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Outline

1. Introduction: 
1. Blazars as high-energy source
2. Fermi transient search (ASP, FAVA)

2. IceCube-170922A/TXS0506+056
1. Story to the discovery of the counterpart
2. Multi-wavelength follow-up observations
3. Chance coincidence calculation
4. Gamma-ray band at the time of “neutrino 

flare” in the late 2014
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Blazar  

• high power  FSRQ FR II
• low power   BL Lac     FR I

Radio Galaxy 

small viewing angle
-> relativistic beaming
(multiplied by d4 à >104)

mis-aligned
blazar 

• BL Lac type�weak disk (almost no optical line)
• Flat Spectrum Radio Quasar: luminous disk

Observer

Blazar Radio galaxy
Observer • polarized, variable emission

• flat radio spectrum

©NRAO

Blazars: Active Galactic Nucleus Jets
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High-energy astrophysical sources
Hillas plot

(Kotera&Olinto 2012)

Gamma-ray sky (>100 MeV)

BL Lac

FSRQ

Blazar 
(unknown class)

Radio Gal.other extra. Gal

Pulsar
PWN/SNR

Other Gal.

unID
3rd LAT catalog 
(3FGL): 4-year data
3031 srcs

AGN is a good 
candidate of the source 
of UHE cosmic rays blazar is the most dominant HE g-ray source4



Origin of blazars emission
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Leptonic models: synchrotron + inverse-Compton
FSRQ (3C 279) (Hayashida+15)

The Astrophysical Journal, 736:131 (22pp), 2011 August 1 Abdo et al.
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p 1 2.2 2.2
Medium-energy electron spectral index p 2 2.7 2.7
High-energy electron spectral index p 3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is ≃0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 ≃ 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M⊙ to 9×108 M⊙ (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p 1, and found that, for the SSC model fit with tvar = 1 day
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BL Lac (Mrk421) (Abdo+11)

synchrotron self-Compton (SSC)
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the leptonic models successfully explain SED results 
(mostly one-zone is fine, some for 2-zones, spine-sheath)



High-energy neutrinos are produced via 
interaction between cosmic rays and 
ambient photons (pγ) or protons (pp)

Neutrino source
�Cosmic-ray source

Searching for cosmic-ray origin

Neutrino arrival direction indicates 
the direction of cosmic-ray 
sources

taken from IceCube webpage

taken from ICRC 2017

skymap / clusteringν 25

(all p-values are post-trial)
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IceCube Preliminary

• tens of n events
• no event clustering
• extra-galactic origin?

p (+ g/N) 
à p0 à 2g

p�àµ� + nµ
àe� + nµ+ ne
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LAT blazars and IceCube event correlations

(2LAC = 2nd LAT AGN catalog)
[862 srcs, |b| > 10 deg]

no spatial 
correlation between 
2LAC source and IC events
• < 27% of the IC neutrino flux

(IceCube Coll. 2017, ApJ)

LAT blazars (steady emission) seem not to 
be dominant source for the neutrino origin
à let’s focus on transients (flares)
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Possible association of PeV neutrino with high 
fluence GeV blazar PKS 1424-418 (z=1.522)

Kadler+16

• Cascade event of
error radius of ~10 deg
(17 g-ray blazars inside)

• ~5% chance probability

4 December 2011: 2 PeV
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LAT Automated Science Processing (ASP)
+Flare advocate

• Flare Advocate run the daily (1-day and 6-hour data) analysis 
script and check the ASP result

• Once transient objects are found,  Astronomers Telegram is 
issued (typically, flux >1.0x10-6 photons/cm2/s for E>100 MeV)

LAT 
1-day 
data
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Fermi All sky Variability Analysis (FAVA)
• For Weekly-binned data

• Comparison of observed 
counts with average 
(expected) counts

• E>100 MeV, E>800 MeV

• aperture photometry
(⬌ max. likelihood fit for the 
standard analysis.)

• Crab nebula flare is first 
detected by this analysis
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FAVA webpage

• https://fermi.gsfc.nasa.gov/ssc/data/access/lat/FAVA/LightCurve.php
• Automatic production of light curve at any locations (RA, Dec)
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9 HESE events: https://gcn.gsfc.nasa.gov/amon_hese_events.html

6 EHE events: https://gcn.gsfc.nasa.gov/amon_ehe_events.html
EventNum_RunNum Date Time UT Type RA(deg) Dec(deg) Err(min) Signalness

17569642_130214 17/11/06 18:39:39.21 EHE 340.250 +7.314 14.99 0.745

50579430_130033 17/09/22 20:54:30.43 EHE 77.285 +5.752 14.99 0.565

80305071_129307 17/03/21 07:32:20.69 EHE 98.327 -14.486 19.48 0.280

80127519_128906 16/12/10 20:06:40.31 EHE 45.855 +15.785 14.99 0.490

26552458_128311 16/08/06 12:21:33.00 EHE 122.798 -0.733 6.67 0.280

6888376_128290 16/07/31 01:55:04.00 EHE 214.544 -0.335 20.99 0.849

EventNum_RunNum Date Time UT Type RA(deg) Dec(deg) Err(min) charge Sig_Tr

71165249_130949 18/04/23 02:28:40.98 HESE 294.882 +71.953 534.0 13631. 0.34

34032434_130171 17/10/28 08:28:14.81 HESE 275.076 +34.501 534.0 6317. 0.30

56068624_130126 17/10/15 01:34:30.06 HESE 162.579 -15.861 73.79 13906. 0.51

32674593_129474 17/05/06 12:36:55.80 HESE 221.675 -26.036 73.79 8685. 0.35

65274589_129281 17/03/12 13:49:39.83 HESE 304.730 -26.238 73.79 8858. 0.78

38561326_128672 16/11/03 09:07:31.12 HESE 40.825 +12.559 66.00 7546. 0.30

58537957_128340 16/08/14 21:45:54.00 HESE 199.310 -32.016 89.39 10431. 0.12

6888376_128290 16/07/31 01:55:04.00 HESE 215.109 -0.458 73.79 15814. 0.91

67093193_127853 16/04/27 05:52:32.00 HESE 240.568 +9.342 35.99 18883. 0.92

Real time Alert IceCube events (since April 2016)

No significant g-ray counterpart was found by the Fermi-LAT team 
(e.g., ATel #9303, GCN #20269), but expect for one 13

https://gcn.gsfc.nasa.gov/notices_amon/17569642_130214.amon
https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon
https://gcn.gsfc.nasa.gov/notices_amon/80305071_129307.amon
https://gcn.gsfc.nasa.gov/notices_amon/80127519_128906.amon
https://gcn.gsfc.nasa.gov/notices_amon/26552458_128311.amon
https://gcn.gsfc.nasa.gov/notices_amon/6888376_128290.amon
https://gcn.gsfc.nasa.gov/notices_amon/71165249_130949.amon
https://gcn.gsfc.nasa.gov/notices_amon/34032434_130171.amon
https://gcn.gsfc.nasa.gov/notices_amon/56068624_130126.amon
https://gcn.gsfc.nasa.gov/notices_amon/32674593_129474.amon
https://gcn.gsfc.nasa.gov/notices_amon/65274589_129281.amon
https://gcn.gsfc.nasa.gov/notices_amon/38561326_128672.amon
https://gcn.gsfc.nasa.gov/notices_amon/58537957_128340.amon
https://gcn.gsfc.nasa.gov/notices_amon/6888376_128290.amon
https://gcn.gsfc.nasa.gov/notices_amon/67093193_127853.amon
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IceCube-170922A
EHE alert: 2017/9/22 20:54:30 UTC

IceCube event
(nµ :muon track)

GCN CIRCULAR #21916 
RA: 77.43 deg (-0.80/+1.30 deg)
Dec: 5.72 deg  (-0.40/+0.70 deg) 
(J2000: 90% error)

side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds

energy estimation

~290 TeV

PKS 0502+049

TXS 0506+056
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(IceCube, Fermi-LAT, MAGIC++Coll. 2018 Science, aat1378)
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Story to the discovery of the counterpart - 1

• The IceCube event error region includes 7 blazar candidates
– Blazar Radio and Optical Survey (BROS: Itoh+,in prep): 56,315 srcs Dec >−40�
– (a few 100 variable optical sources per 1deg2)

• Observed all those blazars candidates with Subaru/HSC, 
Kiso/KWFC and Kanata by optical teams in Japan
– Covered almost the entire error region

Subaru/HS
C

Kiso/KWFC

IceCube

BROS
sources

Kanata
(Hiroshima)

TXS 
0506+056
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Sep./23

• One of the 7 blazars (=TXS 0506+056) 
showed significant variability (fading)

• Bright optical state among historical 
records

Sep./24 Difference
(Sep./23 – Sep./24)

R-band Kanata/HONIR (Hiroshima Univ.)

Significant residual

Story to the discovery of the the counterpart - 2

PI: Y. Tanaka (Hiroshima Univ.)The quick optical follow-up by Kanata

à Let’s check LAT data
JPS Multi-messenger astronomy prompted by the neutrino alert IceCube-170922A 2018/03/23 20

linear polarization of 

TXS 0506+056

3/23 - 3/24

2MASS

Polarization Degree [%]

Polarization Angle [deg]

evidence for highly-ordered large-scale 
magnetic field (Falomo 2014)

Kanata/HONIR in R, J-bands


6-8% (Yamanaka+2017, ATel #10844)

interstellar pol. < 1%


not so variable in time

consistent w/ BL Lac


~14% polarization measured with 
Liverpool/RINGO3 recently reported 
(Steele+2018, ATel #11430)

0.2 mag

ASAS-SN (V-band)

IceCube alert
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Story to the discovery of the the counterpart - 3

Light curve (>800 MeV) from FAVA 
(9+year: 2008 Aug.8 – 2017 Oct.)

Y.Tanaka+ (Fermi-LAT)
Atel #10791

Fermi-LAT data for TXS 0506+056

17



TXS 0506+056 (z=0.3365) 
• (RA, Dec) = (05h09m25.964 +05°41’35’’.33)
• BL Lac, Intermediate Spectral Peaked (ISP) [log(nsync[Hz])~14.2]
• LAT source: 3FGL J0509.4+0541, 2FHL J0509.5+0541
• Bright radio source: a MOJAVE (15GHz VLBI) monitoring source

Flux(>0.1GeV): (7.6±0.2)e-8    [9.5-year average]
Maximum:  (53 ± 6)e-8    [4 to 11 July 2017]

The n event: (36 ± 5)e-8 [15 to 27 Sep. 2017]

High-energy g-ray light curve

9 years (28-day bins) 2 months (7-day bins)
IceCube-17922A

à ~ 5 times higher than the averaged flux

(Paiano+18)
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VHE g-ray observations
Detection of >90 GeV g-ray by MAGIC

MAGIC observations: ~13 hrs

HESS observations: ~4hr (non detection)

MAGIC skymap

VERITAS observations: 5.5hrs (non detection) 

IC170922A
at MJD 58018.87

6.2 s excess

(5.8s from 35hr to 2018 Feb.: Abeysekara+18)

(more detections from 41 hrs to 2017 Nov.: Ansoldi+18)
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Multi-wavelength light curve
IceCube170922A

2017Sep2008Oct

VHEg

HEg

X-ray

Opt.

Radio

Flux enhancements can be seen in all waveband
(but no short time flare at the event)

2017/Sep/02 2017/Oct/24~9 years ~2 months
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Summary of follow-up observations

Observations obtained within 14 days of IceCube-170922A 

• Radio: VLA (Oct5: 2-12 GHz :Atel#10861), OVRO (15 GHz: monitoring) 
• NIR/Optical/UV: Kanata (Sep23: R-band, Atel#10844), 

Kiso (Sep23: g-band), SARA (Sep29: B,V,R: Atel#10831), ASAS-SN
(Sep23, V-band, Atel#10794), Swift-UVOT (Sep27, M2,W1,W2, U,V, B)

• X-ray: Swift-XRT (Sep27-30: 0.3-10 keV Atel#10792) G=2.78�0.30, 
NuSTAR (Sep29: 3-79 keV, Atel#10845) G =1.43�0.43, 
INTEGRAL(UL:20-250 keV) GCN#21917)

• HE gamma-ray:  Fermi-LAT (Sep 9 – Oct 6, Atel#10791) G ~2, 
AGILE (Sep10-Sep23, Atel#10801) G ~2,

• VHE gamma-ray: MAGIC (Sep28 - Oct4: 80-400 GeV, Atel#10817) G 
=3.9�0.4, VERITAS (UL: >175 GeV, Atel#10833), HESS(UL: >175 GeV, 
Atel#10787), HAWC(UL:>1 TeV, Atel#10802)
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Broad Band SED
(color points: obtained within 14 days of the IC170922A event)

/7.5 year

/0.5 year
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Broad Band SED
(color points: obtained within 14 days of the IC170922A event)

/7.5 year

/0.5 year

SED interpretations will be talked by Shan Gao (the next talk)
(Also by Susumu Inoue, yesterday) 23



Chance coincidence probability
Fermi Gamma-ray sources (3FGL+3FHL)

Check the hypothesis that
”there is a correlation between the neutrino event 
and the gamma-ray emission in space and time”  
using a likelihood ratio test

Neutrino-blazar coincident analyses

In order to calculate the chance probability of a coincidence between a neutrino alert, such as765

IceCube-170922A, and a flaring blazar, several hypothesis tests have been performed covering

a range of assumptions on the spatial and temporal signal distribution and neutrino emission

scenarios. For each hypothesis we create a test statistic (TS) that we use in a likelihood ratio

test to compare the signal hypothesis to the null hypothesis. In each case our null hypothesis

assumes no correlation between a cataloged �-ray source and high-energy neutrino events (in-770

cluding atmospheric neutrinos and misidentified muons, and the astrophysical neutrinos). The

signal hypothesis assumes that neutrino events originate from cataloged Fermi-LAT blazars,

given a particular model for the correlation between the neutrino and �-ray emission.

As a common framework for all the analyses, we start with an unbinned likelihood function

defined in a similar way to previous IceCube point source analyses (3, 4):775

L =

NY

i

⇣ns

N
S + (1 � ns

N
)B

⌘
, (1)

with signal and background probability density functions (PDFs) denoted as S and B, respec-

tively. N is the total number of events and ns the number of signal events11. In the simple case

considered here, only a single event enters the analysis, i.e. N = 1.

We define a test statistic of the form

TS = 2 log
L(ns = 1)

L(ns = 0)
= 2 log

S
B . (2)

Note that in this definition the likelihood ratio test reduces to a test between two fixed alternate780

hypotheses and TS can take negative values for background-like events. The signal PDF con-
11Additionally, there is one constrained nuisance parameter included in the likelihood for the �-ray energy

flux (or flux ratio) normalization of each source using the method from (101), treating the flux error as a normal
distribution. We note that including the nuisance factor does not have a significant influence on the results.
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Neutrino-blazar coincident analyses

In order to calculate the chance probability of a coincidence between a neutrino alert, such as765

IceCube-170922A, and a flaring blazar, several hypothesis tests have been performed covering

a range of assumptions on the spatial and temporal signal distribution and neutrino emission

scenarios. For each hypothesis we create a test statistic (TS) that we use in a likelihood ratio

test to compare the signal hypothesis to the null hypothesis. In each case our null hypothesis

assumes no correlation between a cataloged �-ray source and high-energy neutrino events (in-770

cluding atmospheric neutrinos and misidentified muons, and the astrophysical neutrinos). The

signal hypothesis assumes that neutrino events originate from cataloged Fermi-LAT blazars,

given a particular model for the correlation between the neutrino and �-ray emission.

As a common framework for all the analyses, we start with an unbinned likelihood function

defined in a similar way to previous IceCube point source analyses (3, 4):775
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with signal and background probability density functions (PDFs) denoted as S and B, respec-

tively. N is the total number of events and ns the number of signal events11. In the simple case

considered here, only a single event enters the analysis, i.e. N = 1.

We define a test statistic of the form

TS = 2 log
L(ns = 1)

L(ns = 0)
= 2 log

S
B . (2)

Note that in this definition the likelihood ratio test reduces to a test between two fixed alternate780

hypotheses and TS can take negative values for background-like events. The signal PDF con-
11Additionally, there is one constrained nuisance parameter included in the likelihood for the �-ray energy

flux (or flux ratio) normalization of each source using the method from (101), treating the flux error as a normal
distribution. We note that including the nuisance factor does not have a significant influence on the results.
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There are more than 2000 extra-galactic gamma-ray sources 
in the sky. That ”coincidence” might be just by chance.

24



Chance coincidence probability
Fermi Gamma-ray sources (3FGL+3FHL)

Neutrino-blazar coincident analyses

In order to calculate the chance probability of a coincidence between a neutrino alert, such as765

IceCube-170922A, and a flaring blazar, several hypothesis tests have been performed covering

a range of assumptions on the spatial and temporal signal distribution and neutrino emission

scenarios. For each hypothesis we create a test statistic (TS) that we use in a likelihood ratio

test to compare the signal hypothesis to the null hypothesis. In each case our null hypothesis

assumes no correlation between a cataloged �-ray source and high-energy neutrino events (in-770

cluding atmospheric neutrinos and misidentified muons, and the astrophysical neutrinos). The

signal hypothesis assumes that neutrino events originate from cataloged Fermi-LAT blazars,

given a particular model for the correlation between the neutrino and �-ray emission.

As a common framework for all the analyses, we start with an unbinned likelihood function

defined in a similar way to previous IceCube point source analyses (3, 4):775

L =

NY

i

⇣ns

N
S + (1 � ns

N
)B

⌘
, (1)

with signal and background probability density functions (PDFs) denoted as S and B, respec-

tively. N is the total number of events and ns the number of signal events11. In the simple case

considered here, only a single event enters the analysis, i.e. N = 1.

We define a test statistic of the form

TS = 2 log
L(ns = 1)

L(ns = 0)
= 2 log

S
B . (2)

Note that in this definition the likelihood ratio test reduces to a test between two fixed alternate780

hypotheses and TS can take negative values for background-like events. The signal PDF con-
11Additionally, there is one constrained nuisance parameter included in the likelihood for the �-ray energy

flux (or flux ratio) normalization of each source using the method from (101), treating the flux error as a normal
distribution. We note that including the nuisance factor does not have a significant influence on the results.
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Likelihood function
Point source analysis

Likelihood function: assuming N (= 𝑛𝑠 + 𝑛𝑏) events observed
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𝑃𝑆 +

𝑛𝑏
𝑁
𝑃𝐵)
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Test statistics
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Assuming N events observed

• S and B are signal and background PDFs

sists of three independent parts, a spatial factor, a flux weight factor, and a factor for the detector

acceptance:

S(~x, t) =
X

s

1

2⇡�2
e�|~xs�~x|2/(2�2

) ws(t)wacc(✓s), (3)

where the sum runs over all 2257 extragalactic Fermi-LAT sources, s. Their light curves were

constructed as outlined in the Supplementary material section on the analysis of the Fermi-785

LAT light curves for TXS 0506+056, where 28-day wide bins are used to characterize the

�-ray activity at time t. The term wacc is the IceCube acceptance as a function of zenith angle

(normalized over all zenith angles, ✓s), assuming a neutrino signal spectral index � = �2.13.

This factor accounts for the zenith-dependent sensitivity of the IceCube detector. The function

ws(t) derived from the Fermi-LAT light curve, describes the model-dependent relation between790

the �-ray emission and the expected neutrino flux from source s as a function of time.

The leading factor inside the summation is the spatial weight accounting for the distance of

a source at position, ~xs, to the reconstructed neutrino direction, ~x, in terms of the reconstruction

uncertainty � of the neutrino direction, which is found on a per-event basis (3). The error

of the �-ray source position is negligible compared to the neutrino angular uncertainty. Note795

that sources at large angular distances from the neutrino are assigned a negligible weight by

the spatial factor, which models the IceCube point-spread function (PSF). The “signalness” of a

neutrino event, as mentioned in the main article, is a quantity constructed by the realtime system

from the energy and zenith angle estimates, to rapidly allow an assessment of whether an event

is a worthy target of opportunity. It does not enter into the likelihood.800

The background PDF is described by the zenith acceptance, PBG(sin ✓), which is a prob-

ability density function describing the zenith distribution of the alert events that are due to

background.
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B(~x) = PBG(sin ✓)

2⇡
, (4)

where ✓ is the zenith angle of the reconstructed neutrino direction ~x. To construct a back-

ground TS distribution we randomly draw neutrino events from an IceCube all-sky Monte Carlo805

sample containing muon-neutrinos and misidentified muons from air-showers and astrophysical

neutrinos with energies according to the spectral shape presented in (2).

The final p-value is then determined by calculating the fraction of background TS values

larger than the measured one for IceCube-170922A. Note that the overall normalization of S

and B does not influence the final p-value, but only shifts the TS distribution.810

As the production mechanisms of neutrinos and �-rays in astrophysical environments are

poorly understood, three models connecting the �-ray and the neutrino flux are considered for

ws(t). All models are based on the assumption that at least part of the �-ray emission is of

hadronic origin. In all cases the extragalactic sources from the Fermi-LAT catalog are used.

Model 1: The neutrino energy flux is proportional to the �-ray energy flux of the source in the815

time bin where the neutrino arrives, as was used in (4). This is motivated by the fact that a

similar amount of energy is expected to be channeled into the neutrino and �-ray emission,

if pion decay from pp or p� interactions dominate at high energies. Alternatively, it can

be relevant even if emission from electrons dominate, as long as protons and electrons are

accelerated at a fixed ratio.820

In this case the weight is equal to the �-ray energy flux defined as:

ws(t) = �E(t) =

Z 100 GeV

1 GeV
E�

d��(t)

dE�
dE�, (5)

where ��(t) is the photon flux from the �-ray light curves, at time t. The resulting pre-

trial p-value is 2.1 · 10�5, corresponding to a Gaussian equivalent one-sided probability

of 4.1�.
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Chance coincidence : temporal (flux)

Flux (LAT g-ray) data sample:
• All extragalactic and unID (|b|>5deg) sources from 

3FGL and 3FHL sources à 2257 sources (in total)
• Derived 9.2-year light curves (2008/Aug – 2017/Oct) 

with 28-day bin and >1 GeV

119 bins/src

one example of LAT light curve
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where ��(t) is the photon flux from the �-ray light curves, at time t. The resulting pre-

trial p-value is 2.1 · 10�5, corresponding to a Gaussian equivalent one-sided probability
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Model 2: The neutrino production and detection probability depend only on the relative flux change

of the �-ray source emission around the neutrino event time, t. This prevents missing a825

correlation with �-dim sources that may be much brighter in neutrinos than �-rays, at the

cost of some sensitivity to bright sources.

Here,

ws(t) = ��(t)/ h��i , (6)

where h��i is the time averaged �-ray flux from the source. The resulting pre-trial p-value

is 2.5 · 10�5 (4.1�).

Model 3: The neutrino energy flux is proportional to the �-ray energy flux predicted in the very-830

high-energy (VHE) �-ray regime (100 GeV – 1 TeV). This approach is triggered by the

detection of VHE �-ray emission by MAGIC.

If a similar amount of energy is channeled into neutrinos and �-rays in the sources (as in

Model 1) the energy flux is expected to be correlated with the neutrino energy flux. The

VHE �-ray emission is closer in energy to the observed neutrino and might therefore be835

a better indicator for high-energy particle acceleration.

As no unbiased survey of the sky exists at energies above 100GeV, the previously used

catalog of Fermi-LAT sources was considered. The VHE spectral functional form was

obtained through extrapolations of the spectrum measured by Fermi-LAT in the energy

range from 1 GeV – 100 GeV over the entire 9.5-year Fermi-LAT exposure. The VHE840

spectral normalization was scaled to match each monthly bin of the Fermi-LAT light-

curve. Since any additional softening of the spectrum in the VHE energy band due to

limitations in the acceleration capabilities of the source (e.g. Klein-Nishina steepening),

absorption within the source or in the extragalactic background light (EBL) would yield

a lower flux, these extrapolations represent a conservative assumption.845
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Chance coincidence probability

Probability: Pre-trial : 4.1s (~2.1x10-5 ) 

Number of alerts:
10 alert events (since 2016/Apr)
41 archival events (since 2010 
before the alert system started)

After the trial factor correction
(including the 51 events)
à 3.0s

TS distribution:
Background trials (blue)

Signal trials (orange)
the TXS0506 event (red)
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signal hypothesis assumes that neutrino events originate from cataloged Fermi-LAT blazars,

given a particular model for the correlation between the neutrino and �-ray emission.
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In the past IceCube data for TXS 0506+056

April 2008 to October 2017

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

TXS 0506+056

(IceCube Coll. 2018 Science aat2890)
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Detailed look of the Gamma-ray band

13	

TXS 0506+056
Gamma-ray (> 2GeV) Dissecting the region around IceCube-170922A 7

Figure 3. Fermi TS map based on photons with energy larger than 1GeV (left) and 5 GeV (right) between MJD 57908 and 58018 (June
4 – September 22, 2017). In this period TXS0506+056 is in outburst and dominates the field. See Fig. 2 for more information.

Figure 4. Fermi TS map based on photons with energy larger than 1, 2 and 5 GeV between MJD 56949 and 57059 (October 19, 2014
– February 6, 2015). In this period the brightest source was PKS 0502+049 at lower energies while TXS 0506+056 dominated at higher
energies. See Fig. 2 for more information.

within a well-defined period of 110 days (IceCube Collabo-
ration 2018b).

This is di↵erent for the IceCube-170922A event, given
the large uncertainty on the neutrino flux since we are deal-
ing with a single event over an ill-defined period of time. To
estimate the neutrino flux from one neutrino event IceCube
Collaboration (2018a) had to assume a spectral emission
shape, an emission time ⌧, and an energy emission range.
The corresponding mean number of ⌫µ events N expected in
IceCube is

N = ⌧

π Emax

Emin

Ae↵(E, ✓) ·
1
3

d�

dE
dE, (2)

where Ae↵ is the e↵ective area of the IceCube detector
and 1

3 is the flavour ratio assumed. For a source described
by a single power-law distribution the flux producing one
neutrino event is

�0 =
3 · N

⌧
Ø Emax

Emin
Ae↵(E, ✓)E��dE

, (3)

where N = 1 and ⌧ is taken as 0.5 years (of the same
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Dissecting the region around IceCube-170922A 7

Figure 3. Fermi TS map based on photons with energy larger than 1GeV (left) and 5 GeV (right) between MJD 57908 and 58018 (June
4 – September 22, 2017). In this period TXS0506+056 is in outburst and dominates the field. See Fig. 2 for more information.

Figure 4. Fermi TS map based on photons with energy larger than 1, 2 and 5 GeV between MJD 56949 and 57059 (October 19, 2014
– February 6, 2015). In this period the brightest source was PKS 0502+049 at lower energies while TXS 0506+056 dominated at higher
energies. See Fig. 2 for more information.

within a well-defined period of 110 days (IceCube Collabo-
ration 2018b).

This is di↵erent for the IceCube-170922A event, given
the large uncertainty on the neutrino flux since we are deal-
ing with a single event over an ill-defined period of time. To
estimate the neutrino flux from one neutrino event IceCube
Collaboration (2018a) had to assume a spectral emission
shape, an emission time ⌧, and an energy emission range.
The corresponding mean number of ⌫µ events N expected in
IceCube is

N = ⌧

π Emax

Emin

Ae↵(E, ✓) ·
1
3

d�

dE
dE, (2)

where Ae↵ is the e↵ective area of the IceCube detector
and 1

3 is the flavour ratio assumed. For a source described
by a single power-law distribution the flux producing one
neutrino event is

�0 =
3 · N

⌧
Ø Emax

Emin
Ae↵(E, ✓)E��dE

, (3)

where N = 1 and ⌧ is taken as 0.5 years (of the same
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Gamma-ray sky map Oct. 2014 – Feb.2015

Detailed look of the Gamma-ray band
(Padovani+18 MNRAS, 480)

at > 5GeV, 
TXS 0506+056 
is brighter

200 P. Padovani et al.

Figure 9. The hybrid photon – neutrino SED of TXS 0506+056. The red points (OVRO at 15 GHz and ASAS Vmag) are simultaneous with neutrinos, grey
ones refer to historical data, while the black ones are Fermi data. The red bands for the γ -ray flux show the 1σ error bounds on the best fit, while upper limits
are given at 95 per cent C.L. Fermi data points were de-absorbed to correct for the extragalactic background light following Domı́nguez et al. (2011). Left: the
MJD 57908 –58018 period (2017 June 4 –September 22). The neutrino flux has been derived by IceCube Collaboration et al. (2018) over the 200 TeV–7.5 PeV
range (see text for more details); we give here the all-flavour flux. The vertical upper limit is drawn at the most probable neutrino energy. The average Fermi-LAT
photon index for E > 2 GeV is 2.16 ± 0.10. Right: the MJD 56949 –57059 period (2014 October 19–2015 February 6). The neutrino flux has been derived
by IceCube Collaboration (2018) over the 32 TeV–3.6 PeV range; the error is the combined error on the spectral index and the normalization. The average
Fermi-LAT photon index for E > 2 GeV is 1.62 ± 0.20.

(iv) PKS 0502+049 is flaring right before and right after the neu-
trino flare (but not in coincidence with it) while TXS 0506+056
was at its hardest in that time period but in a relatively faint state,
suggesting a shift to high energies of the γ -ray SED;

(v) The hybrid γ -ray – neutrino SED of TXS 0506+056 during
the neutrino flare is as expected for lepto-hadronic models since
the photon and neutrino fluxes are at the same level (Petropoulou
et al. 2015). We note that the hybrid SEDs of Padovani & Resconi
(2014) and Padovani et al. (2016) were based on one shower-like
IceCube event, which could in principle have been emitted over
the full IceCube detection live time, and were therefore affected by
a very large uncertainty. In the case of the neutrino flare, instead,
a sizable (∼13) number of neutrinos has been detected within a
well-defined time window and good spatial resolution.

In short, all spatial, timing, and energetic multimessenger diag-
nostics point to TXS 0506+056 as the first identified non-stellar
neutrino (and therefore cosmic ray) source.

5 D ISCUSSION

5.1 Source properties

We now explore in more detail the properties of TXS 0506+056.
First, we note that this source is a very strong γ -ray source, having
an average flux of 7.1 × 10−8 ph cm−2 s−1 above 100 MeV, which
puts it among the top 4 per cent of the Fermi 3LAC catalogue
(Ackermann et al. 2015). Moreover, it also belongs to the 2FHL
sample (Ackermann et al. 2016), which includes all sources detected
above 50 GeV by Fermi-LAT in 80 months of data. TXS 0506+056
also has a large radio flux density ∼ 1 Jy at 6 cm (Gregory &
Condon 1991), and ∼537 mJy at 20 cm, which makes it one of the
brightest radio sources (in the top 0.3 per cent) of the NRAO VLA
Sky Survey, which covers 82 per cent of the sky (Condon et al.
1998). Fig. 7 shows the overall SED of the source in luminosity,

based on the redshift of 0.3365 recently reported by Paiano et al.
(2018).

The peak luminosities of ∼2 × 1046 erg s−1 in the synchrotron
peak, and almost 1047 erg s−1 at 10 GeV, place this object among the
most powerful BL Lacs known, particularly in the high-energy/very
high-energy γ -ray band. For comparison, the corresponding maxi-
mum luminosities ever observed in MKN 421 (and PKS 2155−304)
are ∼4 × 1045 (∼2 × 1046) and ∼1.5 × 1045 (1046) erg s−1, a factor
of ∼5 (1) and ∼50 (10) lower than TXS 0506+056 (Giommi et al.,
in preparation). What seems to be peculiar in this source is the very
large luminosity at ∼10 GeV compared to other similar sources.
From the overall SED point of view TXS 0506+056 shows a vari-
ability range in the γ -ray band (almost a factor 1,000 at 10 GeV: see
Fig. 7) much larger than that observed at the peak of the synchrotron
emission. Even during the large γ -ray flaring event observed close
to the detection of IceCube-170922A the peak of the synchrotron
emission (located in the UV band) did not vary by more than a
factor of 2, nor did the X-ray flux, at the tail of the synchrotron
peak, change by a large factor. This behaviour is consistent with
an excess of hard γ -ray radiation possibly associated with hadronic
processes.

We now possess all the elements to calculate reliably the lumi-
nosity of a high-energy neutrino source. Using the fluence, spectral
index, and energy range given in Section 2.1.2 and IceCube Col-
laboration (2018), we do the following: (1) derive an integrated νµ

flux of 1.2 × 10−10 erg cm−2 s−1 from the fluence by integrat-
ing over the 2σ range around the central value of the time period;
(2) estimate Lνµ ; (3) derive a neutrino luminosity all-flavour (as-
suming νe:νµ:ντ = 1:1:1) by multiplying by 3 the νµ power. The
result is Lν = 3 × Lνµ ∼ 3 × 4.5 × 1046 erg s−1 ∼1.4+0.6

−0.5 × 1047

erg s−1 between 32 TeV and 3.6 PeV. (This luminosity is fully con-
sistent with the one derived by IceCube Collaboration (2018) of
1.2+0.6

−0.4 × 1047 erg s−1 based on a flare duration of 158 d derived
from the box time-window result.)

MNRAS 480, 192–203 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/480/1/192/5052376
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(IC-170922A) (n flare in 2014-2015)
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Summary
• Blazar is the most dominant high-energy g-ray sources
• Emission origins can be explained by leptonic models
• No significant correlations were found between the IceCube n

events and the LAT g-ray blazars (for steady emission) 
– Blazars seem not to be dominant source of the neutrino origin

• EM follow-up observations have been organized well for the 
IceCube Neutrino Alert

• IceCube-170922A: a flaring g-ray blazar TXS 0506+056
– ~290 TeV n, 5 time higher >100 MeV g,  >100 GeV g detection
– Chance coincidence: 4 s (pre-trial), 3 s (post-trial: 51 events)
– Also, a neutrino flare in late 2014

• in the high-energy g-ray band the low flux, but hard spectrum

beginning of the neutrino multi-messenger Astronomy.
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Emission from blazars
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In the past IceCube data for TXS 0506+056

April 2008 to October 2017
we analyze the same seven-year data sample supplemented with additional data collected from

May 2015 until October 2017 (21). The data span 9.5 years and consist of six distinct periods,

corresponding to changing detector configurations, data-taking conditions, and improved event70

selections (Table 1).

Sample Start End
IC40 2008 Apr 5 2009 May 20
IC59 2009 May 20 2010 May 31
IC79 2010 May 31 2011 May 13
IC86a 2011 May 13 2012 May 16
IC86b 2012 May 16 2015 May 18
IC86c 2015 May 18 2017 Oct 31

Table 1: IceCube neutrino data samples. Six data-taking periods make up the full 9.5 year
data sample. Samples are designated ICxx where xx indicates the number of detector strings
that were operational. During the first three periods, the detector was still under construction.
The last three periods correspond to different data-taking conditions and/or event selections
with the full 86-string detector.

The northern sky, where TXS 0506+056 is located, is observed through the Earth by Ice-

Cube. Approximately 70,000 neutrino-induced muon tracks are recorded each year from this

hemisphere of the sky after passing the final event selection criteria. Only a small fraction

(< 1%) of these events originates from astrophysical neutrinos, while the vast majority are75

background neutrinos created in cosmic-ray interactions in the atmosphere over other locations

on Earth. However, for an astrophysical muon-neutrino flux where the differential number of

neutrinos with energy E scales like dN/dE ⇠ E�2 compared to the atmospheric neutrino

flux which scales as ⇠ E�3.7 (17), the distributions of muon energies are different for the

two populations. This allows for further discriminating power in point source searches besides80

directional-only excesses.

A high-significance point-source detection (12, 18) requires between a few to a few dozen

signal events to stand out from the background, depending on the hardness of the energy spec-

4

158 days

Gaussian fit:
• Center:13 Dec. 2014 (MJD 57004) 

(±21 days)
• Width: 110 +35

–24 days

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

data samples

Spectral index 
= 2.1±0.2

spatial map (p-value)
(IC86b sample)

TXS 0506+056

excess:3.5s

(IceCube Coll. 2018 Science aat2890)
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Fermi Gamma-ray Space Telescope
Large Area Telescope (LAT)
- 20 MeV-300 GeV

• Launched on 2008 June 11
• Continue to observe without any critical problems
• All sky survey mode

Thanks to the large FoV of 2.4 str, 
LAT scans all-sky every 3 hours 
(i.e., 2 orbits) and perform unbiased 
survey

à good for monitoring variable sky every days

All-sky survey-mode observation
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