchers pinpoint the neutrino production

mechanism.
Here we focus on testing the theory behind the neu-

trino and photon correlations in AGN. The synchrotron

radiation resulting from accelerated electrons leads to

the emission of photons, observable at radio frequen-

cies, which in turn undergo Inverse Compton scattering

to form the X-ray photons. In the case of neutrino pro-
duction due to photohadronic interactions, these X-ray
photons interact with protons to give pions that decay

to give gamma rays and neutrinos. For opaque or ob-
scured AGN, the resultant gamma-ray photons will cas-
cade down to lower energies (e.g. X-rays) before escap-

ing from the core of the AGN (Murase 2022). Neutrinos,

on the other hand, escape without interaction for both
obscured and un-obscured AGN. While this suggests a
possible correlation of neutrino observations with pho-

tons detected in the X-ray regime for certain AGN, it

also supports a correlation of neutrinos with photons ob-

served in the radio regime for all AGN. This is because,

if an AGN is flaring at radio wavelengths, it can signify

an increase in the conditions favorable for the neutrino

production process. This means that the neutrino sig-

nal will be directly correlated with the radio flux density

measurements of the AGN (see Jacobsen et al. 2015, for

more details). Additionally, as compared to X-ray obser-

vations, radio detection of photons from AGN is easier

and has been carried out by multiple radio observato-

ries over time, allowing researchers to use archival data

of photon observations. Studies like Plavin et al. (2020)

report that radio measurements at higher frequencies

(> 10 GHz) are correlated with neutrino events showing

increased emission activity as compared to lower fre-

quencies. To test this correlation, in this work, we use

the MOJAVE XV dataset (Lister et al. 2018) which re-
ports 15 GHz observations of AGN sources observed over

twenty years.

1.2. Previous AGN correlation studies

Various observational and theoretical papers exist to

study photon and neutrino correlations, however, it is

unclear what are the dominant processes for neutrino
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production in AGN (see review by Murase & Stecker
2023). While studies like Plavin et al. (2021),Hovatta

et al. (2021) and Buson et al. (2022) report a correla-

tion of IceCube neutrinos with photons from AGN, other

studies like Zhou et al. (2021),Abbasi et al. (2022c) and

Abbasi et al. (2023b), do not find a significant correla-

tion. One of the factors that contribute to the discrep-
ancy is the lack of data, which, in terms of neutrinos
can be the usage of the IceCube alert dataset instead

of the full IceCube tracks dataset (Abbasi et al. 2021).

As an example, the all-sky point source neutrino dataset

made of track events (Abbasi et al. 2021) has more muon
track-like events (see Sec 2.1) as a function of energy

along with a better, more consistent coverage in time
and location as compared to the IceCube public alert
sample (Abbasi et al. 2023a). For a source with an as-

sumed power-law spectrum with an index of γ = 2.5, the

public alert selection has a factor of ×100 fewer astro-

physical neutrinos than the full selection. Another fac-

tor that can affect the discrepancy between the neutrino

studies can be the inclusion of additional components

like energy information in signal PDFs or signalness for

neutrino events (see for example Abbasi et al. 2022c,

2023b). Finally, apart from flaring AGN analyses, cor-

relation studies involving stacking are often limited to
using time-averaged measurements. This is due to the

lack of time-dependent photon and neutrino data. In-
cluding time-dependent information in a stacking study
will allow us to weight sources based on the photon data

as a function of time and increase the sensitivity of the

analysis. It thus becomes important to use the most

complete IceCube neutrino dataset in combination with

a large, reasonably complete AGN source catalog prefer-

ably including time-dependent flux information.

1.3. Paper Outline

This work uses the 10-year IceCube tracks dataset us-

ing a stacking analysis (similar to Braun et al. 2008;

Desai et al. 2021; Abbasi et al. 2022c) to search for cor-

relation between radio and neutrino data from AGN.

The stacking analysis is performed for both the time-

averaged and time-dependent cases assuming there is
a 1:1 correlation between the 15 GHz radio flux density
and the high-energy neutrino flux. The article is divided

as follows: Section. 2 describes in detail the neutrino and

photon datasets used in this study; Section. 3 describes

the likelihood framework used; Section. 4 presents the

results derived from this work; and Section. 5 discusses

the conclusion and future implications of this work.

2. DATA SAMPLES

2.1. IceCube Selection of Track-Like Events

IceCube records neutrino events following a signa-
ture of being “track-like” or “cascade-like” depending

on the type of particle interaction leading to the detec-

tion. Charged-current muon neutrino interactions lead

to elongated “track-like” signatures produced due to

long-lived muons that travel several kilometers through

the ice. On the other hand, neutral-current interac-
tions or charged current electron and tau neutrino inter-
actions produce hadronic and electromagnetic showers
covering a smaller distance (Halzen & Klein 2010) giving

“cascade-like” signatures. This work focuses on “track-

like” events as they have a better directional resolution

as compared to “cascade-like” events. The neutrino data

is obtained using the all-sky point-source tracks sample
(Abbasi et al. 2021), which spans over a duration of 10

years, from April 2008 to July 2018. The properties of

this neutrino point-source events sample along with the

selection and filtering methods are described in detail

by Aartsen et al. (2020).
The ten-year dataset is further divided by the con-

figuration of IceCube detector strings. The first year
(2008) dubbed “IC-40” uses data from the 40 string
configuration, “IC-59” (2009) uses the 59 string config-

uration, “IC-79” (2010) uses the 79 string configuration

and “IC-86” (2011-2018) uses the 86 string configura-

tion. For more details regarding the configurations see

Abbasi et al. (2021).

2.2. MOJAVE Data of AGN at 15 GHz

The AGN sources used for this study are taken from

the MOJAVE XV catalog which includes the total flux

density observations of 437 sources obtained with the

Very Long Baseline Array (VLBA) at 15 GHz (Lister

et al. 2018). The catalog consists of a total of 5321
observations of these AGN made with varying cadence

and number of observations per AGN obtained between
1996 January 19 and 2016 December 26. The MOJAVE
XV AGN catalog is a blazar-dominated sample with 392

blazar sources, 27 radio galaxies, 13 unidentified AGN

and 5 narrow-line Seyfert I galaxies. The MOJAVE

source list was updated over time to include low red-

shift radio galaxies with spectra peaking in the GHz

regime. These sources are distributed almost uniformly

over the sky at declinations δ > −30◦ ((see Fig. 1) which

is better matched to the improved sensitivity of the work

presented here in the northern hemisphere (see sensitiv-

ity curve reported in Aartsen et al. 2020). Moreover,
all the observed AGN have bright compact radio emis-

sions with total flux densities greater than 50 mJy. This

implies that the observed sources are bright at 15 GHz
and changes of the radio emission can be effectively mea-
sured. This makes the MOJAVE catalog one of the most
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Figure 1. Source distribution of MOJAVE XV catalog using Equatorial (J2000) coordinates. Note that the source distribution
of the MOJAVE catalog covers the equatorial and northern hemispheres where IceCube’s sensitivity for track-like events is
maximized (see sensitivity curve reported in Aartsen et al. 2020).

promising radio catalogs for correlation studies such as

this one.

As this study also uses multi-epoch observations in the

form of photon flux density light curves, the MOJAVE

XV catalog is preferred over the Radio Fundamental

Catalog (RFC)2. The RFC catalog is more complete

but lacks time-dependent radio measurements. While
many sources in the MOJAVE XV catalog are AGN that
are consistently observed with a good cadence (see, e.g.

Fig. 2), there do exist some sources that have not been

observed frequently. We remove the sources that have

very few observations (keeping sources with a minimum

of three observations), reducing the sample size of 437

sources to 397 sources.
The MOJAVE sample is considered to be complete in

terms of sources observed at 15 GHz by VLBA and with

flux densities with fν > 1.5 Jy. However, a completeness

correction is required for larger, unbiased analyses such

as this, to account for the sources not included either

due to spatial coverage or flux threshold in the catalog.
The completeness correction is found to be 44.7±11.2%

(see Appendix A). After accounting for completeness,

this study focuses on a blazar-dominated AGN sample
that follows the same properties as the sources in the
MOJAVE sample.

3. ANALYSIS METHOD

2 http://astrogeo.org/rfc/

Using the neutrino and radio flux density described

above, we search for cross-correlations between neutri-

nos and photon observations in the direction of the AGN

in the MOJAVE XV catalog. This is done by using

a stacking analysis weighted according to the observed

time-averaged and time-dependent radio flux density.

The basis of this work is a likelihood approach similar
to the ones described by Braun et al. (2008) and others,

where the track-like neutrino data is modeled using a

background hypothesis (Bi) and signal hypothesis (Si).

The background data consists of atmospheric events

from neutrinos and muons originating in the Earth’s at-

mosphere, while the signal consists of a radio source-

associated point-like excess of neutrinos in the stacked

data.

As described in Sec. 2.1, the point source tracks sam-

ple is further divided into five configurations depending

on the number of strings in use along with selections,

software and calibrations used (see Table I. of Abbasi

et al. 2021). If each configuration is denoted by an in-
dex k, let Nk be the number of total neutrino events in

the configuration. Using the notation of ns for the num-

ber of signal events from a certain direction and Nk for

the number of events in the configuration along with the
signal and background hypothesis, a likelihood function
can be constructed for each event i by the following:

L (ns, γ) =
∏

k

Nk
∏

i

(

nk
s

Nk

Sk

i
+

(

1 −
nk

s

Nk

)

Bk

i

)

(1)
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Table 1. Best-fit results derived from the study

Time-Averaged Time-Dependent

Signal Events n̂s 31.5 218.7

Spectral Index γ̂ 3.1 2.7

TS 0.09 2.58

p-value 0.49 0.07

Significance 0.03σ 1.51σ

the background distribution, see Fig 7 in the Appendix.
We can see that the best-fit number of signal events n̂s

derived for the time-dependent case is much higher than
the time-averaged scenario with the time-averaged sce-
nario having a softer spectral index value. While a 1:1

comparison for the parameters is difficult because of the

change in the best fit spectral index, we can note the in-

crease in the TS value of the fit for the time-dependent

case. One can also see the changes in the shape of the

contours shown in Fig. 3 with the time-dependent analy-
sis appearing to constrain the fit in a better manner. We

report the study’s upper limits, derived using the best-

fit values, as we do not obtain a statistically significant

result for both analyses.

Using a spectral index of 2.0 and 2.5, the energy-
integrated upper limits for the two analyses at 100 TeV

are given in Fig. 4. Both of these limits are shown af-

ter including the completeness correction described in

Appendix A. We also show the astrophysical diffuse flux

reported by Abbasi et al. (2022a) and the lower limits
given by Plavin et al. (2021). The energy range for the

upper limits in the figure depicts the region where 90% of
the signal neutrinos with this spectrum will be detected.
We calculate the 90% sensitivity for both scenarios by

determining the mean 90% confidence level upper limit

expected in the absence of signal (Hill & Rawlins 2003),

calculated both in terms of flux and the number of neu-
trino events. The sensitivity of both the scenarios (in

terms of E2dN/dE flux) is comparable within uncer-
tainties, with a value of ∼ 2 × 10−12 TeV cm−2s−1 for

a spectral index of 2.0, with the time-dependent sen-

sitivity being slightly higher. The discovery potential,

defined as the signal strength leading to 5σ deviation for
50% of all cases, is found to be ∼ 1×10−11 TeV cm−2s−1

(time dependent) and ∼ 8 × 10−12 TeV cm−2s−1 (time

averaged), in terms of E2dN/dE flux for a spectral in-
dex of 2.0. However, the statistical significance of the

time-dependent analysis, used to derive the upper limit,

is also higher for the time-dependent analysis, giving it a

higher upper limit (See also Fig 7 in Appendix B which
shows the median and best-fit TS value used to calculate

the sensitivity and upper limit respectively).

We also report the differential upper limits for differ-

ent energy bins for both of our analyses, which is shown

in Figure. 5. The differential upper limit highlights the

energy range where the study is most sensitive. The
differential upper limits reduce the dependence on spec-
tral assumptions and give a per energy bin upper limit.
These estimates can also be used to highlight the en-

ergies at which neutrino production in AGN may be

suppressed due to photon intensities or relevant produc-

tion mechanisms, which can be used for AGN modeling

studies.

4.2. Comparison with other studies:

Previous studies have worked on similar analyses using

VLBA radio data from AGN to search for correlations

and reported limits on the total neutrino flux from these

AGN (Plavin et al. 2020, 2021; Zhou et al. 2021; Abbasi
et al. 2023b).

The lower limit reported by Plavin et al. (2021), also
shown in Fig. 4, lies above the upper limits provided

here, even after the inclusion of a completeness correc-

tion. While adding temporal information for the time-

dependent analysis changes the upper limits with re-

spect to the time-averaged limit, it still lies below the
Plavin et al. (2021) results, ruling out the reported lower

limits. Note that the radio and neutrino datasets and
analysis methodology used for the two studies are dif-
ferent, which makes a direct comparison between the
two studies difficult. This work uses a stacking ap-

proach with time-dependent MOJAVE radio data while

the Plavin et al. (2021) work makes use of the direction
of the radio sources given in the RFC catalog to test for

correlation with IceCube alerts. However, a more de-
tailed study using the complete IceCube alert dataset in-
cluding additional information like signalness, was per-

formed recently by Abbasi et al. (2023b) which provides

a direct comparison to the Plavin et al. (2020, 2021)
results. In contrast to Plavin et al. (2020, 2021), we

find in Abbasi et al. (2023b) that the signal TS is com-

patible with the background and the significance goes

down when a more sophisticated description of the spa-

tial PDF is used as opposed to a simplified signal PDF

modeled as a uniform distribution inside of the error

contour.
On the other hand, Zhou et al. (2021) use the same

neutrino dataset (i.e. Abbasi et al. 2021) as this work
while using a more extensive radio sample (more stacked

sources) instead of a completeness correction. However,

when comparing the upper limits, the limits reported by
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ing analysis, if the neutrino flux is directly correlated
to the change in the radio flux. While the sensitiv-

ity for both analyses is similar (see Sec. 4), the time-

dependent study includes the addition of temporal in-

formation which increases the best-fit TS values and

changes the results. However, the time-dependent anal-

ysis depends on the light curves used to satisfy the model
assumptions for this study. The MOJAVE XV dataset
used here has per-source observations reported with a

varying cadence with a few sources being observed only

a couple of times. Additionally, as compared to the

number of sources observed by VLBA, the number of

MOJAVE XV catalog sources with time-dependent ob-

servations is limited and focused on a blazar-dominated
sample with a few non-blazar AGN. This can be im-
proved upon, in the future, by making use of more AGN

sources with observations performed with a good ca-

dence, preferably from a monitoring campaign.
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