
Blazars as neutrino 
factories

Chiara Righi

-------------------------------
Università degli Studi dell’Insubria

INAF - OA Brera

Collaborators: F. Tavecchio, G. Ghisellini, M. Landoni, L. Pacciani, S. Inoue, …



∼60 events since 2010
above 60TeV

2Who is producing these neutrinos?

Aartsen et al. 2016

Discovery of high-energy 
neutrinos by IceCube



Searching for sources

3

IceCube
Collaboration 
(2014, 2015a) 



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

𝜋± →	𝜇± +	𝜈+ → 𝑒± + 𝜈-+2 𝜈+
𝜋. → 𝛾 + 𝛾

𝑬𝝂 ∼ 𝑬𝒑/𝟐𝟎	

1:1:1
after	propagation



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

Our galaxy
Star-forming Galaxy
AGN winds
Low-energy radiogalaxies (FR0)

e.g.	Ahlers and	Murase 2014
Vissani and	Palladino 2015



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

Protons accelerated inside 
the SNR escape and interact 
with intergalactic medium

The image part with relationship ID rId4 was not found in the file.

𝑝

𝜈Our galaxy
Star-forming Galaxy
AGN winds
Low-energy radiogalaxies (FR0)

e.	g.	Loeb	and	Waxman	2006
Tamborra et	al.		2014



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

Protons accelerated inside 
the AGN wind escape and 
interact with intergalactic 
medium

The image part with relationship ID rId4 was not found in the file.

𝑝

𝜈Our galaxy
Star-forming Galaxy
AGN winds
Low-energy radiogalaxies (FR0)

e.g.	Lamastra et	al.	2016
Lamastra et	al.	2017



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

Protons accelerated inside 
the jet escape and interact 
with intergalactic medium

𝑝

𝜈Our galaxy
Star-forming Galaxy
AGN winds
Low-energy radiogalaxies (FR0)

e.g.	Tavecchio et	al.	2018



High-energy neutrino 
production
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Relativistic protons!! 

𝑝 + 𝑝	 → 	𝜋 + 𝑋 𝑝 + 𝛾	 → 	𝜋 + 𝑋

Jets
GRBs
Blazars

Our galaxy
Star-forming Galaxy
AGN winds
Low-energy radiogalaxies (FR0)

e.g.	Waxman	and	Bachall 1997
Atoyan and	Dermer	2003
Tavecchio at	al.	2014
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Blazars
FSRQ BL Lac



Blazars
FSRQ

BL Lac

ADAF?



Are Blazars detectable by 
IceCube?
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BL Lac
✔ Padovani	et	al.	2016	(spatial	

correlation	with	𝛾 -ray BL	Lacs
detected	above 50GeV)

✔ Tavecchio et	al.	2014	efficient
neutrino	production	(spine-layer
model	only for	high-energy
emitting BL	Lacs)

FSRQ
✔ Possible	correlation	between	one	
neutrino	event	and	a	𝛾-ray	flare	of	a	
FSRQ	object	(Kadler et	al.	2016).

✗ EM-𝜈 emission	can’t	be	exclusively	
hadronic	(Gao	et	al.	2017)
✗ Murase and	Waxman	2016
✗ p+𝛾 reaction	with	UV	photons	of	
BLR	produce	neutrino	spectra	harder	
than	that	“IceCube spectrum”

Fermi 2FHL catalogue 
(sources emitting above 
50GeV) is a good 
representation of these 
sources

Ghisellini et	
al.	2005

 Γl

Γs

p



The model
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High-energy neutrinos sky (>200TeV)

Assumption 1:
Only BL Lac objects of 2FHL 
catalogue contribute to 𝜈𝜇 IC 
events.

Aartsen et al. 2016

Gamma-ray sky (50GeV–2TeV)

Ackermann et al. 2015



The model
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High-energy neutrinos sky (>200TeV)

Assumption 2:
Linear relation between 
𝛾-ray emission and 
neutrino emission.

Assumption 1:
Only BL Lac objects of 2FHL 
catalogue contribute to 𝜈𝜇 IC 
events.

Aartsen et al. 2016

𝐹78 = 𝑘𝐹;8
Gamma-ray sky (50GeV–2TeV)

Ackermann et al. 2015



The model

15

High-energy neutrinos sky (>200TeV)

Assumption 2:
Linear relation between 
𝛾-ray emission and 
neutrino emission.

Assumption 1:
Only BL Lac objects of 2FHL 
catalogue contribute to 𝜈𝜇 IC 
events.

Aartsen et al. 2016

𝐹78 = 𝑘𝐹;8
Gamma-ray sky (50GeV–2TeV)

Ackermann et al. 2015

It’s the same for 
all BL Lacs



Results

FLUX #𝜈

10-8 GeV/cm2s yr-1



BL Lacs candidates
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Tracks	(𝜈𝜇)
HESE	events
+	BL	Lac	2FHL

8 BL Lac object with a spatial correlation with a track or an HESE event.
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Data	analysis:	

BL Lacs candidates



Work in progress
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They are proto-typical 
HSP with indications 
for the existence of 
Spine-Layer structure…

…TXS0506+056 is ISP (for 
which SL structure is not 
yet convincingly 
proven)…

Why IceCube haven't 
detect the brightest 
Mkn421 or Mkn501
yet? 



Take home messages
• Blazar are good candidates to 
produce high-energy neutrinos!

• TXS 0506+056 is very intriguing…
Stay tuned!

• The “problem of Mkn421” is a 
question which have yet to be 
resolved.

20THANKS!
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Work in progress
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LSP:	𝜈<-=>? < 10CDHz

ISP:	10CDHz < 𝜈<-=>? < 10CG𝐻𝑧

HSP:	𝜈<-=>? > 10CGHz
Ackermann et al. 2015 - 3LAC
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BL Lac sequence



Neutrino flux
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AstrAstrophysical	𝜈



Neutrino flux

3

AstrAstrophysical	𝜈



Different signature
Cascade (νe, νμ, ντ) Tracks (νμ)

ν

ν

μ
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Neutrino signature in ice
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Through-going track 
(𝜈+)
angular resolution < 1°

Double bang (𝜈K)
Not observed jet

Cascade (𝜈-, 𝜈+, 𝜈K)
angular resolution > 1°

Starting track (𝜈+) 
angular resolution < 1°
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>60%  extragal due to Blazar!
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Detectability

Assuming 30% efficiency of the detector

Mkn 421
PG	1553+113

Si
gn
ifi
ca
nc
e	
𝜎

Time	[yr]

This analysis includes the background!
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Detectability
average muon
energy-loss rate 

Neutrino flux 
for each 
source

Charge 
current cross 
section

Attenuation 
due to Earth



Spine-layer model
ΓN = 15 − 20
ΓR = 3 − 5
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Ghisellini et	al.	2005
Tavecchio &	Ghisellini 2008,	2014

The relative motion of the two components 
leads to the amplification of the radiation 
field of the layer as observed in the spine 
reference frame.

 Γl

Γs

p

the weakly beamed emission of 
the layer could dominate the 
emission from misaligned 
radiogalaxies

Nagai	et	al.	2014
Giovannini et	al.	2015



Murase and	Waxmann,	2016

Neutrino multiplets
would have to be 
already observed!

BL	Lac	of	1FGL	(not	
representative	of	HBL)



Theoretical framework
➔ Leptonic scenario for the SED
➔ EM and 𝜈 outputs derive from two 

different (but not indepentent!) channels
➔ Neutrino luminosity: 𝐿; = 𝜀<𝑄<W 𝛿ND

➔ IC luminosity:        𝐿7 = 𝜀-𝑄-W 𝛿ND

➔
YZ
Y[
= \Z

\[
= ]^_^`

]a_a`

➔ 𝜀< and 𝜀- depend on the same photon 
field

➔ 𝑄<W and 𝑄-W depend on the total power 𝑃c-d
➔

YZ
Y[
≈ 𝑐𝑜𝑛𝑠𝑡.	 the same in all HBL.

𝑄<,-W CR,	
electrons	
injected	
power



Zech et al. 2017



Advection Dominated 
Accretion Flow 

(ADAF)
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MAHADEVAN 97
Naranyan & Yi 95a,95b 

2-temperature	structure,	with	
hot	ions	holding	most	of	the	

energy	and	transferring	it	
inefficiently	to	the	electrons	

that	produce	most	of	the	
radiation.	

S: 𝜈 < 𝜈< ciclo-synchrotron 
emission
C: 𝜈< < 𝜈 < 𝜈m comptonisation of S
B: 𝜈 > 𝜈m bremsstrahlung emission

𝜈<

𝜈m

S C B

Average energy of	a	
photon for	saturated
componization in	the	
Wien regime	ℎ𝜈m = 3𝑘𝑇-

After	𝜈< the	
synchrotron	
spectrum	falls	
exponentially	



Work in progress
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ADAF model
𝐿c-d ∝ 𝐿qrN>
𝐿qrN> ∝ �̇�u

The ADAF spectrum 
depends on �̇�.

LSP: red peak -> high 
accretion rate

HSP: blue peak -> low 
accretion rate

synchro IC bremmstrahlung

�̇�

Naranyan & Yi 95a,95b 
MAHADEVAN 97



Work in progress
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ADAF model

100	TeV- 1PeV

Pound for CR luminosity, 
the neutrino luminosity 
decrease drastically in 
case of HSP!

This	lack	can	
explain	the	
potential	detection	
of	TXS0506+056	
and	the	non-
detection	of	
Mkn421.


