
AGN	outflows as accelerator of	CRs and	neutrinos

Alessandra	Lamastra
ASI	Space	Science	Data	Center	(SSDC)	

INAF	– AstronomicalObservatory of	Rome	
Collaborators:

L.	A.	Antonelli,	 S.	Colafrancesco,	F.	Fiore,	D.	Guetta,	N.	Menci,	S.	Puccetti,	A.	Stamerra,	L.	Zappacosta



Outline

• Observations	and	physics	of	AGN	winds
• AGN	winds	as	particle	accelerators	and	non-thermal	emitters
• Gamma-ray	and	neutrino	emission	from	AGN	winds:	the	case	study	of	NGC	1068
• Extragalactic	gamma-ray	and	neutrino	backgrounds		from	AGN	winds	in	
cosmological	galaxy	formation	models



AGN	winds	and	galaxy	evolution

The	evolution	of	galaxies	and	nuclear	black	holes	are	linked

EBH≈ηMBHc2≈2×1061 (MBH/108M¤)	erg

Eb≈Mbσ2≈8×1058(MBH/108M¤)(σ/200	km/s)	erg	



AGN	wind	observations	

Fiore+17	 • 18	molecular	outflows	
• 36	ionized	gas	outflows
• 6	BAL	
• 30	X-ray	winds

• Radio	jets	(relativistic)
• X-ray	winds	(WA	thousands	 km/s,	UFO	semi-relativistic)
• ionized	gas	outflows	(v=1000-3000	km/s)
• atomic	gas	outflows	(v=100-1000	km/s	)	
• molecular	gas	outflows	(100-2000	km/s)			

L
kin

L
AGN

≈ (0.1−10)%

Feruglio+10

Mrk 231	(z=0.04)		v≃1000	km/s

Pounds+03

PG1211+143	(z=0.08)	v≃0.1	c



The	physics	of	AGN	winds

The	galactic	non-relativistic	outflows	are	produced	when	wide	angle	fast	winds	(v≈0.1-0.3	c)	shock	against	the	galaxy	ISM	
(e.g.	King+03,+11,+15,Faucher-Giguere+12,	Zubovas+12,+14)



Diffusive	shock	acceleration	

Np(E) = ApE
− p exp − E
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CR	protons

p≈2

AGN	winds	as	particle	accelerators

Adapted from	Ackermann+12

jet

wind

10-100	PeV protonsmaybe	produced =>	AGN	winds could be	sources of	Pev neutrinos



NGC	1068	– prototypical	Seyfert 2	galaxy

• distance		D=14.4	Mpc

• composite	starburst/AGN	galaxy		(MBH≈107M¤)	

• High	 luminosity	 (LAGN=1044-1045 erg/s)	
high	obscured	(NH>1024 cm-2)	AGN

• Luminous	 infrared	galaxy	LIR=2.8x1011L¤

HST ALMANUSTAR VLA
Kpc-scale	radio	jet

100	pc-scale	radio	jet	

HST

NUSTAR



NGC	1068	gamma-ray	and	radio	emissions:	problems	with		the	starburst	interpretation

2FGL	
H.E.S.S.		

AGN	core	S1	
AGN	core	S2		
CMZ	

Yoast-Hull+10

Eichmann+16



NGC	1068	gamma-ray	and	radio	emissions:	AGN	jet	model	

CR	electrons	accelerated	in	the	misaligned		relativistic		jet

Gamma-ray	emission:	 IC	scattering	of	IR	photons

Radio	emission:	Synchrotron	 Self	Compton

Lenain+10

Old	2FGL



X-ray	(blue,	green)	Chandra	observation	 (Ogle+03)

Optical	(red)		HST	observation	(Capetti+97)	 CND	

370	pc	x	200	pc

h	≈	10	pc

Mgas≈5	x107 M¤

Σgas≈(0.01-0.05)	g	cm-2

nH≈(110-460)	 cm-3

Color	 scale:	residual	
mean-velocity	field	
obtained	after	
subtraction		of	the	
rotation	component	 	

Black	contours:	
integrated	intensity	
of	CO	(3-2)	

CR	electrons	and	protons		accelerated	in	the	non-relativistic	AGN	wind

NGC	1068	gamma-ray	and	radio	emissions:	AGN	wind	model	

Garcia-Burillo+14

ALMA	observation



molecular	outflow:	observations	&	properties

outflowing	 gas	mass:		Mout≈1.8x107 M¤

outflow	 	size:	Rout≈100	pc	

outflow	velocity:	vout≈(100- 200)		km/s

mass	outflow	rate:	dMout/dt=3xvoutx(Mout/Rout)≈108	 M¤/yr

kinetic	luminosity:	 Lkin=0.5x(dMout/dt)xv2out≈1.5x1042 erg/s

SMA	observation	 (Krips+11) ALMA	observation	(Garcia-Burillo+14)

Star	formation:	 	SFRCND≈1	M¤/yr Lkin,SF ≤	Lkin

Radio	jet:	Ljet=1043 erg/s						Ljet≈10xLkin

AGN	luminosity:	 Lbol≈(1044-1045)	erg/s				Lbol≈(100-1000)xLkin



Gallimore+06

Sajina+11

NGC	1068	- gamma-ray	and	radio	spectra

Rout=100	pc	vout=200	Km/s	Lkin=1.5x1042 erg/s

ηp=0.1-0.5			ηe=0.01-0.2	

nH=102-104 cm-3	

BISM=30-1000	μG
Lamastra+16

dashed:	primary	electrons

dotted:	secondary	electrons/positrons	
from	charged	pion	decays	

𝜋0 decay
IC	scattering
bremsstrahlung



Gallimore+06

Sajina+11

NGC	1068	- gamma-ray	and	radio	spectra

Rout=100	pc	vout=200	Km/s	Lkin=1.5x1042 erg/s

ηp=0.1-0.5			ηe=0.01-0.2	

nH=102-104 cm-3	

BISM=30-1000	μG
Lamastra+16

dashed:	primary	electrons

dotted:	secondary	electrons/positrons	
from	charged	pion	decays	



Gallimore+06

Sajina+11

NGC	1068	- gamma-ray	and	radio	spectra

Rout=100	pc	vout=200	Km/s	Lkin=1.5x1042 erg/s

ηp=0.1-0.5			ηe=0.01-0.2	

nH=102-104 cm-3	

BISM=30-1000	μG
Lamastra+16

dashed:	primary	electrons

dotted:	secondary	electrons/positrons	
from	charged	pion	decays	

sensitivity 5𝛔 in	50	hours

HESS

MAGIC

CTA



Expected	number	of	neutrino	events	
in	one	year	of	integration	time

ANTARES

IceCube

KM3NeT
νμ	dotted
νe dashed
νμ+νe	solid

NGC	1068	– neutrino	spectrum

π + → µ+ +νµ

µ+ → e+ +νe +νµ

π − → µ− +νµ

µ− → e− +νe +νµ

π 0 → γ +γ

p+ p→ π 0 +π ± +...

Lamastra+16



The	extragalactic	gamma-ray	and	neutrino	backgrounds

AGN		winds:	20%-40%	of	 the	EGB	@	E<10	GeV

Blazars:	50%		of	the	EGB	@	E<	10	GeV

SF	galaxies:		13%	of	the	EGB	@	E<10	GeV

Radio	galaxies:	7%	of	the	EGB	@	E<10	GeV

Diffuse	Galactic emission

Extragalactic gamma-raybackground

The	gamma-ray	sky	above	1	GeV

5	years of	Fermi-LAT	data

Wang &	Loeb 2016



Semi-analytic	models	for	galaxy	formation

Three	main	ingredients:

v Hierarchical	merging	 of	DM	
haloes	and	of	substructures:	
higher	density	perturbation	
collapse	first,	larger	scale	
perturbation	 later.

v Galaxy	interactions	to	fuel	both	
star	formation	and	AGN	
(Cavaliere &	Vittorini 2000).

v A	physical	model	for	AGN	
feedback	(Lapi+05).

Halo	properties

Density	profiles
Virial temperature
Virial radius
Gas	properties
Profiles
Cooling-heating	processes
Collapse,	disk	formation

Star	formation	

Quiescent
Starburst

Evolution	of	stellar	pop.

Growth	of	BHs
evolution	of	AGNs

Gas	heating	(feedback)
SNae
UV	background
AGN

Col-mag	rel.

MBH-M* rel.

Kauffmann+93	
Cole+94
Monaco+00
Granato+04
Bower+06	
Croton+06	
Menci+06,14	
Lamastra+10,13



Semi-analytic	models	for	galaxy	formation

Three	main	ingredients:

Gal.	LF	in	K	and	UV	band	
AGN	LF

Col-mag	rel.

MBH-M* rel.

Kauffmann+93	
Cole+94
Monaco+00
Granato+04
Bower+06	
Croton+06	
Menci+06,14	
Lamastra+10,13



Extragalactic	gamma-ray	background	from	AGN	winds	and	SF	galaxies

Fermi-LAT

Lamastra+17

ü Calorimetric	regime	=>	advective
and	diffusive	escape	of	accelerated	
protons	are	negletcted

Lkin
AGN = εAGNLAGN

εAGN = 0.01 Fiore+17

ü AGN-driven	winds	

Lkin
SB = εSNνSNESN

εSN = 0.1

νSN ∝ SFR

ESN =10
51erg

ü SN-driven	winds



Extragalactic	gamma-ray	background	from	AGN	winds	and	SF	galaxies

(Ajello+15)

p=2

p=2.2

p=2.4

Lamastra+17

The	cumulative	gamma-ray	
emission	 from	AGN	winds	and	
blazars could	account	for	the	
amplitude	and	spectral	shape	of	
the	EGB



6	yrs data

IceCube Neutrino

Ø Active	galactic nuclei

Ø Starburst galaxies

Ø Gamma-ray burst

Ø Galaxy groups/clusters

(e.g.	Waxman	&	Bahcall 97,	Murase+16,	Liu &	Wang 13)

(e.g.	Stecker+91,	Mannheim	95,	Stecker 13,	
Murase+14,	Dermer+14,	Tavecchio+14,	 Padovani+15,	
Wang &	Loeb 26,	Lamastra+17)

(e.g.	Loeb &	Waxman	06,	Thompson+07,	
Murase+13,	Tamborra+14,	Anchordoqui+14)

(e.g.	Berezinsky+97,	Murase+08,	
Ahlers &	Lacki 13,	Zandanel+14)



Neutrino	background	from	AGN	winds

AGN	winds	 p=2.2
AGN	winds	 p=2.3

Lamastra+17 Liu+18
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Observational test

36	AGN	winds associated with	an	IceCube neutrino

52	AGN	winds not associated with	an	IceCube neutrino

Padovani+18



Summary	

• AGN	winds are	predicted to	be	particle accelerators and	neutrino	sources.
• The	cumulative	gamma-ray emission from	AGN	winds could	account	from	30%	to	80%	

of	the	EGB	flux around 10	GeV.
• AGN	winds could account	for	a	large	fraction of	the	neutrino	background	detected by	

IceCube for	spectral indices p<2.2.	For	softer spectral indices (p>2.2)	the	EGB	data	
rules out	the	possibility that the	dominant fraction of	IceCubeneutrinos is accounted
for	AGN	winds.	

• Further	progress	in	this	topic	requires	better	AGN	winds	and	neutrino	statistics.								
In	the	next	future,	the	improved	sensitivity	and	angular	resolution	of	next	generation	
Cherenkov	telescopes	(CTA)	and	neutrino detectors	(KM3net,	IceCube-Gen2)	will	
allow	us	to	constrain	effectively	the	possible	astrophysical	sources	of	neutrino	events,		
and	will	provide	a	direct	test	of	gamma-ray	and	neutrino	background	models.	



Backup	slides



Gamma-ray	instruments



Solid:	nH=120	cm-3

BISM=100	μG
LAGN=2.1x1045 erg/s

Dashed:	nH=400	cm-3

BISM=350	μG
LAGN=4.2x1044 erg/s
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Theoretical	modelling
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1. Star	formation:		SFRCND≈1	M¤/yr Lkin,SF ≤	Lkin

3. Radio	jet:	Ljet=1043 erg/s						Ljet≈10xLkin

Molecular	outflow	– the	powering	source	and	structure	

2. AGN	luminosity:	Lbol≈(1044-1045)	erg/s				Lbol≈(100-1000)xLkin
AGN-driven outflow



AGN	winds	as	emitters	in	the	gamma-ray	and	radio	bands

x-ray,	γ-ray

Inverse	Compton	

Pion	decay

Bremsstrahlung
x-ray,	γ-ray

Synchrotron

radio,	x-ray	

π + → µ+ +νµ

µ+ → e+ +νe +νµ

π − → µ− +νµ

µ− → e− +νe +νµ

π 0 → γ +γ

p+ p→ π 0 +π ± +...p=2
p=2.2



GeV-TeV observations	of	SF	and	active	galaxies

NGC	1068

CIRCINUS

NGC4945

Adapted from	Ackermann+12

Wojaczynski+17

sensitivity 5𝛔 in	50	hours

Calorimetric limit



IceCube neutrinos	and	AGN/starburst	galaxies

IceCube data	54	events	(4	yrs data)

Local	galaxies	with	v<1200	Km/s	and	F100μm(IRAS)>50	Jy

Galaxies	in	the	3FGL	catalogue




