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Active galactic nuclei (AGN) are a promising source for high-energy astrophysical neutrinos (HEANS). In
2024, the Vera C. Rubin Observatory (Rubin) will begin to observe 210 million AGN with a regular and high
cadence. Here, we evaluate the capacity of Rubin, in tandem with various current and upcoming neutrino
telescopes, to establish AGN as HEAN emitters. To do so, we assume that the neutrino luminosity from any
given AGN at any given time is proportional to the electromagnetic luminosity. We then estimate the error with
which this fraction can be measured through spatial and temporal cross-correlation of Rubin light curves with
IceCube, KM3NeT, and Bakail-GVD. We find that it may be possible to detect AGN contributions at the ~3¢
level to the HEAN flux even if these AGN contribute only ~10% of the HEAN flux. The bulk of this
information comes from spatial correlations, although the temporal information improves the sensitivity a bit.
The results also imply that if an angular correlation is detected with high signal-to-noise, there may be prospects
to detect a correlation between AGN variability and neutrino arrival times. The small HEAN fraction estimated
here to be accessible to the entirety of the Rubin AGN sample suggests that valuable information on the
character of the emitting AGN may be obtained through similar analyses on different subpopulations of AGN.
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I. INTRODUCTION

High-energy astrophysical neutrinos (HEANs) comprise a
diffuse isotropic extragalactic background of neutrinos
observed with energies between a few TeV to a few PeV
[1-4]. There is some evidence of an association of some these
neutrinos with the blazar TXS 0506 + 056 [5,6], but the
source of the vast majority of the HEAN background remains
a mystery. Various classes of bright AGN population have
been constrained to contribute no more than a fraction of the
total observed HEAN flux [7-12], but there is little known
about the possible contribution of the many lower-luminosity
AGN. With the advent of the Vera Rubin Observatory in
2024, at least 10 million AGN will be observed in the
southern sky with high cadence for the following 10 years
[13]. In addition, neutrino telescopes KM3NeT and Baikal-
GVD will soon be completed in the northern hemisphere with
comparable volume and better angular resolution than
IceCube [14,15]. Due to their locations, these telescopes
will detect HEAN from upgoing tracks originating from the
southern sky without contamination from the atmospheric
neutrino background. Thus, over the next decade of AGN and
neutrino observations, we expect a large increase in sensi-
tivity in the determination of AGN as HEAN emitters.
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AGN are hypothesized to emit high-energy neutrinos
through either hadronuclear [16,17] or photohadronic
[18,19] processes. Therefore, one avenue of examination
is the modelling of these processes under various AGN
environments. High-energy neutrinos can be produced
from radio-quiet AGN [20-22], radio-loud AGN jets
[23-25], blazar inner cores and jets [9,26], and AGN
coronae [27-30]. They may also have nothing to do with
AGN—e.g., they may be associated with choked supernova
jets [31], tidal disruption events [32-35] and even cosmic
strings [36,37]. Even without theoretical modeling, infor-
mation about the source of neutrinos may be sought with
the coincidence of neutrino events with various source
events through data alone [11,12,38—47].

In this work we present a statistical framework to
determine whether HEANs are produced by AGN and
assess its potential in the context of Rubin, IceCube,
KM3NeT, and Baikal-GVD. More specifically, we propose
to cross-correlate temporal and spatial data from AGN
variability and neutrino events. To evaluate the prospects to
detect such a cross-correlation, we make the simplest
assumption that the neutrino flux from any given AGN
at any given time is proportional to the electromagnetic flux
at that given time. We then use state-of-the-art information
on the AGN redshift/luminosity distribution and variability
parameters to forecast the detectability of this cross-
correlation. We find, with the AGN population assumed,
that a correlation can be established even if the AGN in
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Rubin contribute as little as a few percent to the HEAN
flux. Most of the sensitivity comes from angular informa-
tion; the temporal information contributes approximately
10% of the signal to noise. Our estimates suggest that the
better angular resolution (~0.2°) expected for Baikal-GVD
and KM3NeT, relative to the ~0.5° for IceCube, will give
them roughly twice the sensitivity to an AGN-neutrino
cross-correlation for equal exposure.

This paper is organized as follows. In Sec. II we present
the formalism of the AGN/neutrino cross-correlation. We
discuss our model for the AGN redshift/luminosity dis-
tribution and the variability properties of AGN in Sec. III.
We provide and discuss numerical results in Sec. IV. We
discuss these results and conclude in Secs. V and VI,
respectively.

II. FORMALISM

Our aim will be to determine the fraction f of neutrinos
that come from AGN in the sample under the hypothesis
that the neutrino flux from any given AGN at any given
time is proportional to the electromagnetic flux from that
AGN at that given time. To begin, we will simplify by
neglecting AGN variability and then generalize later.

A. Angular information only

The optimal estimator to determine the fraction f of
neutrinos that come from AGN in the sample will be the
unbinned maximume-likelihood estimator [12,48-51],

L(f: data) = IL[fS; + (1 = f)B]. (1)

where the product is over all neutrino events. Here, S; =

S (é, ) d*0is the probability that a given source neutrino will be
found in a differential area d?6 centered at the position ; of
the ith neutrino, and B; = B(éi)dzéi the analogous quantity
for a background neutrino. We normalize both distributions
such that their integral over the area 4z f, of the survey
(where f g is the fraction of the sky surveyed) is equal to 1.
We assume that background events follow a uniform sky
distribution, i.e., B; = (47fgy,)”", which we justify in
Appendix. Finally, we take the signal probability to be

1 (51 B éa)z

The sum on a is over all AGN in the sample, éa is the position
of the ath AGN, and ¢ is the error in the neutrino angular
position. Here, w, is the probability that a given signal
neutrino comes from the ath AGN, and so >, w, = 1.
Even if there is no signal, the likelihood will most
generally be maximized at a value of f selected from a
distribution with a variance ojzf determined from

%_ <<6ln£(a];;data)>2>, -

where the derivative is evaluated at f = 0, and the average
is taken over all realizations of the data under the null
hypothesis. We use

(). 2G) e

We then evaluate the expectation value

() o

from the zero-lag correlation function for a collection of
N agn randomly distributed AGN. Here, the angle brackets
denote an average over all AGN in the sample. Our
hypothesis here is that the neutrino flux from AGN « is
proportional to its electromagnetic F',, and so the correlation
of N, neutrinos with AGN can be established with a signal-
to-noise,

s [N (B
NAGN <Fa>2

N "o
The result has the expected scalings with fgy, o, N,, and
N agn- That is, Eq. (6) depends on the ratio of the number of
neutrinos to the number of AGN in a neutrino’s angular-
resolution bin N zgn[(762)/ (47 f ky)]. If this ratio is small,
one neutrino spatially overlaps with so many AGN that it is
hard to detect a signal even when all neutrinos are taken into
account. The signal to noise is also weighted by the ratio
(F2)/(F,)* of the second moment of the AGN flux distri-
bution to the square of the first moment (i.e., average flux).

fsky~ (6)

B. Including AGN variability

The derivation above can be easily generalized to include
the additional information provided by cross-correlating the
neutrino arrival times with AGN luminosity at any given time.
If the neutrino luminosity at any given time is correlated with
the AGN luminosity at that same time, then the probability
to detect a neutrino when a given AGN is, say, twice as bright,
should be twice as large, as illustrated in Fig. 1.

To incorporate this correlation into the likelihood analy-
sis above, we simply assume that the flux F, for any given
AGN in the likelihood function is the apparent flux ar the
neutrino arrival time. The signal-to-noise contributed by
each AGN is then enhanced by a factor,

[<F2(1)>] 1z
(F(0)*] ~
where here (F(t)) is the time-averaged flux and (F?(t)) the

time-averaged squared flux. Thus, for example, if an AGN
has a sinusoidal flux variation, F(t) = Fy + F, cos wt, the

(7)
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FIG. 1. An example of the variability &;(r) of AGN j shown in

solid black, plotted against the variability & (1) evaluated at the
neutrino arrival times z,, depicted by solid orange arrows. The
dashed orange line indicates the zero point, ; = 0. In the top
figure the neutrinos arrive randomly, and thus a cross-correlation
between these two quantities would become zero. In the bottom
figure the neutrinos are sourced from AGN and thus are biased
towards appearing when the intensity is higher, leading to
nonzero correlation.

contribution of this AGN to the total signal-to-noise is
enhanced by a factor [1 + (F/Fy)/2]"/>.

Of course, AGN variability is complicated and poorly
understood. Below we describe a model for AGN vari-
ability but here note that the signal-to-noise with which
f can be inferred will be enhanced by a factor
[1+ (62,)/2]"/?, where {02,,) is an appropriately weight
rms fractional flux variation.

III. THE AGN POPULATION
A. The flux distribution

Here we model the flux distribution we expect for AGN
in Rubin. Let dN pgn/dzdL be the redshift and bolometric

luminosity distribution of AGN. Then AGN are distributed
throughout the Universe according to

dNn(z,L)  dV(z)dn(z, L)
dzdL dz dL

with dn(z,L)/dL the AGN luminosity function,
dV(z)/dz = Anfyr(z)*dr(z)/dz the comoving volume
observed over a fraction fgy, of the sky, r(z) =
J§ |dr/dz|dz the comoving radial distance to a redshift z,
dr/dz = —c/(1 + z)H(z) its redshift derivative, ¢ the speed
of light, and H?(z) = H3[Q,,(1 +2)> + (1 = Q,,)]""/? the
Hubble parameter. We use Planck 2018 ACDM parameters
H, =218 x 10718 571 and Q,, = 0.315 [52], along with
the full AGN luminosity function in Table 3 from Ref. [53].
However, given a cosmological distribution of AGN,
only those that appear bright enough will be observed.
More specifically, given a limiting apparent magnitude
My, the distribution of observed AGN in that band is

(8)

dN sGn _
dzdm

dLyoi AN pgN [Z, Lbol(z’ mb)]
dm dZdLbol

O(myj, —m) . 9)

with ©(x) the Heaviside theta function, Ly (z,m) =
K, (m)4xd; (z)*(6v),) Fag10~3/3)™ the bolometric lumi-
nosity for an AGN with apparent magnitude m averaged
over frequency bands b located at redshift z, and
dLyy/dm = —(2/5) log(10) Ly (m, z) its apparent magni-
tude derivative. Furthermore, K,(m) is the bolometric
correction function to convert from the emitted luminosity
in the optical band to the bolometric luminosity of the
source, d;(z) = (1 4 z)r(z) the luminosity distance, S,
the frequency bandwidth of band b, and F,p =
3.631 x 1072 WHz ! m2. Moreover, we assume that
the observed intensity is roughly constant across the entire
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FIG. 2. The flux distribution of AGN as a function of an AGN’s
bolometric luminosity at redshifts z € {0.3, 1.0,2.0,3.0,4.0}, as
given by Eq. (8).
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FIG. 3. The flux distribution of AGN as a function of an
AGN’s apparent magnitude in an optical band b at redshifts
z€{0.3,1.0,2.0,3.0,4.0}, as given by Eq. (9). In order to show
the full range of this distribution, we do not include the theta
function factor.

frequency bandwidth, and that any redshifting effects on
the frequency do not alter the intensity in each band
significantly. While the bolometric correction is typically
a function of the apparent magnitude, it only varies up to
20% within the optical band across the magnitudes con-
sidered. Thus, for simplicity, we adopt that K ,(m) = 10 for
all magnitudes and bands [53].

We define dF sgn/dzdL to be the AGN flux luminosity
distribution, and dF5sy/dzdm = FAN gy /dzdm its mag-
nitude counterpart. We plot the flux luminosity distribution
in Fig. 2 and the magnitude distribution in Fig. 3.

In Fig 4 we plot the bolometric-luminosity distribution of
AGN in the forecast Rubin sample and also the bolometric-
luminosity weighted by the luminosity—this latter quantity
is then proportional to the probability, under our assump-
tions, that a given neutrino comes from an AGN of some
given luminosity.

B. AGN variability

The study of AGN variability is in its infancy when
compared to how it will appear in the Rubin era [54]. We thus
have far less in the way of precise current knowledge to make
forecasts for the possibility to detect the cross-correlation
between AGN variability and neutrino arrival times. To do so,
though, we assume AGN light curves undergo a damped
random walk [55-63], a model that provides a reasonable
description of most light curves. In this case, the intensity
1,(t) of AGN a undergoes fluctuations described by a
stationary random process with two-point correlation func-
tion, (I,(t+)1,(t)) = A2e™"/", or equivalently, a power
spectrum P, (w) = 2A%7,/[1 + (01,)*]. We assume that
AGN all have the same variability amplitude A, =1
and an observer-frame variability timescale 7, = 7,(1 + z)x
(L/L,)? for an AGN of luminosity L at redshift z, as

107!
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FIG. 4. The observation probability P associated with neutrinos
and AGN in each bolometric luminosity bin between redshifts
0.3 < z £6.7. Over the range of luminosities presented, 33 base-
10 logarithmic bins are taken. The solid black line is the probability
that an AGN emitting neutrinos has bolometric luminosity L, while
the dashed black line is the probability of that an observed AGN has
bolometric luminosity L. Both curves are normalized by the set of
observed AGN and are computed assuming a limiting magnitude of
My = 24.0. Atlarge luminosities both curves follow the expected
flux distribution curve of Fig. 2, however at small L the limiting
magnitude restricts the total number of AGN observed.

suggested by recent measurements [63]. We take 7, =
1 month, L, =2 x 10% W, and # = 0.23. Our calculation
then discards Fourier modes with periods longer or shorter
than those accessed by Rubin.

Given this population of AGN, we can write the frac-
tional flux variation as

11 Omax
G = s [ dolEER ). (10

Omin

where only modes between @, = 27z/T and @y, =
2z/At are included, with Ar = 3.5 days the temporal
resolution of the experiment and 7 = 10 years the duration
of the observation.

IV. FORECASTS

We now forecast the ability of the neutrino telescopes
IceCube, KM3NeT, and Baikal-GVD, along with optical
telescope Rubin, to determine the fraction f of neutrinos
that come from AGN in the survey.

A. Angular information only

With our model for the AGN luminosity/redshift distri-
bution and Rubin’s apparent-magnitude cutoff, we forecast

123035-4



SEEKING NEUTRINO EMISSION FROM AGN THROUGH ...

PHYS. REV. D 105, 123035 (2022)

Nagn = 2.8 x 10" AGN in the survey and (F2) /(F,)? ~ 15.
We then find from Eq. (6),

S s ( (N,/10%) )”2
N> (6/0.5°) (N agn/2.8 x 107)

x (—<F‘%>{§F“>2>l/2 <%) " (11)

B. Angular information and timing

With our models for AGN variability and the AGN
luminosity/redshift distribution, we infer an rms fractional
flux variation of (62,.) ~ 0.54. The estimate in Eq. (11) is
thus enhanced by approximately 12%.

This calculation can also be understood in a different way.
It suggests that if AGN are determined from angular infor-
mation to contribute a fraction f of the observed neutrinos,
then a correspondence between instantaneous AGN lumi-
nosity and neutrino luminosity can be established with a
signal-to-noise of [(c2,.)/2]'/? times the value in Eq. (11).

C. IceCube, KM3NET, and Baikal-GVD

We now present numerical results including the sky-
averaged effective areas for IceCube, KM3NET, and
Baikal-GVD for the regions of sky that overlap with those
surveyed by Rubin—to a first approximation, though, they
are all comparable. We take the angular resolution of
IceCube to be 0.5° and those for KM3NET and Baikal-
GVD to be 0.2°. The total exposure time is taken to be
10 years. We plot the signal-to-noise ratio from angular

10F

(S/N)y

102 10! 1
Neutrino Fraction f

FIG. 5. The signal-to-noise ratio (S/N), for measuring the
HEAN neutrino fraction f using both temporal and spatial data
from Rubin’s i band, IceCube, KM3NeT, and Baikal-GVD. Since
pure spatial correlation dominates the signal-to-noise ratio, the
result is not very sensitive to the underlying AGN variability
parameters. IceCube contributes ~8% of the total signal-to-noise
ratio, while KM3NeT and Baikal-GVD each give ~46%.

information alone, from timing, and from the total, in
Fig. 5. The green curve there shows the signal-to-noise for a
measurement where f is inferred only from a correlation of
the neutrino arrival time with AGN variability, assuming

our canonical value for (F?)/(F)2.

V. DISCUSSION

We clarify four assumptions and present three com-
ments. First, our main assumption is linearity between
neutrino number and AGN bolometric luminosity. Even if
linearity holds true, various AGN may have different
proportionality constants due to some additional specifi-
cation of AGN class (e.g., this scenario already occurs with
redshift). This will then be encoded in a change to
(F?)/(F)?. Additional classes in the variability properties
will change the value of {62,,) relative to the value obtained
in our canonical model. It is also possible that the number
of neutrinos is not linear in the AGN’s bolometric lumi-
nosity, but some power y, with 0 <y <2 [10]. We leave the
investigation of both these cases for future work.

Second, we chose a specific form (the damped random
walk) for the intensity autocorrelation function for AGN.
This form, while applicable to a majority of AGN, has some
exceptions. Changes in the slope, break, as well additional
slopes and breaks, are all required to encapsulate a greater
range of AGN morphologies. However, for our forecast
analysis, such changes will only result in a rescaling of the
scaled variance (F?)/(F)?. In particular, if the change in
the variability properties shifts the variability timescales
outside of the measurable window allowed by the Rubin
cadence, then the prospects to detect a neutrino-AGN
temporal correlation will decrease, while if more power
is concentrated in this window, they may become stronger.

Third, we set the time delay between the neutrino signal
and AGN variability to zero. This was done for simplicity,
and in reality there should be an expected delay depending
on where within the AGN the neutrino was created and
where the variability is sourced. We leave formalizing this
description for future work.

Fourth, we assumed that neutrinos travel along the line of
sight unimpeded. The presence of neutrino self-interactions
[64] can change this description, altering the spatial and
temporal coincidence presented here [65,66]. We also leave
exploration of this scenario for future work.

In our analysis, we consider cross-correlating the entire
Rubin catalog with several high-energy neutrino maps.
Cross-correlating only a subpopulation of the Rubin
catalog, instead, could yield a higher signal-to-noise, as
given by our estimation in Eq. (6). If possible, certain
subpopulations would then be able to be detected or ruled
out as definitive sources at higher significance. It is worth
noting, however, that for a given source model of high-
energy neutrino production the expected signal also
decreases with a smaller subpopulation (if that smaller
population removes sources in the model of interest).
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Therefore, reducing the number of AGN in a cross-
correlation study will not always yield more promising
results. Regardless, we have shown here that, even without
maximizing the signal-to-noise for a given source model,
future AGN/neutrino cross-correlations will still be able to
detect signals even if the Rubin catalog only contributes to
a tenth of the entire HEAN flux.

Measurements of the neutrino fraction f have covariance
with measurements of AGN variability parameters.
Therefore, in principle the error in measurements of f
should be larger than that presented here. However, given
Rubin’s precise measurements of an AGN'’s variability
parameters, we expect such degradation of measurement
fidelity to be slight and our forecast to hold.

Finally, we choose to neglect energy dependence in our
analysis in order obtain conservative sensitivity estimates
that are model-independent. In general, it is expected that
sources with a harder spectrum are easier to detect, and
prior work shows that inclusion of such model dependency
improves the sensitivity by a factor of ~2 (depending on the
source spectrum assumed) [50]. We expect that most of the
AGN that will be detected by Rubin will be radio quiet.

VI. CONCLUSION

In this paper we investigated the prospects to detect an
angular cross-correlation between AGN surveyed by Rubin
and energetic neutrinos. We then discussed further the
prospects to detect a cross-correlation between AGN
variability and neutrino arrival times.

With this aim, we first modeled the spatial cross-
correlation between a single AGN and a population of
neutrinos and found a neutrino-counting measure. More
specifically, the contributions to this correlation were from
counting neutrinos sourced by that AGN and from counting
neutrinos with other sources that have nonzero overlap with
that AGN due to angular error.

AGN may emit electromagnetic radiation along with
HEANSs, and to account for this possibility, we also
modeled a temporal-and-spatial cross-correlation. For sim-
plicity, we assumed that, for each AGN, the number of
neutrinos emitted is proportional to the electromagnetic
intensity of that AGN.

Using both of these correlations, we then forecasted their
individual and total abilities to measure the fraction f of
HEAN from Rubin-observed AGN. The HEANs are
detected by a combination of IceCube, KM3NeT, and
Bakail-GVD, and we assumed an IceCube-like sky-
averaged effective area for each experiment. In accordance
with previous work, we took all AGN in the Rubin sample
to be measured with high signal-to-noise. We thus found
that, given 10 years of observation time, temporal and
spatial cross-correlations will be able to establish an
association between energetic neutrinos and the AGN in
Rubin even if such AGN contribute only ~10% of the
neutrino background. Finally, given that the background

noise scales with N:G/I\%, it should be possible to establish a
correlation between neutrinos and some specific subclass of
AGN, even if those AGN contribute less than ~10% of the
neutrino background.
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APPENDIX: ASSUMPTION OF
UNIFORM BACKGROUND

In this section, we justify that the assumption of
uniform distribution for the background events (i.e.,
B; = (4rf4y)~") does not affect our forecasted sensitivity.

We simulate 5000 sources with their sky locations drawn
from a uniform distribution on a 2D sphere. Then, follow-
ing the procedures in Ref. [12], we calculate the limit/
sensitivity that can be set by evaluating the maximum-
likelihood estimator (Eq. (1)). The limit is calculated for
two different cases. First is using IceCube’s 10 years of data
(track events) and the realistic background PDFs which are

IceCube's background pdf
-=-=-Uniform background pdf

95% limit

—2AInL
L
T

Lol

10'

|

10°

1 |||||||l2
10

ng

10*
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FIG. 6. Forecasted sensitivities to a catalog of simulated 5000
source from numerical calculations of the maximum-likelihood
estimator (Eq. (1)). Solid line uses IceCube’s 10 years of data and
the corresponding background PDF. Dashed line uses the same
number of simulated events with arrival directions drawn from
uniform distributions of right ascension and cos(zenith angle)
and the corresponding background PDF, B; = (47fg4y)~".
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derived from the data [12]. The second is using the
simulated data which consists of the same number of track
events with arrival directions drawn from uniform distri-
butions of right ascension and cos(zenith angle) and the
corresponding background PDF, B; = (4xfy,)~". The
95% limit (sensitivity) is set by a deviation of In £ from

when f = 0 by 3.84,i.e., Aln £ = —3.84. Note that f =0
means all the events come from the background.

Figure 6 shows the result. The likelihood curves are close
for the two cases and the 95% upper limits on n, are within
a factor of two, where n, = f x N, is the total number of
neutrinos coming from the sources.
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