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BLAZARS 2

Blazars are Active Galactic Nuclei (AGN) with their jets pointed towards the Earth

Spectral Energy Distribution (SED): | G

Non-thermal emission over a broad range of the EM spectrum. Two major W ~~

humps: Symeteowon Comglon

1. Electron Synchrotron: Emission from relativistic e- gyrating under : A | _ ,,"_‘A;
high magnetic fields inside jets | 1 G 77 ook

2. Leptonic/hadronic: Compton up-scattering of the synchrotron 1keV 100GeV 50 TeV

photons/hadronic gamma-rays

BL Lac/ FSRQ
relativistic jet

CR accelerah

dust torus

BL Lacs -- High optical polarisation
weak emission lines

broad-line region

_—#~. accretion disc
< \\

FSRQs -- More luminous
strong optical emission lines !'
prominent Compton hump in SED [ORQ

relativistic jet

broad-line region
. dust torus
CR acceleration

Difference between the two sub-classes possibly based on jet-power
and mass of central engine

Rodrigues et al. Apd 2018
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SOURCES OF NEUTRINGS 3

Expectations from most of the source classes suspected of producing the extra-galactic v-flux
constrained by IceCube and others:

GRBs (transients) [ < 1% ]
AGN [ > 150/0 ] 10 Fenniuppen:bouanon dimct&cascagcy-rqy flux

Tamborra, Ando & Murase (2014)
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IceCube’s first candidate source of high energy neutrinos was a blazar! Star-forming galaxies

(SFGs) [10-30% ]

TXS 0506+056 (z = 0.336)
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Aartsen et al. Apd 2016
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https://iopscience.iop.org/article/10.3847/0004-637X/824/2/115
https://doi.org/10.3847/1538-4357/835/1/45

MOTIVATION 4
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‘Tight correlations b/w radio core and soft-X-ray
' observations from radio-loud AGN suggest soft- X-rays

r v
Proton Induced Cascades (PIC) : l
. . . =+
® Secondary et pairs generated by pion decay shift the e
extreme proton energies down to the X-ray band
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-10% :",,,\ _10! GeV-y X'rayS
{-;' 10-"5— o- _ LE)
% ' —10‘-"'3 §
g T W u Q\
w 10'12:— y ‘_ w %
" | BWIFT-XRT + NuSTA N 'y
10'135— ool . n: ‘: g
L v, |:?‘. : .1?:0. cd |1;'- /\5;10‘3 -13 . . | |
10 10 € [oV] 10 10 10 15 20 25 30
Keivani et al. 2018 logio(Frequency/Hertz) (530 et al. 2018

X-rays from PIC can be used to constrain the expected neutrino flux from source, if a
hadronic contribution is assumed

Multi-flare search from X-ray selected blazars


https://doi.org/10.3847/1538-4357/aad59a
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1038%2Fs41550-018-0610-1&v=0f548e44

MOTIVATION 5

Recent investigations observe spatially coincident neutrinos from sources in a
v-suppressed state....

a PKS B1424-418 ("Big Bird") p  TXS 0506+056 (IC-170922A) c PKS 1502+106 (IC-190730A)
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....but an increased X-ray and radio flux is still expected
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arXiv:2009.09792
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https://arxiv.org/abs/2009.09792

ANALYSIS OVERVIEW 6

Objective: Search for correlation between X-ray selected blazars and IceCube neutrinos

We want to test the hypothesis that X-ray bright blazars can be potential sources of high
energy astrophysical neutrinos....

..... under the assumption that

A model independent, time-dependent untriggered multi-flare search:

= search for neutrino flares in 10 years of lceCube data from each source in a catalog of
blazars curated based on X-ray flux

= obtain a p-value for each source using the multi-flare TS

= perform a population test using the binomial test statistic to determine the sub-
population with statistically significant emission

‘Test for Northern sky, and
| by categories of blazars:

1.Northern BL Lacs RomaBZCat

High-Energy Tracks 1
2.Northern FSRQs (6th April 2008 - 8th July 2018)  Ur-pinned - (1k northern sky
3.Northern blazars (all)

blazars)

Multi-flare search from X-ray selected blazars Partikeldagarna 2021 A.Sharma



SOURCE SELECTION 7
ROMABZCAT 5TH EDITION (2015)

® Multi-frequency blazar catalog with fluxes in radio (1.4 GHz), microwave (143 GHz), X-ray
(0.1 - 2.4 keV) and y-ray (1 - 100 GeV) frequencies

® 3561 blazar AGNs: BL Lacs, FSRQs and blazars of uncertain type

® X-ray fluxes taken from ROSAT

v We select 1000 blazars from the Northern hemisphe
fluxes in the catalog

—r— ——— ="

i
|

FSRQs
BL Lacs
Uncertain

Galactic

Partikeldagarna 2021 A. Sharma
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ROMABZCAT 5 : AFTER SELECTION CUTS 8

After selection cuts:

'@ BL Lacs: 586, FSRQs: 361, Uncertain type: 53

|
| @_~5% overlap with SWIFT-BASS 70 month catalog blazars arXiv:2107.08366 [

|

)

@ X-ray fluxes between: 3.1e-13 to 1.8e-10 erg/cm?/s

— = = ————

1200 T T median flux
B Northern Hemisphere oL
102+ R s BL Lacs
1000 S
- FSRQs
" I Uncertain
800 O
et
-1
600 o
v 101
H
400
200 |
0 100_. -
BLLs FSRQs Uncrtn Total 10-13 10-12 10-11 10"-10 S

X-ray Flux (0.1-2.4 keV) [erg/cm?/s]
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MULTI-FLARE METHOD 9

< Blazars are variable sources. If neutrino flares behave like EM flares, can expect > 1 flare on
avg. from sources over the period IceCube has been taking data

< Method already established by previous searches in IceCube:
= Test flare windows for each source direction using seed events that pass the S/B threshold
= Remove overlapping flares by selecting the flare with the highest significance

= Stack the significance of all the remaining flares to obtain the multi-flare TS

30

n n
2 o Aty) = [T 228+ (1 — 2B,
N Lo AL Z-ZINS + ( N)

g

10 ATdqata  L(Xs,n5 = 0)
S i x
. ilas Og[ At L s 9s)

0 e
55000 500 56000 56500 000 57500
MJD
30
25 1

These flare candidates overlap with a more significant flare candidate 20 - T'Snew = Z TSJ'
that isn’t going to be removed. Remove these. &‘ 15 jITS;>0
10 {
5 . .
0 Al T -—
55000 55500 56000 56500 57000 57500

MJD
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PRELIM RESULTS - PER SOURCE SENSITIVITY 10

>0 v=2,dT =30d 25 D P | ® 10k scrambles for a single source location (at the
v 5.5 gL declination of TXS)
& ~«-- 00% Sensitivity »
— 50
o e With and without injections (background trials)
% 45 lceCube work-in progress
S 401« '@ Box profile flares
K20 N
e \
© 3.5 N\ | @ Fixed spectral index and injected flare duration (y
v
< 3.0 = 2,dT = 30 days)
= 2 5 |
= 2.
™ Boxflares ‘o S/B = 2000 & Max. Flare duration = 1000 days
2.01 » — —

10 15 20 25 30 35 40

Bkg multi-flare TS distribution for src at decl = 5.69°
Number of flares per source

0.05 1 —— gamma pdf
Strength of individual flares from a ' 1 10000 scrambles
single source required to obtain a final 0.04-
discovery potential (D.P.) of 3-sigma,
cle e LL i
and a 90% C.L. sensitivity o 003
Shape (a) ~ 5
0.021
: . 0.011
Background multi-flare TS distribution for
the declination of TXS across 10k trials 0.00 - : : ; . .
0 20 40 60 80 100
TS
Partikeldagarna 2021 A. Sharma



BINOMIAL TEST 11

Tests the compatibility of a known catalog with background-only hypothesis

« if a sub-population within the catalog has statistically significant emission, it
can tell how many and which sources are of interest

P(k) = ‘Z: (Z)p}?(l —pr) "

m=Kk

For an ordered set of p-values, it determines the binomial probability P(k) at each
source k, to obtain k or more p-values equal or lower than the local p-value at k

Good initial guess at the sub-population => better results

= test separately for all sub-categories i.e. BL Lacs, FSRQs etc.

Multi-flare search from X-ray selected blazars Partikeldagarna 2021 A.Sharma



BINOMIAL TEST: DISTRIBUTIONS 12

Binomial probability distribution (Binomial p-values) for a
single binomial test on 1000 sources

Best case 'k’ : 196
F

— |Best Binomial p-value: 0.016

—— p-values

—— Binomial p-values

10° 10 10° 10°
k
10! Best Binomial probability distribution
B 13390 trials chi2 pdf
9 100? [ 1 13390 scrambles
()] ]
510 101
e
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2 0102 |
4}
5 .- ndof ~ 7 |
5 | i
S | N
= 1071 \
10 1 f
105 1 . ' . | .
0 1 2 3 4 5 6 7
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Top-k values -log1o[P (k) pest]

Top ‘k’ value distribution for 13.4k trials P(K)best distribution for 13.4k trials
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BINOMIAL TEST : POST-TRIAL SIGNIFICANCE 13

Final significance considering we are testing many sources

S 50 Discovery Potential

©1.0 ,

3

= lcpCube work in progress

© 0.8

S

A

— 0.6

= S SN R S o thas above o
= |

2 0.4 | 133 sources

s 15 souftes | — 20
= | | |

5 02 i i 12 sources i 30
S :j | T
S 0.0 ——<— - . —

L 0 10 20 30 40 50

Number of injections
~13.4k background scrambles

== e — = == — = e - e ——— s —

33 (12, 5) sources of 20 (30, 40) individual significance required to
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SUMMARY 14

e Testing correlation between X-ray bright blazars and IceCube neutrinos

e Stack individual flares from each direction to boost significance

® 1000 Northern sky blazars from RomaBZCat; 10 year IceCube track-like events

e Population test using binomial test statistic

o Sensitivities and post-trial significance estimated based on background
scrambles; pending unblinding approval

Thank You!
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BACKUP



16

—e— Nsig (injected)
—e— Nsig (fitted)
40_. .....
s 304
=
20 1
10 O
0 10 20 30 40 50 60

Nevents in flare

Single flare; gamma = 2, Flare duration = 30 days
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DECORRELATIONS 17

1 Source.

o R
55000 56500 000 57500

= remove all overlapping flares except the MJD

most significant one!

o — pe—

These flare candidates overlap with a more significant flare candidate
that isn’t going to be removed. Remove these.

Correlation between events from different sources?

= 1000 sources in the catalog
= A single neutrino event can be counted as signal from more than one source due to
large uncertainty in position, or sources in close proximity

[ Simulate the background scrambles with the entire catalog at once. Any
correlations between sources would be present in the background trials as well,
and hence accounted for

Multi-flare search from X-ray selected blazars Partikeldagarna 2021 A.Sharma



PER SOURCE SENSITIVITY 18

v=2,dT =30d (TXS, box flares)
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SINGLE SOURCE BKG TS DISTRIBUTION 19

Bkg multi-flare TS distribution for src at decl = 5.69°

103 5
' -==- median TS = 13.79
10000 scrambles

CDF

i i ; \be Work in@progr%ess

. 5 5 ; ; O | s S
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POST-TRIAL P-VALUE CALCULATION 20

100 : :
I
1
I
L T L tems bbb emthstir Sttt St . .I.A..- ---------- -
I
l
1
" 102 : ______
- |
O !
I
10—3 | ,
~==- best binomial p-value
10—4 ———- post trial p-value
. | 13390 scrambles
105 ; ; A, S— ;
—6 5 4 _3 ) _1 0
log (Binom p)

Calculation of post-trial p-value from binomial
tests performed on background scrambles
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BINOMIAL TEST : POST-TRIAL SIGNIFICANCE 21

Final significance considering we are testing many sources

50 Discovery Potential
|

=
o

e Calculate (pre-trial) p-values for all sources over ~
13.4k bkgd scrambles, using the multi-flare TS

lceCube work in progres

o
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gy}

© 0.8

© e Perform binomial tests on these p-values to get a
A bkgd distribution of best binomial probabilities
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= : | : Ao best binomial probabilities, and compare the fraction
5 00 ! ! ! of trials that give a post-trial p-value > 50
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33 (12, 5) sources of 20 (30, 40) individual significance required to
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OVERLAPS 22

Overlap with previous studies

—

RomaBZCat has‘nearly 1/3rd of the sources in common with
'3LAC and 3FHL Fermi catalogs |

3LAC 999 3FHL

1250

= Qverlap with 3FHL : 392 sources (~ 22%)

= Qverlap with 3LAC : 608 sources (~ 34%)

BZCat
1798
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