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Active galactic nuclei

VLA - 1.5 GHz

Active
VLBA - 43 GHz galaxy
10 arcseconds
3000 light years
Normal
i galaxy
i"’ 3
0.01 arcseconds @
3 light years ..q_.')
. i
Radio Infrared Visible X-ray
a Higher frequency ———
W | Copyright © 2005 Pearson Prentice Hall, Inc
0.001 arcseconds b Many ShOW relatiViStiC plasma jetS,
related to radio loudness.

0.3 light years

P Extremely luminous compared to a
normal galaxy.

P Emission from radio to GeV/TeV.

W

0.00001 arcseconds
0.003 light years

P Natural accelerators. Non thermal.
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file:///tmp/mozilla_oggotu0/nature05184.pdf

What is an Active Galactic Nucleus (AGN)?

> Afew % of galaxies.

| —— Jet of high-speed
L. . . particles
> Activity centered in the galactic
nucleus. — Magnetic field

lines

» Rapid variations => extremely
compact source.

» Central super massive black hole N
(SMBH) >= 109 solar masses, disk -
surrounded by accretion disk.

» Strong twisted magnetic fields (B)
possibly confine particles in the
jet (Blandford & Znajek 1977,
Blandford & Payne 1982).

» Billions of light years away =>
possibly an early stage in galaxy
development.

pyright @ 2008 Pearson Education, Inc., publishin g as Pearson Addison-Wesle: Y.
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https://ui.adsabs.harvard.edu/abs/1977MNRAS.179..433B/abstract
https://ui.adsabs.harvard.edu/abs/1982MNRAS.199..883B/abstract

What we see depends on how we view it

Observer sees blazar

Observer sees
radio Ir.l_ru:l_ quaser
\ ! Observer sees
radio galaxy
Gas clouds in narrow P
line region P
T W MR g Observer sees
/tf’)’ Ay, Seyfert 2 galaxy
J'Et . : .+ :: 5 . A ] -é'_'_'_r
Accretion disk P
Broad line region
- ' Observer sees
- Seyfert 1 galaxy
Tl
2o -l
# l_:i::ﬁ:hl'"-'.

Credits: NASA
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Blazars

> A few % of AGNSs, radio loud.
» Jet points at us.

P Can be Flat Spectrum Radio Quasars
(FSRQs, broad emission lines) or BL Lac
objects with weak of no emission or
absorption lines.

P Large amplitude variability.

» Relativistic beaming, Doppler factor:

Credit: Sophia Dagnello, NRAO/AUI/NSF

0.1 - 500 GeV

34 View

1 / 350 400
5 — | — (1 _ B2)-1/2 ]
v(1 — B cos(f)) 7=01-F5) {300
» Characteristic spectral energy distribution & > s
(SED): .
X 25° 100
n
0
20°
| P 175° 180*° 185° 190"
Energy R.A.
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Blazar Spectral Energy Distribution

LSP ISP HSP

T S » BL Lacs subtypes: low-,

- - intermediate- or high-

48 - ~ synchrotron-peaked (LSP,

- I ] ISP, HSP).
E i ]
op 46 - » Based in
L, i ] Padovani & Giommi (1995;
T 8 ratio 5GHz/1 keV flux): low-,
~ 44 £ intermediate- or high-
) '/ / frequency peaked BL Lac
- i (LBL, IBL, HBL).

a | FossaﬂelaLl998;DonauﬂetaL2001 |

10 15 20 25
Log v [Hz]
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https://ui.adsabs.harvard.edu/abs/1995ApJ...444..567P/abstract
http://articles.adsabs.harvard.edu/pdf/1998MNRAS.299..433F
https://ui.adsabs.harvard.edu/abs/2001A%26A...375..739D/abstract

Models of blazar emission

8

107 E

=

= . Mric 421 Leptonic
mf”%j‘\*x‘im—: e 107°F / \ (et+/e- plasma)
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Leptonic Hadronic

» HE emission from ultra-relativistic e-le+
& protons.

» HE emission likely from inverse
Compton scattering by same e-le+
that emitted synch: synchrotron self-

Compton (SSC). P y-ray emission via e.g. proton

synchrotron, or photo-pion prod.

» Upscatter of low-energy photons from
broad-line region, disk or torus:
external inverse Compton (EIC).

» Synch & Compton emission from
secondary products of =,

» Synch. and Compton variations » Production or neutrinos.

correlated.
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https://ui.adsabs.harvard.edu/abs/2011ApJ...736..131A/abstract

Blazar variability
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106k . I A ; \ I s /'r"'l ’I ":‘/ 4
e ~~ 1 P Variability timescales from years to
‘ ‘ I | minutes.

10°

» Rapid variability challenge
wos1 theoretical models:
M 87 |

—— Mrk 421 - |arge Pe)

104

Variability time scale, s

107,

— 1ES 1959 + 650
BL Lac . . . .
el ; i - long cooling time in hadronic
o e ‘: models
Mrk 501
4 PKS 2155 — 304 |
ok’ Barkov (2019) | ; - | - can be produced by proton synch
Mass from optical observations, lg[M/Mg) with very high energy protons &

extremely large B.
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https://indico.icc.ub.edu/event/9/contributions/125/attachments/97/185/M.Barkov_HEPROVII.pdf
https://ui.adsabs.harvard.edu/abs/2016ApJ...824L..20A/abstract
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What are the big open questions?

» What is the nature of the particles in the jet: leptonic/hadronic,
cosmic rays? Neutrinos could be a clue.

» \What causes the acceleration of high-energy particles?
» How are jets formed and launched?
» \What does classification mean?

» How do blazars evolve?

® Will use our data to contribute.
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This work

> Variability:

‘Need long-term well-
sampled light curves (LCs).

» Entire spectrum.

‘Need multi-wavelength
(MWL) data.

» Difficult to obtain
observations over a long
time & entire spectrum.

» Fermi-LAT Collaboration
member, contributed to
MWL campaigns:
Astronomer’s Telegrams &
X-ray obs. Requests.

Morway =~ .. Ny

Belarus i |

United Poland Sk

Kingelom e =i Planck
. Homania

" Turkey,
Greece lrag

B\ NOT

Tuinisia Saud???mbia

» Analysis highlights: 10 yrs &
variability & MWL
correlations, size of -
emission regions; flaring & o
guiescent states.

~ Spain

........
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Fermi Large Area Space Telescope

Large Area Telescope (LLAT)
Observes 20%o of the sky at any mnstant, views entire sky every 3 hrs

20 MeV - 300 GeV

Gamma-ray Burst Monitor (GBM)
Detects transients from 8 keV - 40 MeV

Scintillator

' Anticoincidence
Detector (background rejection)

Launch: 11 June 2008 12:05 pm EDT [ ___ .

y _> e+ + e_
rrrer—re—rrerrr—— ﬂ .......................... "‘-..‘ I S
. Particle Tracking

Fermi-LAT:
1’1[ - Detectors

Energy range: 0.02 - >500 GeV

Csl
Calorimeter
(energy measurement)

www-glast.stanford.edu

Fermi-LAT fourth catalog (4FGL-DR?2):
> 5000 sources detected since L

launch.
16 /31
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https://ui.adsabs.harvard.edu/abs/2020arXiv200511208B/abstract

1ES 1215+303

e 7 AN
> First detected in 1970 at 408 "% ga}?‘\}\“}‘*
MHz. < B (8)) 49) » YA
\ Q& \ L T/ /g /)
Irs S \o! / ' ‘
I )72/ 2

» z=0.13 (Paiano et al. 2017). VERITAS 2015

» HBL in publications before
2019. ISP in fourth catalog of
LAT AGNs (4LAC).

significance [o]

declination ,  [deg]

» MWL radio — y-ray.

> At a distance of 0.76° from
1ES 1218+304 (z=0.183).

186.5 186 185.5185184.5 184183.5 183 }%1;95]

right ascension
J2000
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https://ui.adsabs.harvard.edu/abs/2017ApJ...837..144P/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...892..105A/abstract
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LAT & Tuorla: decade-long flux increasing trend

> 2009-06-18 2012-03-14 2014-12-09 2017-09-04
> Broken linear function g%, [ T T T T e ]
(BLF) preferred in the j‘TE 5
LAT (5.50) & in R-band ¢ &
(3.40) wrt linear =7 of
function. >= T ‘ a
. s 60 i
P LAT & Tuorla breaking 8= [ . ~BLF : : 1 1-day
times consistent within :A’T‘“ Y IS S SN A —— N S
10 ~ MJD 55750 ZE | | P e ]
(August 2011). To o [s o o SRR I
E ICD 20 _. o0 b4 i 11 W]
5= [ i | | s :
L I i , l / Nty S SRR R |
-————4———————4——————————--—“7“" | | 1 3-day
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Strong long-term optical-GeV Correlation

a=1: In SSC, compatible with change of B & 6, does not
- favor a change of particle density.
/] In EIC: compatible with increase of B or particle
7 T density, does not favor change of 6.

-
I

a =2: In SSC: compatible with a change of particle density.
In EIC: compatible with a change of 6.

| »a=0.86%0.21

LAT Flux [10~’cm~?s71]
\
B

I --a=0.86
—a=2.00 » Excludeda=2 (> 3.6 0)
3 4 5 6 7 » No evidence of correlation
R-band Flux [m]y] between other bands.

a = Slope of the linear fit.

‘ Does not favor particle density change in SSC scenario.

‘ Does not favor Doppler factor change in EIC scenario.
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Jet structure: MOJAVE 15 GHz

T T T T T - :_ T A
| 12154303 ot 15.3 GHz, MOJAVE Survey e Y A
L = o S §, 1.50 A 2_
o o Y
~ O = T S 125F -
0 o EpA A
£ E S100F 4 A a4 3]
= D — N s
= & 20.75F -
9w / o 2o e L A, A
= | - = 2
2 - !_._;:_.-. 0 %0.50 AA A A N
= [ H 0 b A . 4
= AW/ e 025 o b v o b i b 1
5 ST o 2010 2012 2014 2016 2018
(= '; Year
¢ T _ ’ 0w N
z / o
+ o
: :
2 8
o 1 b — e Knots 2,3,4 show
: =, A - — Zm & .. ]
@ i similar inward
| I : | - 1 1 ek 1 1 i 1 i i el il 1 i i i 1 -
7 o - - 2009 2010 2011 2012 2013 2014 2015 2016 2017 motion = 0.2c
. it ["_Jl- { MAOs Te,cr

(Lister et al. 2019)

Apparent inward motion possibly caused by long term power increase that would
increase the distance (optically thin at larger distance) and size of radio core.

‘ Fairly constant separation & stable jet.
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http://adsabs.harvard.edu/abs/2019ApJ...874...43L

Long-term GeV-optical flux increase

2009-06-18 2012-03-14 2014-12-09 2017-09-04
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8 oste v § 3 +"_mi @ e F | : Continuous increase since 2011
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No strong radio-knot oscillation/ shift
No clear increase of radio luminosity

. No jet broadening from stacked VLBI images
Jet precession: X / : J J

- . Timescale consistent with the falling time considering
Accretion process: V\> the SMBH mass and an ADAF disk

3/2
_ P Mpn
—463x1075 [ — days ~ 8.
Tt 8 (1.0><103rg> (10M®> ays = 8.7 years
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https://ui.adsabs.harvard.edu/abs/1996ApJ...464L.135M/abstract

Constraints on size of emission region
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https://iopscience.iop.org/article/10.1088/0004-637X/722/1/520
https://iopscience.iop.org/article/10.3847/1538-4357/836/2/205/pdf
http://www.astronomerstelegram.org/?read=10270

2017 April 01 flare

Strongest constraints on size of emission region

VERITAS
F > 200Gev

Fo.1-500Gev

Fermi-LAT

1078[cm™2s7!] 10~ [ecm~2571]

~
(0]

[0,
o

N
(0]

u

o

: 1

o

2017-03-13 2017-04-02 2017- o4 22
' A e 2017 Apr,, 01 ] From unpublished data,
I o B strongest constraint given
777777777777777777777777777777777777777777777777777777777777777 o og@ o] by flare 2017 Apr 01.
. | ]
+ ””” & 1 day Lc ]
,,,,,,,,, % 3-day LC_ F(t) = Fo + F| x 9—(t—to)/tvar
?ii*ﬁ@‘ RS1L Stvar/(l + 2)
——————————— 1——————————————,————Te——e— o T ¥
57865

P GeV data, halving time: < 0.9 days.

» From SED modeling: o = 25.
» SMBH mass: 1.3x103M, => ~39x10"m

(Woo & Urry 2002)

» Size of emitting region: ‘ R < 1350Rg.
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http://adsabs.harvard.edu/abs/2002ApJ...579..530W
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Modeling the spectra in different flux states
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SED modeling: Low state

_ _ Particle o 1
Blob-in-Jet model (Bjet) energy =1 K Y
(Hervet et al. 2015) distribution !
ymin ybrk ymax
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* Host galaxy frame.
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http://adsabs.harvard.edu/abs/2015A%26A...578A..69H

SED modeling: 2017 Apr 1* Flare & post-flare
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SED modeling: from low state to high state
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Dramatic synchrotron peak shift
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‘ Largest IR - X-ray frequency peak
shift observed in a BL Lac.

Relatively more efficient adiabatic/advective
cooling during flare state.
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https://ui.adsabs.harvard.edu/abs/2019arXiv190510771T/abstract

Main results

The HE and optical domains are strongly temporally correlated, consistent
with a SSC emission process.

The HE and optical fluxes follow a log-normal distribution and continuously
Increase for years, consistent with accreting modulations.

No evidence of QPOs in the Tuorla optical or Fermi-LAT light curve.

Time-resolved SEDs indicates that the individual flares have different
characteristics and are likely to have different origins.

Radio structure, flux distributions, and polarizations are typical
of TeV HBLs

Long term optical-gamma flux increase
& synchrotron peak shift are very unusual.
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Thank you!
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