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Active Galactic Nuclei (AGN)
schematic view --

Blazar

NLR

FRII

/

- BLR
i

B oiock Hole
f  Block Hole: X

" accretion
disk

Cen A

1. 4GHz (orang .
optical (grey),
y-rays (purple)

cartoon of a radio-loud AGN
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Three corner marks

A. AGN AS A POPULATION AND THE
BLAZAR PHENOMENON

Won't address here; see talks by Yoshiyuki Inoue, Markus
Ackermann, Marco Ajello, Elisabetta Cavazzuti, Benoit Lott, ...

B. THE PHYSICS OF GAMMA-RAY
EMITTING AGN

Won't address misaligned AGN (see talks by Y. Fukuzawa, I.
Edahiro, E. Meyer, K. Hada, J. Sitarek) or NLSy1 (see
posters by F. D'’Ammando, H. Shirakawa)

C. AGN AS A TOOL

Won't address here; see poster by Alberto Dominguez on EBL

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



" Outline

I InTroducflon . " .
. - . Ll
I Models..& dlagnqs’rncs adressmg open ques'rlons
1. %risis’ on the location of. the HE emission zone ot
2. On the jet compositien |
3. Diagnosing par'hcle injection ,

III Conclusrons . .




Jets of Active Galactic Nuclei: open questions

Blazar Radio galaxy

Jet
composition?

y p/d ) p v Narrow Line Energy
[rel./cold leptons Region 2
hadrons, B-fields & fransport:

their properties] Broac! Line
y-ray Region Energy

production: i conversion?

Where?
2
How: Accretion
Jet
formation?

[from: Urry & Padovani
19957

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Blazar y-ray emission is beamed

Opacity (yy -> e*e”) argument:
* broad band high energy radiation with
* high luminosity L
* from a compact region R < cT,,.

—» Yy -pair production opacity ., = no R ®norR withn ¥ L / (4ncR%)
photon density

—> 1, ¥or L/ (4rc2ET,) with E-E > (m.c?)? threshold condition

Transparency requires 1, « 1.
BUT: for many blazars one finds:
Ty ¥ 100 LB pey T ipe »1

1Y

Solution [Rees 1966]:  y -ray emission from jet, beamed!

e.g., for blob geometry: L & D*L' % 4nc3Dé-u'- T3,

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



| Non-thermal Emission Processes in AGN Jets:
Leptons

ot -

-8
N \\

-f"?.‘;\

Qe ) e, mins Y e, max




Location of the y-ray emitting region

-> implications for dominating target photon field for particle-photon

Log U'(r) [erg ecm™?]

interactions
2 -l Ill[ll l. L] 'Ill'lll L] T l'lllll l: LI lll 1 LI lllll- ' ; I - : : : : : ~ 7 :
UBI_R I [ r,=20 J 16 :og II:5(3Hz ;26 —
r : i 00\l sGHz)™
: : ........ log(Lsgns :45
OR ' ' I ] 43 S —— log(Lsgpz)=44 - -~ J
! | L, ' i e —————— - log(Lscp)=43
= ] - - — Iog L5GHZ =42
- : : E 12 log(LsgHz)=41 R
[ f I 1 5 10Ff
E ! ) i c”
I | W
I | ™ ~
i I | B -
L i ) 8 L -
[} | ¥
I Ueme ] ] 4 )
! ;
8 | : \ \ > UMurase etal2014] , . ., .
- D B
2 I ) i i 6 5 4 -3 -2 A1 0 1 2 3 4 5 6
L I ! ; |
L [ Tavecchio etal\,2013] : ;\ N og(e [eV]) .
o b il il il Jet-frame densities of blazar target photon fields

0.01 0.1 1 10 100

along the ,blazar sequence'’
r [pe] 7 7

=> Nature (& frequency) of dominating external target photon field in
jet frame depends on distance from the central engine

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



y-ray emitting region inside the BLR?

-> explanation of spectral features (e.g., GeV-break’ measured in bright LSPs):

*  yy-absorption on H and HeII Ly continuum as possible
explanation of 'GeV-break’
[Poutanen&Stern’10, Sternd&Poutanenlil, 14]

(ergem™ s

EF,

- 'GeV-break' as superposition of Compton-scattered
accretion disk and BLR target radiation fields

]
105 S 0426-380 (x100

[F/hke & Def'mef' 20]0, HUﬂge/" & Re/me/" 20]4] 10 ?"ﬂ b '::(;'H:"ﬂ B R R R Ill(')-"“l:..'.:'.l::““.lI:lT.I.I::II"TI.“:m;

[ |---- SSConly Eorvesn ]

10'7 - multi-component o Eoe -.'"“”-.'_ l; E

+ EC off BLR photons by curved e-distribution _ ¢ o Bt ot

[Cerruti etal 2013, Hunger & Reimer 2014] ;é 0 i 10 , o ]

= 0" E T

- 1o é_ . \. ,-’:":’ 1 _é

-> rapid variability points to a location at small otES |1
distances to the central engine 7 it e i

10" 10" 10”7 10”107 10”10 107 107 107

vIRzL - [Finke&Dermer'10]

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



y-ray emitting region outside the BLR?

yy-opacity arguments for >106eV photon detections of luminous FSRQs

(e.g. , PKS 1222+216 [Nalewajko etal 2012], PKS B1424-418 [ravecchio etal 2013];
BUT: [Lei & Wang 2013]

Change of optical polarization correlated with y-ray flare

(e.g. , 3C 279 [Abdo etal 2010), PKS 1510-089 Marscher etal 2010], PMNJ0948+0022
[Ttoh etal 2013], ....)

- >event duration constrains location of emission region:
Rdiss ~ ZFZC'I'VG,./(1+Z)

Within one-zone leptonic scenario large v, /v e + large CD (1 ecchio etal 2013,
Pacciani etal 2014]

Proposed location of the y-ray emitting region in HSP-FSRQs?
[Ghisellini etal 2013]

— Problem: How to explain rapid (min scale!l) variability in these sources?

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Transitioning from homogeneous regions to sub-structure

-> Basic idea:
Superposition of many small fluctuatingly radiating entities within
larger structure

E.9.. . Turbulence cells passing through standing shock

[Marscher 2014]; Turbulence in flow [Narayan & Piran2012]

 Red giant fragmentation upon crossing jet = g i
[See talk by M. Barkov] Ve A
[Marscher 2014]

-+ Jet-within-jet models

* Fragmentation of magnetic
reconnection layer; ,monster’
plasmoids radiate on top of

,envelope-flare structure’
Time ¢t [Giannios 2013]

Luminosity L

t ~1d
[ Giannios 2013 ] onv ay

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Are we starting to observe
sub-structure(s)

of the y-ray emitting region?

[Moon phases, from: Sidereus Nuncius,
Galileo Galilei]

[From:news.nationalgeographic.co
m/news/2009/08/photogalleries]

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Synergies to lower frequency instruments

Basic idea:
y-ray correlation studies using frequency ranges where high-precision
localization measurements exist as reference system

E.g..:

y-ray correlation studies with radio band
[e.g., too many, Max-Moerbeck etal 2014]

Looking for imprint of emission lines in y-ray spectra
[See talk by R.Britto]

Gravitational lensing at y-rays
[See also poster by S.Buson;
[e.g., Barnacka etal 2014] talk by D. Mazin]

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



On the jet composition

30¢F
s e el « photeons ]
o 20 [ neutrinos " ] 2
L r N
\ﬂ) - = B
T10F E_JE 11
L

L ¥ RTINS
o T 5 o /
1

o [Mucke etal 1993] A

- -0

-> Multi-messenger approach

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



On the jet composition

"Bert" * . . : "Ernie"
. : i ” E :
et | ¥ ~- o
- ‘ - : :
:5'. ‘g ‘Q ‘ ¥ ;
R v’ -, :
- WY ;! | <
*e v e ; : : » .-.. Equatorial
. é A = 1 — ]
[IceCube collab., 2013] ‘ : [See talk by M.Ahlers] “[IcecCube collab., 2013]

- IceCube detects extraterrestrial (~5.70) neutrinos:
3-yrs data: 28 shower-like, 9 track-like, fully contained events [IceCube coll. 2014]

- reconstructed energies ~30 TeV - ~2 PelV

- compatible with isotropic source distribution & ~E-2-° spectrum with cutoff
above PeV energies

* all-sky integrated flux ~10-3GeV cm2s!srwo-3000tev) per flavor for E-2 spect

* compatible with neutrino flavor ratio v :v, v, = 1:1:1

=> Evidence for hadronic (pp, py) interactions in cosmic sources

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Pier > 10% I3 2B1(E, 1000y 7 005’ €rg/s

Requirements on jetted neutrino sources

Targets for hadronic interactions:

photons -> radiative jets>

material -> heavy jets

[See talk by M.Barkov]

Hadron energy in photohadronic interactions:

0.08[ "
0.06 Phioft_onrs“ o ;
0.04 B
/,.//neutr\'nos
0.02 )4
OOO r— _,/ - |
0 1 5
X

Source energetics:

[Waxman 2004]

—

=

Required nucleon energy:

E‘p < 20 (Ev,zopev/Dzofow) PeV
Threshold condition: 8"E'p > 0.076eV?

Suitable target photons of energy
e 2 3 (€, 10001 "D10boos ) eV

Hillas criterium [Hillas 1984]:
E'p < T-e-Z- B'-R’

35
5 39 I Blazars
220 :

E 15| -
b lg_ ]
- ‘ha a6 48 50 52 54
logL™ (ergs')
[Nemmen etal 2013,

Anita Reimer, Innsbruck University

5th Fermi Symposium, Nagoya, Oct. 2014



E? dN/dE [TeVcm 257 !]

Requirements on jetted neutrino sources

- comply with observations!

10°
= - IceCube 4-year Sensitivity (90%C.L.)
— IceCube 4-year Discovery Potential (50)
* |ceCube 4-year Upper Limits (90% C.L.)
- ANTARES Sensitivity (90% C.L.)
+++ ANTARES Upper Limits (90% C.L.)
1010
10 |
.
10 i P ke
TLte
-1.0 -0.5 0.0 0.5 1.0
sin(d)

[IceCube coll. 2014:
arXiv:1406.6757]

Point source v-limits

E2® [GeVem~2sr—1s—1]

10

9

T T T TT1IY

Best-fit pgfer law : e
Mlmumi Stecker AGN

All-sky flux
dN/dE~E-2->

Star

104

burst ‘
T L .. 1 llllll L L s Illl 4 1 L 14 i L . |

1 ]
10° 106 107
Neutrino energy [GeV]
[Aartsen etal 2014]

Anita Reimer, Innsbruck University
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LSPs versus HSPs as neutrino source candidates

5011|

adiab

46

44

I

42

T

40

T

38t

Log(E? (dN/dE) / GeV s™)

T

36

[Micke etal 2003] |
PR I TR T TR I T W

2 < 6 3 10 12
Log (E/GeV)

Log(t [yrs])

. => Among blazars LSP-type AGN
6 7 8 9 10 11 12 produce potentially higher neutrino
Log(7) luminosities than HSP-type AGN

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Searches for AGN counterparts of PeV-vs

Difficult!

Various strategies (v—v synerqy):

v [Hz]

E.g.. L L A AR &
use localization & brightness constraint T Hybrid SED 3
-> radio & y-ray bright TANAMI blazars in _ | ' % ; |l
localization region of 2 v-events T | ]
[KrauB etal 2014]: v F _ ¢ ]
- all of FSRQ type w | [ | ]
[See poster by KrauB etal] g
: * PG 15534113
. . , . . . [ © PG 1553+113 de-absorbed ]
use localization & ‘energetics diagnostic | e censr 2 byany & Resconi Jo014)
-> TeVcat+WHSP-cat+1FHL blazar T Eqre ‘

counterparts for 16/18 v-events [Padovani & '
P Rescont 2014]: How fto close the ,gap

- mostly BL Lac type (VHE-emitting AGN) between &eV/TeV-photons
and PeV-vs?

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Pair cascades

[arbitr. units]

=
\||m| lIII!'_I'!I:I ||||1I'IT] |||rrm| |||n|'||'| T T T

v
S

vF

T ||||m] TTIT

| | I ] ] | |

]
le+14  le+l6 le+l8 1e+20 le+22 le+24 le+26 le+28 le+30 [Bottcher, Reimer et al 2013]
v [Hz]
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Non-thermal Emission Processes in AGN Jets:
' Leptons & Hadrons

T -

) Bethe—Heitler pair production
ow yhoton

pion photoproduction
pion photoproduction -

=)

P

n - _ -~ e
- P —— - -
S8 Lo Y-ray >
P o ¥
u ~ : y—ray . S
- f Y
- low E photon magnetic field | synchrotron
e -
' ~ low E photon
-

vy—ray

e e ¥

photon—photon
pair production

' a,=a,, Vo min=2,
: Qe ) e, mins Y e, max A m//n
Yo max: €/P

adronic models v-fluxes must not scale with y-fluxes due to
| | competing nucleon losses!/



Target photon fields

Internal photon fields

(jet synchrotron radiation; z.B. PIC, Y
[Miicke et al 2003, ...]) |

P E\_‘ _ Y

External photon fields:
e.g., - accretion disk radiation field -> redshifted in jet framel

[e.g. Protheroe 1996, Bednarek & Protheroe 1999, ....]

- BLR lines & at BLR scattered accretion disk radiation
[e.g. Atoyan & Dermer 2003, Dermer etal 2014, Murase etal 2014, ....]

- IR/dust torus
[e.g. Murase etal 2014]

- Spine/sheeth within structured jet model
[e.qg. Tavecchio etal 2014]

External radiation blueshifted in jet frame relaxes required y, for n-production

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Neutrino fluxes: External versus jet target photons

f‘\ _6 7 T T T T | T T T T T T T ——

" » v, v,

¥ _‘ external "

g _8: fields+ J/gjf'*- :::\\

> L 7 /,/ ] ]

3 /et A n-production in BLR

~ | ;7 3 radiation field adds

~ 107 P | predominantly

o ;o | > PeV neutrinos

/

~ ;o |

Z F / ; !

A |

b |

o I

S =14l .

4 6 8 10 . .

[Reimer 2009, Log (E/GeV) BL Lac-Type blqzars wu'rh. highly
Abbasi etal 2009] magnetized emission regions -

if sources of the HECRs - are
weak, hard-spectrum TeV-PeV
v-emitter!

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Predicted neutrino fluxes .....

... from m-production in external blazar radiation fields

5+ ',\Em ; ' " BLR/Dust Torus — B
L Blazar Zone -

-6 | \\. N

-7 ! il

_+ IceCube 2013

-8 _Waxman-Bahéél'l"" i . dl

Iog(EV2 D, [GeV cm?s? sr'll)

3 4 5 6 7 8 9 10 1
log(E,, [GeV)) [Murase etal 2014]

log, [4nL(e.Q) erg s™']

50 T T T 11T
48 |
46 |

44 |

II T T IIIIIII
FSRQ, flaring

- = L
I'=30,7, =10"¢

var
K, 47 -1
vL »p M=10 ergs

b=1,v =0.1

pk,14

=10°

S

42 | Ly .
¢ : . Internal .
F? i, ," ".:‘-.' ., Synchrotron * %
40 | _ L’ 4 ! 1
38 l]:'] llll 1 lll!lll 1 llllll .:.l..'.llllll“rQ ' 1 lJIIIlI l.‘ll" Liil
1012 1013 1014 1015 1016 017 1018
E (eV)
" [Dermer etal 2014]

m—)

predict hard v-spectra below PeV energies

Anita Reimer, Innsbruck University

5th Fermi Symposium, Nagoya, Oct. 2014



Neutrino fluxes: External versus jet target photons

~ _6 f T T =
" k v, v,
IE L
Q -8 - ]
> » .
9 n-production in BLR
. — 3 radiation field adds
~ —107 | I predominantly
o _ . | )
O S | > PeV neutrinos
~ [ l
Z o !
E 12+ .,-’ ,_/' : .
) I |
o o
S =14 N\
4 6 8 1
[Reimer 2009, Log (E/GeV)
Abbasi etal 2009] Need dense x-ray

target photon field!

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



On co-spatial GeV-photon & 10TeV v-emission

If y-ray & v-emission co-spatial:
Significant >GeV emission requires:
1, =nhr, o, R«1 with ny = n,
Significant >tens of TeV v-production from py-interactions requires:

TP'Y = nT,P,Y pr R » 1 W“.h nT,P,Y = nx
—> Together: /1'» T, / Ty, ::GW\/GW » 1 \
requirement if same target photon field

for yy- & py-interactions

GeV-photon emission suppressed in regions where significant

~10TeV soft-spectrum v-flux is photohadronically produced.

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Multifrequency Modelling of LAT-detected Blazars

[Bottcher, Reimer et al 2013]

Leptonic Models Hadlronic Models

'PKS1510-089

PKS1510-089 W Com

W Com

Pt

A
T T T T T T 3 ' d 1' ' 14.‘ R
+ ]
_ 0716714} 716+714
VAN N R g FENY i
i Y, T / B TN T
i R T 3 & o 1\ 3
o/ A \ E| i \ > by h ]
7 Yooy L R = / ,' b
/ 1] o 100 102 10® 100100 107 10" ¢ = WotE ;/;/ : — R T [V T
v [Hz] 3 ‘ v [Hz] v [Hz] § ’ SRR v [Hz]
w0k ¥/ \ 4 10"E i
!‘;‘ 1 i 3 ‘,! W
t/ i ; L] [ A
ol /1 1 1 1 1 1 1 1 4 10° L1 - 1 4 | L L L L
10° 10”7 10" 10® 10® 10”107 10¥ 10" 10 10% 1" 10 10% 10° 10® 10* 10
v [Hz] v [Hz]

One-zone hadronic models:

-acceptable fits to ~8/12 of all
cases

One-zone leptonic models:
-acceptable fits to ~9/12 of all cases

‘need external target photons /in al/
cases

‘proton syn. @GeVs + cascade
emission @ higher energies

‘require very large jet powers
~1047-4%eprg/s

By max ~ 1017-18eV

5th Fermi Symposium, Nagoya, Oct. 2014
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Ambient electron

spectrum

0.4_ T T T T T 17T T T T LA B B B T ]
. 0.35— . =
- Broad range of curvature in = :
03 —
Y-ray spectra = : - :
0.25F . E
"35 02F R ., -
0.15F ' et . =
HiGH ENERGY FLARES OF 0'15_ .'..: PRI ) ) _f
Example: : A :
- 0.05— . . —
source name Lasx B Ymin Yoreak Ymarni1 n2 K d - ¢ .
1045 10_2 103 ]03 103 0 _8 1 1 TR | - 1 L b o el - ) I
e -3 10 107 100
elrg/ ol @\ W S @ M 8 [ Flux [E>100 MeV] (ph cm2s™) [Ackermann
[ l [ ] [ l [ ] [")] [ ] [ ] [ ] [ ] | s | | i | | K | | Kl | | Kl | | Nl | | R |
PKS 0250-225 53 25 55 8 20 2.7 32 10 26 25 330 20 60 230 576 & 9 etal 2011]
PKS 0454-234 37 35 350 4 20 27 32 2 26 15 110 95 30 192 481 8 7.6
PKS 15024106 15 11 100 0.9 17 2 335024 26 15 24 54 1 387 968 6 6
B2 15204031 8 63 100 09 15 2 35 03 25 14 133 31 2 283 707 4 4
4C +38.41 50 2 13 015 63 27 27 16 25 17 79 1.7 16 707 1768 4. 4.
B2 1846+32A 34 59 235 027 90 22 34 47 22 2 51 19 15 184 461 05 07
PMN J2345-1555 1.5 21 18 7 300 2 43 003 26 21 46 042 3 122 306 2. 2
CTA 102 41 143 17 33 30 2 35556 20 14 920 85 2 203 509 1 1
PKS 0805-07 24 3155 8 50 23 35 24 20 15 460 6.0 20 490 1225 25 2.5 .
30454.3 33 98 25 4 14 2954 43 24 15 294 46 88 57 144 15 og [Pacciani etal

- Rather narrow Ypeak=Ymax FANGE. Vmin . Ymax

2014]

* Breaks in ambient e spectrum often larger than expected from radiative

Explanation?

cooling

Anita Reimer, Innsbruck University

5th Fermi Symposium, Nagoya, Oct. 2014



Shaping the GeV-spectrum of bright blazars

Basic model: €

- Continuous particle injection

- of spectrum ~y;*H(v;-v1) H(y2-7)

- at rate t;>along jet between z,..z,
- & IC cooling

Motivation:

Bridging injection/acceleration
with emission models using a
phenomenological model-
independent approach

Accretion
Disk

Target photon fields:
- (Shakura-Sunyaev) Accretion disk
- At BLR re-scattered accretion disk radiation [Hunger & Reimer 2014, submitted]

Anita Reimer, Innsbruck University 5th Fermi Symposium, Nagoya, Oct. 2014



Shaping the ambient e spectrum & GeV photon spectrum

1e+38

pre-break spectral

shape affected by |£ tos36 | post-break spectral
o, target radiation (2 . shape affected by s,
density at blob 2/” | Y2, distance from last
location (l.4q, 2), |5 ™=%2F | injection point
injection duration |= .. .
A 1e+28
Peak of ambient e power, | - pr OOO Break S determined by
spectrum @ v, or Y., v \ y: for qon-.m.s‘l'ar!'taneous-
depending on injection mode like injection

1e+39

sum

Peak energy determined ST I
by peak energy of |2 _—
ambient e spectrum g
IC components merge |* %1 ] Possible KN-effects
for sufficient broad

o 1e+37 ! I
particle spectrum 0 S 10000
[Hunger & Reimer 2014, submitted,
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- GeV-break explained by either combination of Compton scattered

accretion disk & BLR spectrum,
or break in ambient electron spectrum

- Resulting particle injection parameters:
compatible with conventional shock acceleration scenario,

disfavor impulsive-like injection of particles
[Hunger & Reimer 2014, submitted]
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Conclusions

- Where are the y-rays produced? -

The ‘crisis’ on the location of the y-ray emitting region
as a sign of sub-structure in the emission region?

- Diagnosing particle injection -

Understanding interplay between acceleration & radiation

key to understand broad variety of curvature in photon
spectra.

-> couple acceleration models with emission models
- > phenomenological prescription to bridge AGN jet
emission models with particle injection/acceleration models

- On the jet composition -

Soft TeV-PeV v-spectra unlikely produced
photohadronically by luminous >GeV photon
emitters if y-ray & v-emission co-spatial.

Anita Reimer, Innsbruck University

5th Fermi Symposium, Nagoya, Oct. 2014



