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Galaxies: ~1% Active Nucleus (AGN)

~0.1% relativistic jets

Radio Loud AGN
Fshz / Fopy@)™>10




Quasar 3C334
YLA &em image (c) NRAQ 1996

Blandford & Rees (1978):

We would therefore like fo propose the hypothesis that
Lacertids (and perhaps also optically violent variable quasars)
are active galactic nuclei where the continuum emission is
enhanced by being beamed foward us.

BLAZAR: term invented in 1978 by E. Spiegel to denote
objects with properties of both BL Lacertae and OVV quasars
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EGRET on-board CGRO
~67 blazars detected (1991-2000)

_8 | | | 1 | I I | 1 | I | | | | I |
- ONot simultaneous EF -
— i ®190907 UT/ x 93 | |) revealed gamma-ray
| I+ 1,
o;n ol A1995 __ﬁT o5 | peak
g - B 1 2) can dominate
p bolometric output
5 i _
ELI}
D —-12 —
20
Q i _
)
_ |
14
10 15 20 25
Log v[Hz]

Mukherjee et al. 1998, 2001
Ghisellini et al. 1998



EGRET on-board CGRO
~67 blazars detected (1991-2000)
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Atmospheric Cherenkov Telescopes: opened TeV-domain

(6 BL Lacs)
Whipple, CAT HEGRA (stereo 4-tel)
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Normalized Flux

Blazars differ by two main properties:

EW>5 A

Llines —~ I 046 el"g/S

1) Thermal Properties

FSRQ (FR li)

Broad Emission Lines:

Strong Disk (UV) & Torus (IR) emission
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Double-humped SED:
which mechanism & location for the y-ray emission ?
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Leptonic Scenario: population of relativistic electrons
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Main cooling channel ? Highest energy density U' in co-moving frame



FSRQ

ReL
B R ‘ RBLR ~ (.1 x L461/2 pcC

( Bentz et al. 2006 ; Kaspi et al. 2007 )

. ( Rugp ~ 2.5 % L461/2 pcC

‘ ( Cleary et al. 2007 ; Nenkova et al. 2008 )

U,aq < L/RP ~ const. ~ 10" %erg/cm?
L

Disk, Corona e e
Broad Line Region(UYV)
~0.2 pc
e Torus/Hot Dust (IR)

1-10 pc



Energy density U along the jet:
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| ocation €=» emission mechanism

RTorus I
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« e A EC(jet)
T ‘. ’ Marscher et al.
RBLR PY VLBI scale, ~20pc away
radio-gamma correl.
' EC('R) IR: Sikora et al. 98+
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MeV blazars
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BL Lacs
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Broad Line Region(UYV)
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p-p

: not efficient, L~10* erg/s needs target 10% cm

Proton scenarios:

-3

slow, tpp~10"/np s

For typical blazar variability (few hrs):

:E,>10'7 eV, needs large densities of target photons

problem of gamma-ray transparency
generates neutrinos !

:E,>10'7 eV, needs large magnetic fields (>100 G)

See e.g. Muecke & Protheroe 2000, Aharonian 2000
Petropoulou et al. 2014-18, Boettcher et al. 2012,
Cerruti et al. 2015, 2018



Since the beginning:
TeV fast variability, few hours - 20 min.
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Hadronic scenarios: cooling times

Problem: fast variability + gamma transparency + p accel.

timecsales, sec
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protons cool by synchrotron much faster
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Interpretation: balance acceleration/cooling
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Main criticism:

Real or Selection bias ?
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Log N(L)

Alternative “Simplified” blazar scenario

N(L)= kL™
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Fermi-LAT 10yr: ~ 3500 y-ray blazars HESS, MAGIC,VERITAS:
~ 0.09 blazars / deg2 83 blazars

LAT Collab. 2018,2020



EGRET - Fermi-LAT : not the same sky

3EG—-AGN(64): Egret P1234 vs 4LAC-dr2 fluxes
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Flux (10" ph cm™s™)

4LAC-dr2:
first 8 brightest
blazars

PKS B1622-297 (220 position in 4LAC)

(240)

(...Egret Ist)

Source_Name Signif_Avg Flux1000  Energy FluxI00  CLASS ASSOCI
ph/(cm2s) erg/(cm2s)
4FGL J2253.9+1609 465.154  8.69e-08 |.11e-09 FSRQ 3C 4543
4FGL J2232.6+1143 349.938 4.84e-08 2.20e-10 FSRQ CTA 102
4FGL J1104.4+3812 325.523  3.56e-08 4.49e-10 BLL Mkn 421
4FGL J0721.9+7120 298.165 2.27e-08 2.17e-10 BLL S50716+71
4FGL J1427.9-4206 293.386 3.93e-08 3.53e-10 FSRQ PKS 1424-4]
4FGL J1256.1-0547 291.633  4.19e-08 2.79%e-10 FSRQ 3C 279
4FGL J0428.6-3756 249909 2.36e-08 2.13e-10 BLL PKS 0426-380
4FGL J1512.8-0906 238.707  3.46e-08 4.58e-10 FSRQ PKS 1510-089
brightest 4FGL J1626.0-2950 47.1212  2.83e-09 4.23e-11 FSRQ
in EGRET 4FGL J0449.1+1121 43.8837  2.39e-09 3.3le-11 FSRQ PKS 0446+ |
500 T T T T T T ] — 4FGL J0530.9+1332 (PKS 0528+134, z = 2.07)
- EGRET Observations of PKS 0528+134 1 QVI\I/IV"""""""""""""'
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Observation date

=> Blazars vary also on very long timescales (decades).

Time [MJD] - 50000



Photon index
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Photon index
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Compton Dominance

Gamma-ray dominance

2LAC clean sample
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Number of sources Number of sources

Normalized number of sources

Redshift distribution
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Fermi misses high-z Blazars
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Blazars Cosmological Evolution

FSRQ evolve positively (V/Vmax ~0.64-0.76 )
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BL Lacs are a mix
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Extragalactic Gamma-ray Background

Blazars: ~100% EGB >20 GeV
~50% EGB 100 MeV - 1GeV

10°

O EGB Spectrum (Ackermann et al. 2014b)

EGB Foreground modeling uncertainty

o All Blazars - this work

E2dN/dE [GeV cm™ s sr1]

All Blazars (no EBL) - this work

10" 1 10 10° 10°
Energy[GeV] Ajello et al. 2015
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Something is happening at L ~0.01 Leqd
ADAF - Shakura/Sunyaev ?
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What about the Blazar Sequence ?

5 O | | | | | | | | | | | | | | | |




From EGRET to Fermi-LAT
50 | IIIIIII| | IIIIIII| | I T T 1111

O FSRQs
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Log L,,» [erg s!]
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Redshift z Ghisellini, Righi, LC et al. 2017




Blazar Sequence 2.0
the gamma-ray view
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New aspects:
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FSRQ

m
RTorus P 4

Uex: is constant
=> Compton cooling is constant

£ e => 9¥peak IS cONstant

1/2
RBLR ~ (0.1 x L46 / pcC
( Bentz et al. 2006 ; Kaspi et al. 2007 )

( Rugp ~ 2.5 % L461/2 pcC
‘ ( Cleary et al. 2007 ; Nenkova et al. 2008 )
U,aq < L/RP ~ const. ~ 10" %erg/cm?

Disk, Corona e e
Broad Line Region(UV) from Ghisellini, Turin 2018
~0.2 pc
e Torus/Hot Dust (IR)

1-10 pc



TEST: BLR opacity, optical depths >>|
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e.g. on BlackBody target field
(good approximation to BLR
attenuation)

R~10'8

Expected in FSRQ: no VHE detections, cutoff ~10-20 GeV



Methodology
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BLR spectrum

BBody (same as for EC) is a good approximation for attenuation shoulder

BLR at different ionization parameter
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7.3 years of data, PASS 8 analysis

NO evidence of BLR cut-offs !

S41144+40 z=1.089 Lyg= 1.2¢+45  CTA102 z=1.037 Lye= 4.1e+45  PKS1454-354 z=1.424 Lyg= 4.5e+45

_9 T IIIIIII| T IIIIIII| TT | IIII| T T T 1 | T LI T IIIIIII| T IIIIIII| T IIIIIII|

Rblr ~3x1 017 cm Rblr ~6x1 017 cm Rblr ~7T%1 017 cm

2/3 of the sample: Tmax < |
9/10 objects: Tmax < 3

Only | out of 10 FSRQ compatible with significant BLR absorption



BLR optical depth
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LC et al. 2018

Sample 83 brightest objects with LgLr estimate



Flux (E>100 MeV) [ ph/cm?3s |

For the brightest 20: difference High/Low state ?
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Flux (E>100 MeV) [ ph/cm?s |

Flux (E>100 MeV) [ ph/cm?s |
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VHE-detected FSRQs: no absorption also in Low state
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Two Caveats:

1) Long integration time (years)

2) Kinematics of the emission
(localized dissipation vs moving blob)

Doppler effect: AR ~ At,ps * B * [

['=10 - — AR >10Yem
Atobs Z 10°s



Localized

- > e




BLR optical depth

30 measured expected _
moving blob (for Ryp~Smm ) 1
20 —
10 —
S _
N _—I_ _
. N -

0 N %I/ NPAN R |

0.1 0.5 1 o 10 o0 100
Tmax

It does NOT change the main result



Bottom line:

1. EC(BLR) is the exception, not the normality of the
gamma-ray emission in Fermi Blazars

2. Gamma-ray Emission seems to originate mostly
outside the BLR => EC (IR) ?




New phenomenology emerged in gamma-rays

A) Ultra-fast Variability

B) X-ray —TeV correlations

C) HBL-like flares in FSRQ/LBL
D) Extreme TeV BL Lacs

E) Periodicity



A)  Ultra-fast Variabillity (t = w0 =Rs/c)

HBL PKS 2155-304 in July 2006
:;: 4; o | | S § 1047 erg/s
g = =
% 3.5 —
o [ -
— 3 i =
S = ‘ =
& 25F =
(=] — -
Q 2 =
s - -
- 1.5 =
= | -
t=200s 055_ 1 min bins $75% 4 +’ =
B R il ;?*’5 1 Crab
0 40 60 80 100 120
Time - MJD53944.0 [min]
R ~5x10'20 cm = 0.01 0 Rg Aharonian et al. (HESS coll) 2007

I">50-100 for R~Rs

But... if perturbations propagate from BH, stationary in LAB frame...
=> emitter size either R << ry (external) or relativistic in jet frame



Possible explanations ?

EC 55C

= Emission

‘ region of
| ¥  normal’ jet

: JET ﬁ Fl

' B:

; B-field ~ 7 7

el | lines — —

: , I

! Beaming co

i 1 patterns <

S L/

E nght cylinder emitting blobs
Magneto-centrifugal accel ! Jets-in-Jet ? Jet-Star

interaction ?

(Ghisellini & Tavecchio 2008; Ghisellini 2009) (Giannios et al 2009) (Barkov et al.2010, 201 1)

See e.g. discussion in Aharonian et al. 2017



Ubiquitous ...and so far only in gamma-rays...

LBL FSRQ

BL Lac 4C +21.35

-9
S T T T — 1 X1 Q
best-fit piece-wise model ‘Tw E . il it (2ot 4513
99% interval . 0 9 = xponential fit (3 “=4. )
4 4-min bin 4 'E ~E slope: (1.30+ 0.15)x 10 s

4 L # 30-minbin - O, 0.8 -
i: 4 S e Linear fit (;2=5.68/3)
B 8 0.7 = slope = (3.7+ 0.8)x10 Pcr2s-' e 5!
€ ~ L 4
a3 -8 0.6 ®
Q?O — [ emee- Background - constant fit (x°=2.34/4)
= A 0.5
5 ou4f
Q 2r * * -] 0.4 -
& T d e =
% 411 5, 0-3F
e Q -

1k - 0.2F

= g
0 I I I I O :l 1 | I | | 1 1 l I 1 1 1 l | 1 1 1 I 1
0 50 100 150 21:50:00 22:00:00 22:10:00 22:20:00
Minute since MJD 57666.165 Tlme (UT)

Veritas Collab.2018 Aleksic et al. (MAGIC collab.) 2011



®(E>730GeV) (cm 2 s7)

(=]
I‘III'IIIlIIIlIX

S

N

Radio Galaxies

T = rg/c ~ 5 x 10°Mq s.

M87

—

o
4
N

x107°

IC 310

0.8

t

e

M 87, H.E.S.S. standard analysis (2005, night-by-night) 0.7

0.6

0.5

t

LY

0.4

0.3

F (>300 GeV) [cm? s°1]

02/2005 03/2005 04/2005

Aharonian et al. (HESS coll) 2007

tvarN2_47_O

05/2005 0.2

Date

0.1

O

Hi

56243.95

56244.05
Time [MJD]

56244.1

Fig. 4. Light curve of IC 310 observed with the MAGIC telescopes on the night of 12/13 November
2012, above 300 GeV. As a flux reference, the two gray lines indicate levels of 1 and 5 times the flux level of the
Crab Nebula, respectively. The precursor flare (MJD 56243.972-56243.994) has been fitted with a Gaussian
distribution. Vertical error bars show 1 SD statistical uncertainity. Horizontal error bars show the bin widths.

Aleksic et al. (MAGIC coll) 2014

tvar ~ 0.2 — 0.5 19



..even at GeV: 3C 279 huge flare in 2015

Flux (x107 ph cm?2s™)
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B) X-ray - TeV correlation(s)

Mkn 421: strong X-ray-TeV correlation
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=> same population of electrons
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Fig. 2. Cross correlation between the X-ray (2-4 keV) and the
TeV light curves for the whole campaign (computed over 2048 s
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DCF

Strong and strict correlation in time & spectrum

DCF X-TeV

X-ray VHE
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Time-resolved spectroscopy, 7-14 min bins
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Flux >0.3 TeV

But Cubic relation X-ray / TeV flux
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slope 3 of the correlation F., oc FY.

Datasets 4-min bins
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all 221 £0.05 2.254+0.05
A no COofrt. no corr

B 2.72+0.17 3.18 £0.18
C 283 +0.17 3.14 £0.18
B+C 3.13 £0.11 3.35 £ 0.11

Aharonian et al. (HESS coll.) 2009



Main explanation: Superposition of 2 SEDs
2 different components/zones, | persistent + | flaring
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a) If Fyoc F2
SSC ok with B ~1 G
R ~3-5x10* cm

b) If Fyoc Fy

Constantly high
Compton Dominance !

External Compton
on structured jet ?

/\

Ghisellini & Tavecchio 2008
Georganopulous & Kazanas 2004
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“Orphan flare” 1ES 1959+650 in 2002
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“Orphan flare” 1ES 1959+650 in 2002

In retrospect...
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Fic. 12.—Same data as in Fig. 11. In both panels, the solid lines show the SSC model that explains the preflare X-ray and ~-ray emission, and the dotted lines
show additional emission during the ~y-ray flare. All models include the effect of extragalactic absorption. In the left-hand panel, the y-ray flare is produced by an
electron population with a rather low high-energy cutoff, log( E m.x/eV) = 11.15 instead of log( E max/eV) = 12.2. In the right-hand panel, a dense electron
population confined to a small emission region produces the orphan flare. The model parameters for the flare component are as follows. Left: 6; = 20, B = 0.04 G,
R = 1.4 x 10'® cm, single electron power law with log( E yin/eV) = 3.5, log( Ep/eV) = 1og( E max/eV) = 11.15, p; = 2, and electron energy density of 0.07 ergs
cm 3. Right: §; =20, B=0.04 G, R =8 x 10" cm, log(E min/eV) = 3.5, 10g(E max/eV) = 12.2, log(Ey/eV) = 11.45, p; =2, p, = 3, and electron energy
density of 17 ergs cm~3. The parameters for the quiescent emission are the same as in Fig. 11.

Krawczynski et al. 2004
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It is a new mode of flaring in BL Lacs
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- All type of blazars emit at VHE (also FSRQ: 9)

- HBL-like gamma-ray spectra in LBL/FSRQ

Veritas Collab. 2018
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Log vF{v} [erg cm~2 sa-1]

C) = Alltype of blazars emit at VHE (also FSRQ: 9)
- HBL-like gamma-ray spectra in LBL/FSRQ
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D) Discovery of Extreme TeV BL Lacs

Log E3dN/dE [erg cm™2 s-!]
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Energy (TeV)

Aharonian et al.
(HESS collab.)
Nature 2006

Intrinsic vhe < 2 (typically 1.5-1.7), with any EBL intensity (even lowest one).

= Compton peak = 3-10 TeV



BL Lacs: 3 ways of being Extreme

Whipple
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If Extreme-TeV = Gamma-ray peak >1 TeV

Numbers are ~1/4 of all VHE-detected HBL
(14/55, 3 only temporarily)

See review Biteau, Prandini et al., Nature Astr. 2020
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leptonic modeling:

Source YO no Y1 Yb Y2 n1 no B K R ) Ue/UB
[1] 2]  [3] (4] [5] [6] [7] [8] [9] [10] [11]  [12] [13]
1ES 02294200 a - - 100 1.1 x 10° 2 x 107 1.4 3.35 | 0.002 6 0.8 50 | 1.7 x 10°
1ES 0229+200 b - - 2 x 104 1.5 x 10° 2 x 107 2.0 3.4 0.002 103 2.1 50 | 2.0 x 10%
1ES 0347-121 a - - 100 75 x 10° | 1.8 x 107 1.7 3.8 | 0.0015 ' 1.2x10%2 1.2 60 | 1.5 x 10°
1ES 0347-121 b - - 3 x 103 7.5 x 10° | 1.8 x 107 2.0 3.8 | 0.0015 8 x 102 2.5 60 | 3.4 x 10%

1ES 0414+009a 10 1.7 1 x 104 10° 106 3.0 4.6 0.3 8 x 106 2.1 20 0.5

1ES 0414+009 b - - 3 x 104 5 x 10° 3 x 10° 2.0 4.3 | 0.0025 1.6 x 102 6.5 60 | 9.3 x 102
RGB J0710+591 - - 100 6 x 10° 107 1.7 3.8 0.011 ' 1.2x10%2 092 30 | 27x103
1ES 1101-232 a - - 3.5 x 10%] 1.1 x 109 6 x 106 2.2  4.75 1 0.0035 ' 7.0x10%® 2.5 60 | 2.4 x 103
1ES 1101-232 b - - 1.5 x 10*| 9.5 x 10° 4 x 106 2.2 4.75  0.005 |24x10%® 3.8 50 | 6.0 x 102
1ES 1218+304 100 1.3 3 x 104 106 4 x 10° 2.85 4.2 | 0.0035 |1.2x10" 3.5 50 | 4.5 x 103

SSC can work but: |) dropping one zone (fit no data below UV)
2) strongly out of equipartition (E-3 to E-6)
3) extremely low radiative efficiency

LC et al. 2018



Note: blazars are not extreme accelerators

Maximum (theoretically possible) acceleration rate:
= minimum acceleration time t_. =nNR,/c

n>1 ; lown (1-10) = extreme accelerators
Fromt =t _, = max synchrotron frequency for electrons
hv . ~=(9/4) o' me? = 150n"' MeV

Blazars (even Extreme BLLacs): hv= 100/6 keV

1-10keV < 150n'MeV = n>10* NOT extreme accelerators !




E) Periodic Modulation in PG |1553+113
2.18 year cycle
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Conclusions

- Blazar Sequence concept is well and alive
(but might still be caused by observational bias)

- EC(BLR) disfavoured as main gamma-ray mechanism
- Ultra-fast variability still a mistery, but seems everywhere
- Extreme TeV BL Lacs: which mechanisms in action ?

- Much better picture of blazar phenomenon, but we still
don’t know for sure the origin of gamma-rays...
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3 Hints of new aspects:
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vi(v) [nW/m? sr]

EBL above 10 um

Spectra > 10 TeV,  possible problems ?
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Mkn 501 in July 2014
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But VHE data points seem to have large scatter day to day, so maybe instrumental ?



back-up slides



Alternatives?
to reduce absorption but staying within the BLR ?

1. Much larger BLR (~100x) T < 1/RpLr

2. Shift yy threshold by selecting angles
("Flattened BLR”)



1. Energy density UsLr goes down 104

Rdiss/RS
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UsLr becomes lower than any other radiation field
—> EC(BLR) disfavoured



2. Shift threshold 5x (to ~100 GeV) —> 9 = 30 deg

Radiss = Tan(ar)"ReLr
> 1.7 ReLR



Alternatives?
to reduce absorption but staying within the BLR ?

1. Much la‘BLR (~) r < 1/RpLr

2. Shift yy thres u b selectlng angles
(“Flattenegs LR”) ™

Both do NOT keep EC(BLR) viable
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One-zone Leptonic model

Jet Power > Disk Luminosity
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Pjet > P accretion

Blazars Jets are powered by BH rotational energy via B

P, lerg s7!]
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