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- Black holes: stellar (BH) /supermassive (SMBH)

Space Telescope

Black holes (BHs): the early fathers LIGO-Virgo Black Holes
1783 John Michell, 1796 Pierre-Simon de Laplace; 80-
1915 Albert Einstein; 1916 Karl Schwarzschild and Sir
Arthur Eddington; 1918 H. Reissner and G. Nordstrgm,
1923 George Birkhoff, 1930 Subrahmanyan Chandrasekhar,
1931 Lev Davidovic Landau, 1934 Walter Baade and Fritz
Zwicky, 1933 Georges Lemaitre and Howard Percy
Robertson, 1939 Robert Oppenheimer, Hartland Snyder
and George Volkoff. 1960s Yakov Zel’dovic, George
Wheeler, David Finkelstein, Martin Kruskal, George

Szekeres. 1963 Roy Kerr, 1964 Roger Penrose, 1965 Ezra Known EM Neutron Stars

Newman, 1967 Werner Israel, 1968 Brandon Carter, 1971 > & a "_.L:' A R
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Edwin Salpeter, 1972 Stephen Hawking, George Ellis, James Sl LIBO-Virgo v s

Bardeen, Brandon Carter, Jacob Bekenstein... Ao Sk BapIz O Lo ki i

Solving SMBH Mysteries

e LISA will measure the masses and spins

of coalescing MBHs to a few % accuracy in
10% — 10" M, binaries out to z ~ 20,

SMBH Mysteries

e How are MBHs born and how
do they grow?

e How efficiently do MBHs merge

and how does this affect their o GWs will unveil the MBH growth via

mergers, and their accretion history via
mass and spin measurements.
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galaxy hosts?

5 e What are the demographics of o _ _
12345 6 7 8 MBHs in the Universe? o GWs will shed light on the co-evolution

Lookback time (Billions of years) J| of galaxies and MBHs.
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BHs: two flavors

Space Telescope
' P P

S Single BHs

the galaxies centre of galaxies

started to form when the ubiguitous in
ond ORI IS o o spheroids
the presant o fr
. m imom
Stellar Supermassive seeds
Black Holes - Black Holes =

formin
over ashort interval
of time at cosmic
dawn

Black Hole
Desert

seed nature?

relative number

S50014+813

0 2 4 6 8 10 12
log(Mpg/M5) [Credits Colpi 2016]
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BHs: two flavors

Space Telescope
' P P

e is the “black hole desert" inhabited by black holes which we still do not detect ?

e is there a natural real genetic divide ?

e is the desert consequent to the "migration" of seeds into the domain of the massives ?

e is the desert populated by transition objects (from clustering/aggregation/accretion of stellar objects

as single building blocks ? .
Binary BHs

O Binary black holes: = the gravitational waves universe

Black Hole
Desert
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log(Mgu /M) [Credits Colpi 2016]
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Galaxy encounters/mergers

Space Telescope

4

T = 0.40 Gyr

INTERACTING GALAXIES

HuUBBLE SPACE TELESCOPE

o

T =3.00 Gyr

-
s Apollinare & Perugia, Italy, May 16-18 2019 A INFN  stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome
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Supermassive BHs pairs/binary

U Supermassive black holes (SMBHSs) are a ubiquitous component of the nuclei of galaxies and AGN. Following
the merger of two massive galaxies, a SMBH binary will form, shrink due to stellar or gas dynamical processes

and ultimately coalesce by emitting a burst of
gravitational waves.

U Close (sub-pc systems) binary SMBHs = indirect searches:

= Double or asymmetric spectral lines (but Liu+2015).

= Helical, distorted jets; tidal disruption events (TDE) as
dips in light curves.

= Periodic/quasi-periodic oscillations (long-living)

in flux light curves.

t=5.122 Gyr

Different dimulated stages (and
zooms) of the merger between
two identical disk galaxies.
U During the interaction
tidal forces tear the galactic disks apart, generating
spectacular tidal tails and plumes.

0 Simulations: two SMBHs form an eccentric binary in
the disk in less than a million years as a result of the
gravitational drag from the gas rather than from the stars
[Mayer et al. 2007].

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome
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Supermassive BHs pairs/binaries
' pace | elescope
Observational evidence for SMBH pairs and Nature Vol. 287 25 September 1980 307
rlpc  8ravitationally bound binary systems: Massive black hole

binaries in active galactic nuclei

10004 quasar pairs, AGN in clusters of galaxies M. C. Begelman*, R. D. Blandfordt & M. J. Reest

U pairs of active galaxies, interacting galaxies in early b Evolution of Binary SMBHs
phase of interaction/merging (yr) .
100 (double-peaked narrow optical emission lines, if both - -
galaxies have NLR) 101 |- /
Z (2) binary (1) dynamical
/ hardening ) friction regime

L SMBH pairs in "single" galaxies and advanced
mergers, kpc/100-pc scales /
(ex.: two accreting SMBHs spatially resolved, often (3) GW emission
1 heavily obscured --> X-ray/radio observations)

106 I "final parsec problem”

-

4)

O spatially unresolved binary-SMBHs candidates retoil r (pc)

(1. pseudo/quasi/semi-periodic signals in radio/optical ‘ T 1 100 *

0.1 fluxlight curves; 2. pc-scale spatial radio-structures [Credits S. Komossa 2014] Komossa et al.
distorted/helical-patterns in jets; 3. double-peaked e Galaxy mergers. Sites of major BH
broad lines ) growth & feedback processes.

e Coalescing binary SMBHs. Powerful
emitters of GWs and e.m. radiation.
e GW recoil. SMBHs oscillate about

galaxy cores or even escape.

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 7:-
|

001 Q5 few post-merger candidates

(X-shaped radio sources, galaxies with central light
deficits, double-double radio sources, repoiling SMBHs)

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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G Evolution and timescales of binary SMBHs

Space Telescope
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Little evidence for widespread binary SMBHs = they need to merge rather efficiently. Merger is a natural
way of producing SMBHSs from smaller seeds.

L Merger of two galaxies creates a common nucleus; dynamical friction rapidly brings two black holes together to
form a gravitationally bound binary (r~10 pc).
U Three-body interaction of binary with stars of galactic nucleus ejects most stars from the vicinity of the binary by
the slingshot effect; a “mass deficit” is created and the binary becomes “hard” (r~1 pc).
U The binary further shrinks by scattering off stars that continue to flow into the “loss cone”, due to two-body
relaxation or other factors.
Q As the separation reaches 0.01 pc, GW emission becomes dominant in carrying away the energy.
U Reaching a few Schwarzschild radii (10”5 pc), the binary finally merges.
2 -1 -1
: e ) 6 T o ma InA
e Dynamical friction timescale: tpp ~ 10° yr (W) (200 km/s) (103 M@) (F)
e A binary is called hard if its orbital velocity exceeds that of the field stars, or the
separation is less than an:

_Gp -1 me o —2 _ mymyp _my
@h = a? - 27[)(7(1 +q) (108 M@) (200]{111/8) ’ °= mi +m2’ - my
e The timescale for coalescence due to GW emission is (Peters 1964)

5 at ' my + mg
taw = 256 F'(e) G3 u(my +my)? Tx 108yr(1 + q)8 ( 108 M ) ( O-Qah)

[Credits E. Vasiliev] Fe)=(1- 2)7/2 (1 42 73 e + )

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 8:-
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Supermassive BHs pairs/binaries

Space Telescope
| 4

U Observational evidence is important to solve the theoretical “final parsec problem” in GR (solved by non spherical

geometry). There is also the final 0.1 pc problem.
4 X i 4
_ . a 10° M m
Imerge(@) = 5.8 x 10

0.01 pe " mislmy 4+ m;)
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stalinr hardening

Distance (kpc)

0.001

0.0001

Hardening | GW inspiral

le-05

0 100 200 300 400 500 600 clrcumblnary disk Interaction
Time (Myrs)

Timescale from two galaxy merger to their central SMBH merger
in the range 1078-10"9 years

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 9:-
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s, crmi Within the last parsec

Gamma-ray
Space Telescope

v

3x107°

&8 (1Thin gaseous disk

QDisk aligns with binary plane
UBinary evacuates cavity
QViscous decay

105 primary

| %wﬁmww WW /MV A

o

=
<1
n

acc rate [MQg]

(”Type I migration”): 0 200 40 - a0 e o
= secondary dominated; A .
: . ’ ccretion Rate
_ = disk dominated 1x10"
g 1 Gravitational Wave driven o0 d ]
. z s seconaary
evolution L
Example of requirements for large E 10 JM}M ﬂ
optical surveys dedicated to finding® »%° J M “ )(
obtically periodic variable Wl \ J‘ )WM
0 200 £00 600 00 1000 1200
AGN/quasars: time [0,
UL IR LY IR ILL UL IR AL LR B
0 > 100 sources @ tvar< 1 year ; 1o Residence Time
_ _ . > 5 sources @ tvar< 20 weeks; 10 g ?c?:f;*mass binaries
Detect.ln.g decaying .blnary SMEHs. U wide surveys best to probe GW- 1k
Optimistic Assumptions: decay T b
U binary is producing bright emission (~30% L_edd) O Assume: » f Edd= 0.3: } '
Unon-negligible fraction (~10%) of this emission of var=0.1: etQ= 1077 years g oorE
is variable - E1TE
Qclearly identifiable period t_var™t_orbit O Look for week/month/ 10
Qin-spiraling binary = periodically variable quasar ~ year periodic variability 102 |
Identifying such binaries statistically? QLook for spectral features ~ 10+ , o
Q fraction of quasars with period t_var = (1+z) t_orb several x 1,000 km/s 10+ 109 0.01 0.1 1 10 10° 109 108 10° 108

,fvar=t res/t Q - - torp/ Week
R.St. Apoliinare & Perugia, Italy, May 16-18 2019 SSRC stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome J.U:-
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Gamma-ray
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SMBH binaries, astrophysical phenomenology and GWs

GWs frequency domains
probed by LISA and PTAs
and expected GW
signals from binary
IMBHs/SMBHs.

0 Nano-Hz GW regime:
superposition of signals
coming from many
stationary sources
(stochastic background).
Q Milli-Hz GW regime:
extreme-mass ratio
inspirals (EMRI) at a rate
of few events per year;
Intermediate-mass (but
do exist?) BHs.

Micro/Nano-Hz GW
regime:
SMBH binaries.

- R.St. Apollinare & Perugia, Italy, May 16-18 2019
|

106

103

100

galaxy merger.

dual AGN }

[ galaxy cores (scouring) J

binary quasars

N

[galm cores (recoil)

N\

‘ HCSSs

circumbinary off—centered/
Doppler—shifted o5
- uasars
variable S
accretion ’ [ X-ray/UV/IR afterglows >
(O enhanced suppressed
accretion accretion
106 [ delayed quasar

0 [GRMHD
-10% yr —-106 yr -103 yr 0 yr 103yr 106yr 10%yr

time since merger _
[Schnittman 2013]

Selection of potential EM sources for astrophysical manifestations/signals of binary SMBH mergers,
sorted by timescale, typical size of emission region, and physical mechanism (blue/italic = stellar;
yellow/times-roman = accretion disc; green/bold = diffuse gas/miscellaneous). The evolution of the

merger proceeds from the

y =

qpper-left through the lower-center, to the upper-right [Schnittman 2013].
5 CINFN
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Gamma-ray
Space Telescope
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SMBH binaries and GWs

Instruments capable of
detecting gravitational
waves (GWs) and their
sources in next years:
= ground-based
interferometers like
aLIGO, aVIRGO,
KAGRA, Geo600, etc.;
®= Pulsar Timing Arrays
(PTAs)

= Square Kilometer
Array (SKA);

= LISA space mission,

= the 3rd gen. Einstein
GW Telescope.

Also binary
IMBHs & SMBHs

ge of the
('miverse

10-14

s

Supermassive Black Hole Binary Merger @

\ '*1 Compact Binary Inspiral & Merger

<= |Extreme Mass; Pulsarl,
i Ratio Inspirals ey Supern'ova

Wave Period J“

-
®

years illiseconds

101 10 10-° 10+ i 102
Gravitational Wave Frequency

Radio Pulsar Timing Arrays Space-based interferometers Terrestrial
'interferometers

U Binary intermediate-mass black hole (IMBH) binaries with BH masses between 1074 Msun and 1027 Msun and extreme
/ intermediate mass ratio inspirals (EMRI/IMRI) are expected to be detected by LISA. Ability to explore for the first time
the low-mass end of the SMBHs hole population at cosmic times as early as redshift >8.

O Ultra-low GW frequency domain (nHz) is probed by Pulsar Timing Arrays = possibly binary SMBHs (>10~7 Msun).

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
|
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P SMBH binaries and GWs

o W : Mrk 231 (z=0.042) | .f
(Q / > nearest quasar / ULIRG / Syl / peculiar/

1 (t) 1 S hardening dfiicﬁmmc‘i’fgn H ;
og|— ) [-. s

tu .. |[THE LONG JOURNEY TRAVELLED BY MASSIVE| Il o

. BLACK HOLES IN MAJOR MERGERS Sulite Vicie il w Bluaty Bk Hols
\‘, 0.001 pc

HUBBLE TIME | Il. GW H'ﬁ’in%'é‘ﬁﬂs . PAIRING

Hecccaa MERGER
of
HOST
GALAXIES
on
100 kpc scales

T -
Periodicity (?) e

=

BLACK HOLE SEPARATION

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Gamma-ray
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' P P

SMBH binaries and GWs: LISA and PTAs

-12 .
10 — EFTR O Pulsar tlmlhg arrays (PTAs) started to
background IFTA  SKA place constraints on galaxy merger
10-14| 10° solar history from limits on the stochastic
: | mass Gravitational Wave (GW) background.
Jg-ih binaries U Coalescing binary SMBHs - loudest
i eLISA . .
& 10° solar mass binaries sources of very-low frequency
‘% - p  Resibe gl (micro-Hz to nano-Hz) GWs in the universe.
'% 1077 A e M. aviago | | Sybsequent GW recoil has
T ¥ potential astrophysical implications (SMBHs
% -20 Extreme mass Cum&act binary .
10-2| ratio inspirals Gl oscillate/even escape).
é \/ U Importance of accretion, merging and
10-22| stellar captures in BH mass growing and on
o the BH spin history.
1072 i
10| Growing the First .
@ Supermassive - .
10-%L. ; ; , : ! , J = .| Black Holes y P»‘.Jct?.\:\m %
10°1° 10~* 1078 1074 1072 10° 102 PR ‘ oo™ - Observed
Frequency / Hz g’ " Clz;f:;:h Rl S
< /
é e o / Edd 1 1
Wl epey e . il Cluster — Bddington-limite
O Possibilities for future GW astronomy: new research window on =« ' 7 /- Hw,:f_’E(::“::;ﬂ;
. . . o] '
structure formation and galaxy mergers, direct detection of 2 102| stellar J Inefficient. Growth
. . . . . Remnant
coalescing binary SMBHSs, high-precision measurements of SMBHs . i - — -

masses and spins, constraints on SMBHs formation and evolution.

B st Apolinare & Perugia, ltaly, May 16-18 2019
| ]
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_ &=z SMBH binaries and GWs: LISA and PTAs/SKA
log M,
10-12 — 8 gy i - ‘_ - h 4 Cosmic Microwave
r_ 5 2N [ -‘ 2 T Background All three experiments measure
to-s : N B0 [10eMts ) purTiming (el emelines

0 | ' ] AN Avrrays

10~

—10 = Primordi a}-g-rr-r.;w:mjmaf
-2 E l 0 waves

10- Space-based

Interferometers

el WM\, DWW s g —15
10~ - 10 Ground-based
4 s dimassivs hlack Interferometers

lo." hole binaries and o

mergers
‘ ge
10_20 sPrimondial gravitational
lo-“ waves = Stellar mass compact
binaries
= Supermassive black hole
— 25 sNeutron star Mergers
IO'" 1 U MEme sBlack hole mergers 22
—18 —8 —4 2 -
10 10 10 10
10>

Frequency [Hz|

0"':0_. 0" 10~ 10-¢ 10~¢ 10~ 0"‘ 0.01 0.1 - 1
observed frequency [Hz] ccsanao0is

relative orbit
W
o' of spacecraft

SUQUARE KILOMETRE ARRAY

Exploring the Universe with the world's largest radio telescope
L D i o | BERE

- | R.St. Apollinare & Perugia, Italy, May 16-18 2019 INFN stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 1 5_
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SMBH binaries and GWs: PTAs and SKA

Space Telescope
‘/ P P

ke | 10-13
pulsar signal/timeseries e T — - — inNation
[ SR i, 4 1014
> | AN q=a
‘5 il i ," ; 10-18 1 . Gp=10"", a=0.1,
= s =1, p=0.1 (k=0.8)
0 ok
E o 1071 . av eesa |
W I MBHB L! N
Rl LT 1 " individual = =)
10— Yeue ! inspirals L bt ot e
2 '] * " 1
Time 10-18 b

0 Binary SMBHs emit GWs in the nanohertz= 1p-1s L
to millihertz band, and indirect detection
possible with PTAs

10-20

haracteristic amplitude

10-21
L*)

U Current PTAs are (European PTA EPTA, North g-ee

American Nanohertz Observatory for Gravitational,, f

Waves NANOGrav, Parkes PTA PPTA, International & : . ® e i s . :
10-®* 10-% 10-7 10-° 10-® 10~% 10~ 0.01 0.1 1 10 10® 10° 10+

PTA IPTA, Large Eurpean Array for Pulsars LEAP), observed frequency [Hz]

future and larger international PTAs and ’

the future SKA project. 8 . oA Centrel Pegion

 Cureent PTAs efforts will oo A , Dishes
form the basis for detailed el T SRR

studies of GW and GW sources
by the future L
high-sensitivity SKA project. Apertiie S

<
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SMBH binaries and GWs: PTAs

Space Telescope
\' P P!

\ ¥ 45° ¢ .
S et 30° o
a--2au 5 15 f@badlaaPehiahiohioh gb 6h 4 28
5 13 (g
NanoGrav (north American nHz = ° [ JPC BP9 ] @
observatory for gravitational waves) A _lgOO @
—45°
g _ ) =75°
LLEAP (large European array el . l ‘ Hw
for pulsars) Vg, | [ [
L 2 4 6 8 10
0 Most likely source of GWs detectable by PTAs is a stochastic Tobs [years]  Anoumaianetal 201

background (GWB) from binary SMBHSs in cores of distant galaxies/AGN.
U Observed pulsar periods are modulated by low frequency GWs F
traversing our Galaxy. GWs passing over pulsars are uncorrelated. GWs PR ™
passing over Earth produce a correlated signal in the terrestrial time of e
arrival (TOA) residuals for al pulsars.

O With observations of a few pulsars we can only put a limit on the
strength of the stochastic GW background.

U Best limits are obtained for GW frequencies of about 1/D where

D is the time duration of the time range of the data collected.
UAccretion gas suppresses the stochastic background and individually
resolvable sources remain.

T T T T T T
Kocsis & Sesana (2009)

411

4ol

10-18 |-

1L lllllll

characteristic strain

10—[7

1l lllllll

o‘m' individual sources contrib.

unresolved background

1018 | total signal I

1lll

M | L
10-8 107
observed frequency

U First detection likely will requires a observations of some dozen of
"good" pulsars over a >15 years observations timescale.

INFN  stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 1 7:-

=
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o, SMBH binaries and GWs: PTAs

L Estimations and studies
with simulations and
construction of realistic GW
skies and future

2MASS galaxy distribution All-sky GW strain sensitivity map at f = 3.79 nHz
i~ . ELy =

international PTAs and SKA o &
projections, using IPTA -30"
pulsars with their real noise [/
ies, i lagiaih), GW sky at f= 3.79¢-09 Hz
roperties, and galaxies fron
the 2 Micron All Sky Survey
TEY o —14.4 -143 -142 -141 -140 -138 -13.B
(ZMASS) a5" O e A S 1
together with galaxy merger sl . "'_ L Tel e 1 Skyaveigsd GW st
rates from the “lllustris” T “E’?“f ok L - o 1012 -
merger trees simulation TS\ WR Ly [ w7 i} -
predictions: 2 g
-75" E
- Iog1elh), strain of EPTA-detected SMBHBS in 2MASS 104
. 3 EPTA 2016
- the probability of eaTch T E o B
ZMASS galaxy to Contaln a —14.75 —14.50 —14.25 —14.00 —13.75 —13.50 —13.25 10-13 T T T T TTrr T T T T TTTTT
. . . -0 —& -7 —
binary SMBH emitting Nature Astronomy 1, 886-892 (2017) i o v o=

Gravitational Wave Frequency [Hz]

GWs in the PTA band
(i.e. GW frequency > 1 Nano-Hz) gives <1% of GW skies realization having galaxies hosting detectable binary
SMBHs.

- about 90 2MASS galaxies expected to host detectable binary SMBHs, and <10 galaxies expected to host
stalled binary SMBHs that do not overcome the final parsec problem and will never merge.

[Mingareli+ 2017, Nature Astron. 1, 886]

B st Apolinare & Perugia, ltaly, May 16-18 2019
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il GW 3rd Generation Einstein Telescope

Space Telescope
' P: P

EINSTEIN TELESCOPE

gravitational wave gbservatory

Go underground: ET (Einstein Telescop; '
= . EENTEAL FACILITY

COMPUTING CENTRE

END STATION

Length ~10 km
o

Strain [1/VHz]

| === initial Virgo
= initial LIGO

==m Ady LIGO

= == KAGRA (VRSE)
=== Adv Virgo

— GO 11 = Ellh‘lttll Telescope
]0—251__:.1:'-';“1'"“&:&;&-_1’!‘ | e wsrneail
(] 1 2 3
10 10 10 10
Frequency [Hz] :
O GW 3rd Generation Einstein Telescope (ET) facility has 3 detectors conflgured in a triangular topology, and
each detector consists of 2 interferometers. The 10 km arms of the observatory are housed underground to
suppress seismic and gravity-gradient noise. Optical components are placed in an ultra-high vacuum and
cryogenic environment. The ET observatory is a large leap in sensitivity.
ssoc) ¢ INFN stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 19:-
|

Istituto Nazionale di fisica Nucleare:

10

- R.St. Apollinare & Perugia, Italy, May 16-18 2019
|



‘c

< svermi

<=z, ET and SMBH ?? — Expl.1: Kozai-Lidov catalyst

The hierarchical triple body post-Newtonian GR approximation has useful applications to a variety of

systems from astronautics of solar system probes, planetary solar system dynamics, and stellar scales
to supermassive black holes scales.

[ The secular Kozai-Lidov mechanism (also known as effect, oscillations, resonance, oscillation) is a
dynamical phenomenon affecting the orbit of a binary system perturbed by a distant third body
under certain conditions. For example the Kozai-Lidov resonance is particularly important for the
shaping of the orbits of irregular satellites of planets.

O Environment near the central SMBHs of an AGN has large B %JGM al 32 M P}

- Tioms = 20520 2 (1)) = 22 (11— )™
number of stars and compact objects (BH-BH/BH-NS/NS-NS Gmy q3/2 my P

U Secular Kozai precession of eccentricities and inclinations evolves such binaries due to the
perturbation by the SMBH.

- binaries in this SMBH environment inspiral and coalesce at timescales <<Hubble_time
(and much shorter than similar binaries which do not reside near a SMBH).

- SMBHSs serve as catalyst for the inspiral and coalescence -
i - R sa o2 3
of compact-objects binaries. A BRI T St L

L BH-BH binaries in galactic nuclei with quadrupole and
octupole-level secular perturbations, general relativistic precession,
and high-frequency gravitational wave emission.

O A possible (new) science case for the next ground based GWs o

10t | = - l - Soft binaries

observatory: the Einstein Telescope (ET). x__Hard binaries

10° 10°

Merger time [year]
5
™
.

a, [AU]
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Kozai-Lidov resonance: PN theory + 3-body system

Space Telescope
' P P!

O Expansion of the first-order post-Newtonian Hamiltonian to
leading-order + hierarchical three-body problem = Kozai-Lidov
mechanism [Kozai 1962, Lidov 1962]: a highly inclined perturber
can produce large-amplitude oscillations in the eccentricity and
inclination of the three-body system.

It is a resonant-like eccentricity excitation.

U Kozai-Lidov resonance is a secular (coherent and long
interaction compared to orbital period) effect common in
hierarchical triple systems but absent from two-body dynamics.
It has been suggested to play an important role in both the
growth of BHs at the centers of dense stellar clusters and the
formation of short period BH X-ray binaries [Miller & Hamilton
2002, Ivanova+ 2010, Naoz+ 2013].

0 GWs emitted during Kozai-Lidov-induced, highly eccentr!
orbits of compact, star-mass system, binaries might be
detectable by 2nd and 3rd order (ET) ground-based

GW antennas. [Armitage & Natarajan 2005, Sesana+ 2010].

Q Dark Matter could form torii around SMBHs via the
eccentric Kozai-Lidov mechanism [Naoz+ 2014]

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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T ET and SMBH ?? — Expl.2: Axionic SMBHs

Space Telescope

0 Quantum chromo dynamics (QCD) axion is one of the best hyphotetical particle
motivated beyond standard model of particle physics, solving the strong-CP problem by
making the QCD theta angle a dynamical field.

U It is a Pseudo-Goldstone boson with mass and couplings fixed by the decay constant f_a, 30 km x
very weakly interacting and with large Compton wavelength.

10M,

. . . * ~108- 107 in our galaxy
U Black holes can be used as natural cosmic axion particle detectors because the + Sengitive to:sxion masses ~10°5 - 1011 &y

BH size is similar to the axion Compton wavelength, and the strong gravity regime.

O Hairy (axionic) black hole “Gravitational Atom”: In analogy with the Hydrogen atom Slpgmnas=ve blaeKholes:

of quantum mechanics, axions and axion-like particles (ALPs) clouds gravitationally bind around a
BH and occupy the quantum states characterized by the usual atomic quantum numbers, n, |, m.
Fine-structure constant and quantized energy levels for hairy (axionic) BH gravitational atom!

LIGO/Virgo = discovery of GWs from BH-BH, NS-NS merger events.
These "hydrogen atom" (elementary piece) of gravity M
O BUT: are they BHs? And, in case, are they Kerr BHs? Are they no-hairy BHs of GR ? 107 M,
U Tests of GR at extreme is similar to * Found at the center of galaxies and AGNs

! Sensitive to axion masses ~1019- 10716 eV
tests of nuclear physics at extreme?
0 Other GW sources besides binaries
of BHs and NSs ?
Q Signatures of dark matter in GWs?
O Inspiral-merger-ringdown phases
in current merger GWs bursts
can provide complementary
diagnostics too.

Hydrogen Wave
=) S Testing fundamental physics with gravitational waves

o) - T3
3,11

Particle Physics

Strong Gravity

Gravitational Waves

10 »

J/
»e
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&2 ET and SMBH ?? — Expl.2: Axionic SMBHs

Space Telescope
' P: P

U Spinning (Kerr) BHs are unstable against JSotat, PRLANT. PRD A0 |
gravitationally bound ultralight boson fields, w - mg::;’\i i
through superradiance phenomenon e ,,,_‘_L: 10-eV
[Arvanitaki+ 2012, Cardoso+ 2015] (the

. : . s = 1075 ]
Penrose 1969 process in classical physics). ' :
my, = 10" Bev 3
O These "hairy" axionic BHs/SMBHs are = 10712V ;
continuous GW source at a GW frequency m, = 107HeV |
. . LIGO/Virg
given by the axion mass. P ;
- Expected GW periodic signals from axions DECIGO
. : 1 0-30r . | il
in BHs/SMBHS ! 10-510-410-310-210"" 10° 10" 102 10° 10°
— — f(Hz)
supermasswe BHs .
\ sperradiance Super Radiant Modes | BH mass-spin measurements
e uravhatlg?\;l; {T};Etgesr A . #
WIMPs  Superradiance Decaying Modes 0.8 . ‘
7 N\ =06
} & L
g T i : 4
+°  gravitational W m 0.4 / v 107y
3 Gravitons ' _ sl
Rotating 0.2 é{ * R SR
107" . « LISA, Q3

oravitational waves photons BH mass [M 4]

V. . ,7 Lll* 3 Black Hole g |11 o
axions‘ ‘ %-T100 107 102 10% 10* 10° 10° 107 108 10°
Accretion
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2 ET and SMBH ?? — Expl.3: SMBHs high-freq. tails

Space Telescope

SMBH GWs can leak to higher GWs frequencies (>1 Hz) of interest for detection by ground-based GW antennas?.

Q If the high-frequency spectral tail asymptotes to h(f) are proportional to f*-a (a <=2) then the spectral
amplitude is a constant or increasing function of the mass M at a fixed frequency f>>c*3/GM.
This will happen if the time-domain waveform or its derivative exhibits a discontinuity.

L Some possible physics processes which may generate high-frequency GWs signals from SMBHs at the center of
AGN ( >1Hz GWs direct emitter or GW-perturbing signals):

=(1) gravitational bremsstrahlung of ultrarelativistic objects in the vicinity of an SMBH at the center of an AGN;
=(2) ringdown modes excited by an external process that has a high-frequency component or terminates abruptly;

=(3) gravitational lensing echoes and diffraction. e Kocsts, 2013

O Known strong gravitational lensed AGN (a few Fermi LAT gamma-ray 1077 |
blazars are gravitationally lensed too) can imply echoes and diffraction of 1078 |
inspiraling stellar mass binaries in the AGN with a signal delays from of a few 1079 |
to days. = lensed primary signal and GW echo both amplified if the binary is 10720 1234
within a ~10 deg (r/100M)"-1/2 cone behind the SMBH (r dystance form the 1o
SMBH,) [Kocsis 2013]. 02 |

O ET could provide observational constraints on the event rates of such
sources independent of their origin. These potential sources have also a

1

T T T
. ultrarelativistic flybys
107" | massratio ¢ =10~5"~

Dimensionless spectral amplitude

well-defined GW broadband spectral shape, h(f) proportional to fA-1/ 10:: I
fA-2, allowing the development of optimal search algorithms. 18_22 -.
U These signals may be distinguished from instrumental glitches if they o e . | W IIGO .
show up coincidentally in all of the different instruments in a detector 10* 107 102 10" 10° 10" 10° 10° 10*
network (two LIGO, Virgo, Kagra, ET) with a consistent spectral amplitude. f [Hz]
_:- R.St. Apoliinare & Perugia, Italy, May 16-18 2019 stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 24_:-




T ermi Observational evidence for SMBHs pairs/binaries
v Space Telescope
O Pair of accreting SMBH in "single" galaxies Mrk739 | [ chawe — 05"

(spatially resolved 10-pc to 100-pc): NGC 6240;
4C+37.11, NGC 3933, LBQS 0103-2753, Mkn 739,

ESO 509-1G 066... @

U Spatially unresolved (close if <0.1pc) binary SMBHSs:
= from claims of quasi-periodic variability signatures: chandra X uareRes ¢
0J 287, PG 1302-102, 3C 345, PSO J334.2028+01.4075,
AO 0235+16, 3C 273, etc... (still very debated topic).
= from observed helical distorted radio jets (jet-emitting
2ndary SMBH orbiting primary, precession, jet
reorientation in X-shaped radio galaxies): 3C 345, NRAO
530/PKS 1730-13, 3C 120, 3C 66B, Mkn 501, etc...
= from observed double-peaked broad lines: SDSS
J0927+2943, SDSS J1316-1753, SDSS J150243.1+111557, |
PG 1302-102 (non-double but asymmetric). Only small S ihen  dEop
fraction of all “double-peakers” are good
candidates; only a few confirmed as “detections”.
= other evidences: some candidate TDEs (SDSS
J120136.02+300305.5), recoils (anisotropic

NGC 3933

"

NGC 6240

emission of GWs from coalescing binary SMBHs . 7=~ . radio galaxy, z=0.06
leads to recoil of the newly formed single SMBH) || - ‘ ' two fadin cores. | C1.02

) ] | compact, variable & flat-spectrum
and more exotic ones. Y g Al - true nuclei

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Gamma-ray

Space Telescope
' P P!

Dual X-ray sources

MIlBARE SEC

5 =0
MIllIARC SEC

-
&

(107 ergs ' em® &)

& SDSS 109365331, At=83 yrs

4800 4850 4900 4950
Rest Vacuum Wavelength A [A]

Kinematic shift in
multi-epoch observations
[Lius 2013

b - - u‘:.l i ct Jon Feb M v Jun Jul Au ]
Dual jets (3C 75, a~7kpe) Binary radio sources sep e S e T v g 0y s S
[Owens 1985] (NGC 6240, a ~ 1.5kpc) [xomossar 2003 (0402+379, @~ 7pc) [owen 1955] asp o AOTOOREIDIORS
i ’ PG 1302-102 [crahams 2015) — ‘ : S— ;%; 44
i W e e e e (e v e e | &
PG 1553+113 [Ackermann+ 2015] PR ety A 43
" - } | {uE| 2
' ‘ il '2,?!; X 42
i '-; 1y 5'5 i'.' w>: 41
" *, gt z :
"8 40
@ il * ! o n o 200 g.oo 40 00
0J287 ftonen+ 2008] ! s (days
'.wE — ml Wlﬂﬁ T Tl sems LAT (£7100 M) A 2 TDE events and dlps in ?( ray light curves
- 53500 SAO00  SAB00 55000 55500 56000 56500 .

D - 45100

Quasi periodicity in light curves (still controversial topic)

O Many binary SMBHs candidates but few non-controversial confirmations! Why so few ?
Large distances (difficult to resolve). Perhaps obscured. Need to distinguish other phenomena (in-jet knots,
lensing, ...). In close pairs most current methods require at least one SMBH to be active (many may not be).

U Perhaps the greatest challenge is to identify the inactive binary SMBHs which might be the most abundant, but
are also the most difficult to identify. Most blnary SMBHs may form quiescently either in gas-poor or minor galaxy

mergers without driving AGN activities. 2 6
:-
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O Long-term radio/optical light curves of blazars = possible periods several years (0J 287, PG 1302-102,
CGRaBS J1359+401, 3C 345, PSO J334.2028+01.4075, AO 0235+16, 3C 273, TXS 0059+581, BL Lac...)

O Short-term optical/X-ray/TeV light curves of blazars = possible periods of several tens of days (Mkn
501, Mkn 421, PKS 2155-304, 3C 66A, S5 0716+714, OJ 287, Sy 1 KUG 1031+398/RX J1034.6+3938...)

name redshift z  periods Py (m+M)/10° M, B [yr] d/10'cm 1,/10% yr .
Mkn 501 0.034 23.6 d (X-ray) (2-7) (6-14) (2.5-6) <55 Candidate
~23d(TeV) BSMBHSs in
10.06 yr (optical) literature based
BL Lac 0.069 13.97 yr (optical) (2-4) (13-26.1) (4.8-9.7) <29 on some reported
~ 4 yr (radio) guasi-periodicity
3C 273 0.158  13.65 yr (optical) (6-10) (11.8-23.5)  (6.5-12) <35 evidence.
8.55 yr (radio) Associated
0J 287 0.306 11.86 yr (optical) 6.2 (9.1-18.2)  (5.5-8.8) <17 gravitational
~ 12 yr (infrared) lifetime tg is
~ i{'f'g :r {:_ad'l{;} estimated for
~ optica .
sceen 0444 Zﬁsi o “T”“I‘;“” >l (3.1-63) 215 2.08 rlr}als(‘)sorat'os m/M>
tica
0235416 0.940 295 yr (optical)? >1 (1531)  >095  <o3  LRieger2008,
8.2 yr (optical)? 2007].
5.7 yr (radio)
o o Apolinare & Perugia, Italy, May 16-18 2019 stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 2 7:-
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“sermi Periodicity in blazars: some problems

Gamma-ray

Space Telescope
' P P!

O Problem: single band light curves. Too strong claim to argue for unresolved close
(<0.1 pc) BSMBH system based on periodicity in 1 single energy band. To observe
multifrequency quasi-periodicy and cross-correlations can support the claim. To
observe helical pc-scale radio-jet patterns and observe periodical polarization patterns
can support the claim.

U Problem: single portion of the light curve ("cherry pick" of data). The full time
interval of the available data must be considered and analyzed (not only the one
portion that conveniently shows a periodicity). Periods that are intrinsically transient
(do not last more than a few cycles) are not a result on “periodicity”.

U Problem: data gaps (especially optical aiz* : 2’;%?%;;:&;;; ._
light curves). How gaps influence our 6xt0 |
analysis results? ok

' [V} S I
Q Problem: quality of the light curve S ook e R-vand  T=150d1 | ks 0219 164 R |
and significance of the period. To be ; oot | 5 P ? ; —f "
convinced the light curves and fit would ~ ; oo ﬂ 5!' \r ﬁ‘ in @\, B8 WA "
have to be comparable to what we see é O?I:..}::::::.:::}::::::_:::,::::::::: 2 o mm;:
in X-ray binaries but in most cases T D 9 L R
they are not (very different samplings, i T i \, %‘ s oea o] o
gaps, errors, dispersion/confusion a3 {‘ L ﬁ'h \'i;g A ‘:’_; ‘1 B °
resulting from heterogeneity of different BT a— ss000 Al . N

Time [MJID] ime (MID; day)

instruments/telescopes...).

2 Istituto Nazionale di fisica Nucleare:
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“ermi Periodicity in blazars: red-noise problem

Gamma-ray

Space Telescope
' P P!

Periodicity = binaries
Sillanpaa+1988
Lehto&Valtonen 1996
Raiteri+2001

Fan et al. 2002

Rieger 2004

Liu et al. 2006
Valtonen et al. 2008
Sandrinelli et al. 2014
Graham+2015

WProblem: red-noise. The periodicity significance is difficult to assess given the
usually limited length of the light curves. Red-noise, i.e. random and relatively
enhanced low-frequency fluctuations (Brownian noise) over intervals comparable
to the sample length, hinders the evaluation of significance. Essentially stochastic
variability can build red noise and it can show up and mimic a misinterpreted
periodic trend.

(...one swg//ow does not a summgr make! ' . . Aickermann et al. 2015
.. red-noise keeps you awake during the night!). Simulations can help. | fwo/fhree

O Problem: when blazar luminosities range over maybe 4-5 orders
of magnitude, why do claimed periods all have similar time scales of
a few years (1-25 years) ? If real this is puzzling.

[, W
,A S‘r l\r\f‘fllﬁ

o) - e ——— .

: The Colors of Noise o

. 7 2 ? W ‘ ‘ ‘ red-noise
. ] 8 e o keeps you

_ _1:- e | ‘fg @ @ @ awake

10 i 9] ]

Ceafis 1/f varia‘blhty , :‘;;’ dur’ng the
PR B BT night !
4 o2 3 “?Ag ﬁv ? g i ; 107

o AL S Fequency (1 Zzlﬂﬁm leﬂlﬂm B:l@ﬁm
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<2emi One example: 20-min QPO in Sgr A* vs red-noise

Gamma-ray

Space Telescope
' P P!

U Claims for near-IR and X-ray wavelengths quasi-periodic oscillation (QPO) signal
with 20-minute period reported in light curves of Sgr A* since 2003 (hot spots
Keplerian orbits at ISCO, rotational modulations of accretion instabilities).

nature

International journal of science

Letter  Published: 30 October 2003

Near-infrared flares from accreting gas around

the supermassive black hole at the Galactic
Centre

R. Genzel ., R. Schidel, T. Ott, A. Eckart, T. Alexander, F. Lacombe, D. Rouan & B. Aschenbach
Nature 425, 934-937 (30 October 2003) > <ouan & & fschenbach

Q Sgr A* near-IR periodicity disproved six years later:
relatively short observation time baselines; only a few
clamined-period oscillations; low amplitude oscillations;

not rigorous assessment of statistical significance.

- Oscillations entirely consistent with models based on correlated noise
(power density spectra, PDS, 1/f*a with slopes a between 2.0 and 3.0) .

- i.e. realizations purely ascribed to RED NOISE).

SgrA* SED

cnergy output log VL, (crgls)

Genzel+ 2003; 1 quiescent
Aschenbach+2004; = o

Eckart+ 2006; 2.'“""";'::‘"“""'“"’

i !
Meyer+ 2006' § oot T i
Trippe+ 2007; § 4 .\ 5
Falanga+ 2007; . 18
...etc. E . .-.f‘-"i {5 g

{
i

| (IKMI&J min
]

— 81 Jurelf flae
=« Jure1Sih flare
1| — Jurelinfire

FJ =
4, (miny

100.000 .

Sgr
Red Noise o =

10.000 N

THE ASTROPHYSICAL JOURNAL, 691:1021-1034, 2009 February 1 doi: 10.1088/0004-637X/691/2/1021 . 1.000

(© 2009. The American Astronomical Society. All rights reserved. Printedin the U.S.A. g E
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Second example: red noise in PTAs data

Space Telescope

| 4

U Sensitivity of pulsar timing arrays (PTA) to gravitational waves
limited by timing red noise (stochastic wandering of pulse arrival
times has a red spectrum). Red timing noise spectrum plateaus

below some critical frequency (Lasky et al. 2015, MNRAS, 449, 3293).

U Red noise in PTA data:

e Most young pulsars show intrinsic red spin noise
e Rotation instabilities ?

e Magnetospheric torque changes ?

e Open question: is this a generic property of MSPs too ?

e Can have similar spectral properties to GW bursts

- need to, at least, model the presence of red noise in datasets

* Triage bad pulsars

Contributions to Pulsar Arrival Times

* Pulsar spindown
Pulsar
* Intrinsic variation in shape
and/or phase of emitted
pulses (jitter)

* Reflex motion from
companions.

* Pulsar position, proper
motion, distance

Gravitational Waves

* Warm electrons in the ISM

* Solar system ephemeris

* FErrors in time standards

= R St Apollinare & Perugia, Italy, May 16-18 2019 '
|
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L Largest red-noise signal in Phase residual power spoctramillisccond pulsars

data set are the variationsin = .| ™" Hozone
dispersion measure " [ er ey
- need to remove red noise ' e -
signal without removing red S w s
signal associated witha GW = ]l as o
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10 years of Fermi Gamma-ray Space Telescope

Space Telescope
' P: P

Fermi (formerly GLAST): two Instruments

A 4

The Large Area Telescope (LAT)
20 MeV - 300 GeV
>2.5 sr FoV

The Burst Monitor (GBM)
8 keV — 40 MeV
9.5 sr FoV

ACD

Segmented
Anticoincidence Detector
(ACD) 89 plastic
scintillator tiles. Rejects
background of charged
cosimic rays; segmentation
mitigates self-veto effects
at high energy.

Charged particle
anticoincidence

Gamma Ray Burst Monitor (GBM): detector

Y

the LAT

modular - 4x4 array
7 ton — 650watts

Tracker (4x4 array of

towers)

Precision Si-strip Tracker (TKR)
18 XY tracking planes with tungsten
foil converters. Single-sided silicon
strip detectors (228 pm pitch, 900k
strips) Measures the photon
direction; gamma ID.

alorimeter
HOdOSCOpiC Csl Calorimeter
(CAL) Array of 1536 CsI(TI)

crystals in 8 layers. Measures the
photon energy; image the shower,

Electronics System

Includes flexible, robust hardware
trigger and software filters.

correlative transient observations International and
~ 8 keV - 30 MeV

Conversion

1
1
1
1
1

Large Area Telescope (LAT): interagency collaboration foils
~20 MeV -> 300 GeV .

between NASA and DOE in

USA and agencies in France, acectors

Germany, ltaly, Japan and

et
Calorimeter
(energy measurement)

paclraft ‘ \'
- R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Gamma-ray
' SpaceTeIescope
Large Area Telescope (LAT) U Gamma-rays cover a huge swath of the e.m.
- pair conversion telescope I — I u + spectrum
U The gamma-ray sky is relatively poorly
_Huge field of view (2.4sr) studied

U HE (GeV) gamma-rays probe the non-
thermal universe

K
=

Huge energy range U Extreme environments hosting powerful
= cosmic particle acceleration
= Public data U Galactic/Extragalactic multimessen. physics,

transients, variability
1 More: dark matter, Solar sci., TGFs...

Gamma-ray Burst N ' : _ . e B U Enhanced multi-messenger/multi-

Monitor (GBM) - et O wavelength opportunities.

counters el I8 : : NTO Q Fermi unique all-sky monitor in a broad

energy range (unique survey at GeV photon

energy band).
Celgbrating 10 Years of Fermi

June 11, 2018

Delta Il 7925-H = y
[ st

29m/ o tdlameter |
Payload Fairing

Sacond Stage Engine —
woyarunan QI — e . — LAT FoV i
' U Launched 11 june 2008, Delta Il = Large effective area ‘
mﬁﬁ:"ﬁa_ n «asn | ROCket, circular orbit, 565km altitude, = Good angular resolution ‘
25.6 deg inclination. = Huge energy range
ol Operations. Primary mode: all-sky = Wide field of view < !
Graphite Epory 76mi 25K < / ]
survey with scan of the entire sky for = N
. ’, b
30m|r1 every 3 hours. Autonomous Mission to study cosmic particle accelerators Dc @ |
Repoint Request (ARR). Target of in energy, time, sky position/distribution, distance - =%
Opportunity (ToO). Huge field of view ﬁh",\ M
(2.451) =00 (INAY prn g 33
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Gamma-ray
' SpaceTeIescope

Extragalactic Sources _. 3 ‘ A I I - S k y S U R V E Y .
: Ny : uniformity, sensitivity depth, diffuse emission science, populations studies,

Active Galactic Nuclei i serendipity, variability monitor, transients search,
+ Gamma-ray Bursts .

> = g cross-correlation, cross-match, time domain science,
‘+Starburs_tGaqu1es.. - - . i A .
s multifrequency astronomy, multi-messenger astroparticle physics

: +Supernova Remnants
+ Globular Clusters
+ Pulsar Wind Nebulae + ...

Galactic Sources

Local Sources

Solar Flares +
Terrestrial Gamma-ray Flashes

10°
Intensity (>1 GeV, cm?s™ sr)

Pulsars

>5000 sources

o
Exotic and Transient Astrophysics |
10-year (August 4, 2008 - August 4, 2018) gamma-ray intensity all-sky image obtained by the Fermi LAT.
Pass 8 Source class PSF3 event type data, intensity units, E>1 GeV, 100 deg zenith angle limit, Galactic coordinates, Hommer-Aitoff projection S
and logarithmic scaling. Credits NASA/DOE/Fermi-LAT Collaboration. -

GeV Sky Galactic Point Sources Isotropic

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Space Telescope

v

- Fermi: all-sky survey & time-domain monitor

ALL-SKY + ALL-TIMES (spatial SURVEY + TIME-DOMAIN monitor + depth in z)

mission for the HE Universe, exploring gamma-ray timescales from millisec to years.

Fermi LAT & GBM combined L e
dynamic range EGh
GRB
L L 111l L L LLiL Lk 1 |||I 1 Illlllll 1 Il]lllll 11 lll]lll 1l lllllII 11 ill]lll
102 10" 1 10 107 10° 10t 10° 10°
Energy [MeV]
——GRB extended——
GRB prompt
— TGF — — Solar flares —
—— Pulsar periods —— ——— AGN flares ——
—— Pulsar substr, — Binary sy
wd ool v vovond vvvod vl svened wveed v o svved vvoeed soomel viod sy
10° 10* 10° 16* 10’ 1 0 10 10 1w 100 100 10_ 10°
Time [s]
- Sun —GRB —
Cosmic rays Moon — AGN —
Photons Earth limb —— Galactic —
Grav. waves TGF — —
Neutr‘mos I || || || || 1| lI || || :I 11 || |1 || || || || || || || || ||
: 10° 10° 10" 10" 10" 10" 10" 10* 102 10% 10*

Distance [m]

U Fermi LAT+GBM wide FoV and continuous survey > excellent to “catch”

GRBs, AGN/blazars flares, glitches, galactic transients, novae, SNs, solar flares, TGFs;
to search for neutrinos ,UHECRs, gravitational waves e.m. counterparts, DM non-steady
emission; to monitor the variable HE sky (SERENDIPITY). The gamma raycycleofPG 15534113

nature Fermi All-sky Variability Analysis (FAVA)

Advangeintheopil uolarlxatlon asodtedwitha Fermi All-Sky Variability Analysis (FAVA) tool
y-ray flare in the blazar 3279 C 279

=1 3C279
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Fermi’s Gamma-ray Novae
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Foormd Blazars: supermassive BHs with beamed jets
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O “Blazar”: phenomenological term (obs. characteristics). They are reIat|V|st|c o - -
cosmic particle accelerators (extragalactic particle beams/beacons), A e e
having jets pointing directly at us, with appearance in radio, optical, X-rays. o : ;
U The most variable AGN (emission lines in strength, continuum levels in
flux brightness) = variability over all energy bands (radio to GeV-TeV
gamma rays) and time scales is a defining property of blazars (and a promise

to understand them). Erratic/aperiodic/stochastic variability (it is not boring!) “\ accretion

disk
U Relativistic motion of jet components Doppler-boosts emission in the

direction of motion. Here misaligned-blazars, are types of radio galaxies. e @

optical (grey),
-rays (purple)

cartoon of a r-a::lio-loud AGN

U Bright inverse Compton peak in SEDs in addition to synchrotron peak.
A_BCDEF G H_

U Prominent point sources, dominating the census, in the gamma-ray sky.

10 -[(xai)o'.'v]' i

:‘ E>200 MeV (Fe‘rml LA'E)
Compact radio sources (not always resolved). Polarization in radio/optical. N L AN
£ 'M\:.W ¥ ~-v\~.-n.-.\~ -
O “Extremely rich , multifrequency, data sets on blazars (intensive and extensive E wmoml X-ray [2-10 keV]
observing campaigns/monitor, flux/structure/polarization/spectral/temporal data). oty 4 "*“"W WW "'WWMWW:
3cm 0.3um 400keV 40GeV _ st CN \1\, vr \ I {z band
o [ ‘:cm-mel MIR-NIR ’ X-ray ’ Gamma ’ Il :; z-. ‘. ,1‘ . , :l. “szr;id
: Radio Sub-mmFIR  Optical-UV T“‘—}(‘_‘“‘““— g ':;:)L‘: ; :"v N ,"‘ - A“?{{:‘.‘:PW* =
0 — '.? 30 olarization degree
- 1 o # o o* 3 } *,
I \ 10f L # “t‘ ot
\ Proton-induced -2 i 9 L % — M"‘ oo ToTmimoMe
Shock cascade L 1 | \ g 3 ° . ]
¥ { fawof K4 ',-!;,,L,,,,,,,,f:,,,w,,;
S _4- AGN SEDS T:;(_f.)“,; ‘I“‘wq\\ I 2 15 GHz 3 « L wa& e %(LKLYI/;
Inverse-Compton i R— ]elted e - agcl:?:aéur%r‘ll g:sc i 3 ok s e RS e o o v, ';M P
scattering —Jet(HSP) | ===-= Reflection 6! oo LN TR . v . fogw [T
L s b (L3P N L BT
-6 : 1 . 1 [MID - 54000]
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) qug (Hz) -
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“2emi| The blazar PG 1553+113 (a.k.a. 1ES 1553+113)
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O PG 1553+113 (a.k.a. 1ES 1553+113): optically/X-ray R.A.(1950) Dec.  Bpg B liw Compent Class B U-B BV v
selected BL Lac object (Green+ 1986; Falomo & Treves 1990).

+.
15 53 20.9 +11 20 04 14.83 16.08

15 53 33.3 427 15 28 13.23 15.75
Einstein Observatory (HEAO 2)

O X-ray counterpart discovered by the Einstein Observatory
(1ES catalog, in 1981 March 12, 3.3ksec, 1.27 cts/s).

Observations by XMM, Chandra, Suzaku, Swift, etc. Chandra. Warn{-hot.
intergal. medium (Nicastro+ 2013).

O

s 4 Serpens
Caput_-

Palomar 18 ch (46 cm) Schmidt teléscope

O Redshift constraints: 0.39 < z < 0.62 (Danforth+ 2010, Aliu+ | ST WSS A,
2015). Further estimation z=0.49+/-0.04 (Abramowski+ 2015). ¥ : / - n\ , P%‘lssaﬂl/’

QO VHE (E>100GeV) gamma-ray emission discovered \ : Ophmchusm \/
independently by H.E.S.S. (Aharonian+ 2006), and aai - "\/ om 14 0M10 .5
by MAGIC (Albert"' 2007, Aleksic+ 2012) ;#Q'\' (Seri gV 1 L | raisssens
Hocutd Cauds . & "o >
0 PG 1553+113 plausible counterpart with IceCube ¥ ‘;‘Egg‘e 23:: ‘q/“”(‘?msco.'. | .o §‘1 Lt
event ID 17 (Padovani & Resconi 2014). 5_2_“”_25‘” R ol ' i ‘T;
O Fermi LAT 3FGL catalog (3FGL 1555.7+1111): power-law, [N | S i !
hard spectral photon index (1.604+/-0.025) and F(E>100MeV) C 5l 07 | e e I
=(1.32+/-0.03)X107-8 ph cm”-2 s*-1). Variable source. Fwebg * Eﬁ 1]
O Many spectral/SED studies (LAT data + MAGIC :’ ]} e "F] = .
/H.E.S.S./VERITAS data). Dominant non-thermal in-jet emission. | ™. s wssruis T _ 0"k pa 188311 (F Jr € T T
i ey |The MAGICm'hI'?Ie‘scopes ‘ q o d‘e_abs“)rbEd‘ ‘:F‘: 10‘“5— | ~0‘ —;10‘> GeV TeV
== : s\ | T . b
i / . e ‘ } Hessﬂ Eurﬂ ET“IEZK ::: e L
| % “ m—“:—E:;:‘:::v w“‘u.‘ 10 10%10° l 1 —:m"
‘ _u;" 1 ‘I%[G-Vl ul)z 10°

_ R.St. ApO”inare & Perugia ItaIy May 16-18 2019 Stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 3 7_
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Recap: the 6.9-year Fermi LAT gamma-ray light curves

O [Ackermann+ 2015, ApJ L., LAT paper]:

Fermi LAT gamma-ray flux (E>100MeV
and E>1GeV) light curves of PG
1553+113 based on Pass 8 dataset up to
July 19, 2015, produced in regular/large-
size time bins of 45-day and 20-day bins.

0 A long-term oscillating trend visually
evident. Sinusoidal modulation (using
magnitude log-flux scale). Quasi regular
periodicity in 3.5 cycles. Significance still
marginal against red-noise but
strengthened by MW cross-correlations.
Similar oscillatory trend in optical data.

=>» Deterministic prediction (valid in
long-lived coherence hypothesis): next
guasi-periodic GeV peaks were foreseen
around 2017 and 20109.

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
]
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THE ASTROPHYSICAL JOURNAL LETTERS, 813:L41 (8pp), 2015 November 10 doi:10.1088/2041-8205/813/2/L41

B © 2015. The American Astronomical Society. All rights reserved

MULTIWAVELENGTH EVIDENCE FOR QUASI-PERIODIC MODULATION
IN THE GAMMA-RAY BLAZAR PG 1553+113

the Fermi Large Area Telescope Collaboration

LssenmaL o RONOHY S 2
ystery Signal from a Black Hole-Powered Jet

- Monica Young | November 23, 2015
6] f[v]e]+ RS

Astronomers have spotted what appears to be a regular signal coming from the blazar known as
"

NASA's Fermi Mission Fin
Gamma-ray Cycle in an Active Galaxy

issionsarane e by sypeizedblck e f corfirmed, the

litde like
ativistic waterfall.
g point of light is
powerful plasma
supermassive

of PG 1553+113

ns within that
almost light

c fields, and they
tromagnetic

ling out any other
m\qm even see

T STUUETTOUISTIeN turbulence, a

sudde ﬂ\xof p\asma or some other

force roils the Jet

= lis atthe h=ars of mostlaege galaiiss
s,:nuvcv czl:( rale redates bilions of times @s much energy as
mistals renging from minues 10 yeers: Asironomers refer o these =3

Flux (€ > 100 Me¥) 10 em 75 /]

Q T|me S|gnal serendlpltous dlscovery, based on light curves, with analysis and research led by Sara Cutini (INFN
Perugia, was SSDC) that saw in 2014 the gamma-ray long-term oscillation using large time bins in LAT data, and by S.

Ciprini (INFN TorVergata+Perugia & SSDC) with first variability timing analysis, discussion and paper handling. = First
joint (shy) talk based on Pass7 data on Sept. 2014 at LAT Coll. Meeting in Montpellier, France.

U Soon fundamental contribution by our friend S. Larsson (KTH Royal Inst. Tech. Stockholm & Dalarna U.):
complementary and also critical cross-check variability timing analysis and cross correlation analysis. rnAI:“ﬂl:II)

0 Main contribute in the paper then by D.J. Thompson (NASA GSFC). Glasnost ng;Z?gf;Sansparency
freedom of speech

Q Contributions to parts of analysis also by R. Corbet and W. Max-Moerbeck. D Sl

A Discussion contributions by many. External multifrequency data contributors. E. Lindfors, T. Readhead leaders for optical/radio
data, M. Perri leader for Swift XRT and UVOT data).

U Target initially triggered by A. Stamerra (now MAGIC co-spokeperson), that asked to Sara Cutini in 2014 to produce LAT SEDs data for
high/low states of a few MAGIC TeV blazars (also PG 1553+113) = serendipitous discovery during the work for identification of
high/low states. =

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
]
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Interest by the external scientific community in this >-,”0.161_. e Tt
[Ackermann+ 2015, Ap)] LAT paper = follow-up works S+ 04 | | |
& tests/models all in the binary SMBH scenario and addition §E gég “| || | IH 9
of a 1 or 2 year data baseline. 0 oo [ 4 1 ||| “‘l | Ill’lﬂh LI ”H " III||H| |‘||H|I W l

5L ou| |'||,».1M' |"'fﬂ u,n# LT m i
Examples: R T T a7 =
O [Tavani+ 2018]: T A

Cl 2 C3C4_CS C6 C7

2016-2017 data added and claim for a Jan. 2017 new gamma-ray peak

fitting the 2.2-year modulation. Binary SMBHs dynamics (about 1078 and 10*7 Msun.
BH masses). Periodic stresses of the main BH jet triggering MHD-kinetic tearing
instabilities. Magnetic reconnections and acceleration of electrons producing
synchrotron emission and inverse Compton emission in GeV gamma rays.

=5 o
F (107" emi*.s")

U [Caproni+ 2017]: 2005 2010 2015
Binary SMBH model with main relativistic jet that is steadily precessing in time.

O [Sandrinelli+ 2018]:

Binary SMBH model & relativistic jet instabilities both probable. Binary SMBHs
model in tension with very low freq. gravitational wave background currently
measured by Pulsar Timing Arrays. General difficulties in associating
guasi-periodicities of BL Lac objects to binary SMBH system:s.

Q [Sobacchi+ 2017]:
Binary SMBH model with an imprint of the secondary SMBH orbital speed
on its jet. Jet preferably carried by (secondary) SMBH.

stefano.ciprini@ssdc.asi.it - SSDC & TNFN Rome

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
]



Toormd 9.5-year LAT gamma-ray flux light curves

Sp TI cope

30 1.I1.2009 l.I1.2010 1.I1.2011 1.'1.2012 1.l1.2013 1.'1.2014 1.'1.2015 1.l1.2016 1.1.'2017 1.1.2618_
251  preliminary + 0 +
150 ¥4 ' T4 o b b b ++ oy
1.0} V *** *++++++ +++++ ++ +++ : b y #** ++**+ +** o ++ . ++ _
o5 # L Ifllux I(E>Il§e\ll) .45. dal\ysltlr?nel |
14 i

. Flux (E>100MeV) - 45 days time +

ol bin + + + + +
T 44 : RTTERA
1 4 , W s A M* l A ++*+ :'im

Flux (E>100MeV) - 20 days time bin

O Fermi LAT gamma-ray flux
(E>100MeV and E>1GeV)
light curves (lc) of

PG 1553+113 Pass 8 dataset
up to Jan. 2018

(full 10.8-year baseline in the
paper in preparation).

U Regular/large-size time
bins of 45-day and 20-day bin
size. Temporal analysis
cross-checks on adaptive bin
and aperture photometry Ics.

O Long-term oscillating trend
visually evident but a more
noisy appearance. Predicted
oscillation maximum is
observed.

151

T
| %ﬁ ;w* :&*ﬁ#ﬁ#ﬁﬁﬂ MWM “m W&

preliminary

55000 55500 56000 56500 57000 57500 58000
MJD

- | R.St. Apollinare & Perugia, Italy, May 16-18 2019 INFN  stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome “~+ L
] a7 i s Nuseare ]

Flux (E > 100 MeV) [10~® cm™2 s~!]Flux (E > 100 MeV) [10~® cm—2 s~1] Flux (E>1GeV) [107° em ™2 s7"]

—> Periodicity in 4.5 cycles.
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b i 9.5-year LAT gamma-ray light curves
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16.8

— Gamma-ray "maghnitude"(E>100MeV) - 20 days time Tn + D 9.5_year LAT gamma-ray ﬂUX
E 17.3 - { l . { M light curve of PG1553+113
I
g { " X | | 1% | i + o (E>100MeV 20-day bin) reported
) ‘ f H “ H ”
o 178*+ T ] 4 M pﬁ | : Il‘ {l in log10 Y-scale (“magnitude”).
3 | | i ) 4 i ' { 'l A strict single-pulse sinusoidal
Il |’!‘ ﬁ | | IIL { ' curve (P=2.18y) curve is
o) f ]
5 \ ‘ ’ .. superposed.
o 185 preliminar Perp
546500 551500 556500 56150.0 56650.0 571500 576500 58150.0
MJD
,,,,,,,,,,,,,,,,,,,,,,,,,,, S,
— 15 | Fluu [E}lD{]MeU] El‘.} days time h!n i =
0 9.5-year LAT gamma- = - : i : .
ray flux (E>100MeV 20- g i . : 4 ! i
i = : 3 = o }
day bin) light curve of ¢, L. & . &y 3 E 3 §
PG 1553+113. ;‘- 10 [ i i i : % 2 .’«'ij =
The light curve is fitted g . Y &
(green curve) with a z ! 3 wE\ i ]
coherent pulse w 5 £ h —
isti | x 7 ¢ ¥ i
consisting of 4 Fourier 2 | rliminary ¢ : |
components. 0 ; fg e g gy B R R T E | R U PR i
55[][]!] 56000 57000 58!]!]!]
MJD
S i Apolinare & Perugia, ltaly, May 16-18 2019 =sog (INFN  stefano ciprini@ssdc.asit - SSDC & INFN Rome 4 Zomm
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Toormd Gamma-ray overlapped optical light curves
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0 9.5-year LAT gamma-ray flux (E>100MeV 20-day bin) light curve of PG 1553+113 (red datapoints).

0 12.5-year optical (R-band) light curve of PG 1553+113 (grey datapoints).
Collected from: Tuorla+KVA monitor program data + Catalina CSS archive data + KAIT monitor data +
Swift UVOT data. Swift dedicated program on PG 1553+113 since 2015.

25

1.1.2006 1.1.2007 1.1.2008 1.1.2009 1.1.2010 1.1.2011 1.1.2012 1.1.2013 1.1.2014 1.1.2015 1.1.2016 1.1.2017

10

Flux [mJy]

preliminary

Flux (E > 100 MeV) [108 cm = s71]

54000
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Multifrequency flux light curves
built at: X-ray, optical (Rand V
bands) and radio (15 GHz) band.

12
10|

=>» X-ray data obtained with Swift-
XRT (thanks to past MW campaigns

and dedicated follow-up program on
PG 1553+113 started on Dec.2014).

Flux (0.3 — 2keV)[10~ ! erg cm—2 57}
N A O ©

251

=> Long-term Rossi-XTE (ASM) and = 20}
Swift-BAT also under re-analysis % 5l
(but poor statistics and noisy). u
10}
=» Optical band is assembled with
Tuorla monitoring program, with 00T 15 GHz eOVRO 40m
Katzman Automatic Imaging __ 250
Telescope (KAIT) monitoring data :; 200 b
Catalina Sky Survey (CSS) data and 2 1s0b preliminary
a dedicated follow-up program of
Swift-UVOT. 100 54000.0 55000.0 56000.0 57000.0 58000.0
MJD

=» Radio band at 15 GHz is assembled with 40m Owens Valley Radio Observatory (OVRO) with blazar monitoring
program supporting Fermi (Richards+ 2011) and Monitoring Of Jets in Active galactic nuclei with VLBA
Experiments (MOJAVE, Lister+ 2009)

_ R.St. ApO”inare & Perugia Italy May 16-18 2019 Stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 44_
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L LAT 45-day bin gamma-ray
(E>100 MeV) flux light curve compared
to 10-year optical polarization data.

U Optical polarization degree data
collected mainly from
KANATA telescope, Japan.

U Some data added from Raiteri+ 2016
(Crimean Obs. in Russia, Lulin Obs. in
Taiwan, Skinakas Obs. in Crete Greece,

St. Petersburg obs. in Russia).

U More (short term) data from our progra

at the Italian 3.6m INAF-TNG telescope
in La Palma, Canary Islands (DOLORES
and PAOLO instruments).

Q Preliminary, optical polarization
degree appear related to short term,
erratic in-jet, optical flaring activity.

u TELESCOPIO NAZIONALE GALILEO
)

m

Optical polarization degree light curve

it '||" | ||+
2 *I*Hi i H| f “#* *I hH}“ #

_ 10 pre[limingjryI | | '|! | ]opl'fr:a]/
& "

% 5- : i |1‘ ;L ,' ! i“ ! '
IR L (| o

u TELESCOPIO NAZIONALE GALILEO|

- R.St. Apollinare & Perugia, Italy, May 16-18 2019
|

Higashi-Hiroshima Observatory

KANATA 1.5-m Optical and Near-Infrared telescope

tituto Nazionale di Fisica Nucleare

=
KANATA optical and NIR telescope

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome
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Temporal variability analysis: epoch folding

A classical 3-step “how-to” periodicity:

00 -

pcriodicity smrch

i
I

period folded light curve

= 2 ] l % h | 15‘&‘ f
I example li /| exaniple!
\ oa:-* T rIJ Ty
§ QA V‘\f
160 B s e
S 100
N~
-
w
=
3 50
[72]
= o
(&)
0
600 700 800 900 1000

Epoch folded light curve (flux E>100 MeV 20-day bin)

FOLDING PERIOD (days)

- R.St. Apollinare & Perugia, Italy, May 16-18 2019
|

Flux (E > 100 MeV) [107* cm=2571]
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Pulse shape analysis (flux E>100 MeV 20-day bin)

U 1) The epoch folding / pulse shape analysis.

= The driving method in presence of a mostly regular
sampling and coherent sinusoidal oscillations.

= Analysis based on period-folded and pulse shape
light curve (4 Fourier components).

= Power is confirmed at a gamma-ray characteristic

periodical timescale of 2.2+/-0.2 years

= Istituto Nazionale di fisica Nucleare:

stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome

in all the 9.5-year LAT gamma-ray light curves.
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0 2) FSSC at GSFC web: direct discrete Fourier transform and power density spectra (PDS) using a gross 30-day
bin aperture photometry technique, confirms the same 2.2-year timescale.
LAT 3FGL Catalog Aperture Photometry Lightcurves

U 3) Lomb-Scargle algorithm PDS periodogram (LSP), also

compared to the wavelet epoch-average spectrum. = Nasa  Naora Aeonauts and Space Adnrisratn
|
Lomb-Scargle periodogram _ & 3.5x1077 AEGLILSSS Tl - -
Tequency spectrum estimation method | delay parameter tan2mr—_z;sm i § 3.0x10'7 HE 1553+113 -
Nicholas R. Lomb and Jeffrey D. Scargle e Y cos2an, £ 2.5%10”7 i T || lbllll i
: : : 20x107 |- i |§J m -
1 [Z X, COBGJ(!J, —r)] [z X, smm(r; —r)] % X Wf.l h‘“ lﬁll
periodogram P, (@) =— 4 =L g 1.5x107 30-day bin
2l Y cos’w(t,-1) Y sin’ @(t,-7) < 1oxio”
s d % 54000 55000 S6000 57000 58000 59000
T o Time (MJD)
1 4) More methods (also for cross-check): discrete . 3FGLI1555.7pl 11 ,
autocorrelation function DACF, structure function SF, T 6.0x1076 [ .
phase dispersion minimization PDM, etc.) ‘?54_0x10-16 N .

[ 5) Continuous Wavelet Transform [ comsmsm s ocsmns v rarsen Ea.0x107 - =
(Morlet-mother waveform). ' ' " 0.0
Coherent gamma-ray signal peak
along all the light curve epochs.

Power

10
Period (days)

Public discrete FFT PDS using aperture photometry

. H N A LA N\ 1 countsand exposure weighted light curve at FSSC-GSFC
E_l 6_) TWO apprc?achc.es for S'_gnal il\/\/\A/W\/\/ website (suitable for quicklook inspection of gross
significance estimation against b1 features). Not suitable for scientific analysis and
the red-noise. (quantitative analysis Tme publications (not background subtracted, contaminated

in progress on the 10 year dataset, for the paper). by nearby sources photons in the aperture).
~= Credits [Robin Corbet, NASA GSFC]
|NFN stefano.ciprini@ssdc.asi.it - SSDC & INFN Rome 47:-

2 Istituto Nazionale di fisica Nuclear

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
]



‘0

< svermi

s Structure Function and Discr. AutoCorr. Function
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Q Cross checks with further analysis methods and functions of the
LAT 20-day bin, gamma-ray (E>100 MeV) light curve of PG 1553+113
are consistent with quasi-periodicity signal of T=2.2 years period.

? 1 T T : p I T T ! ! L ! T ]
S K s ]
3 I~ ® n
Struct.ure Lfé 14l ) A ﬁ.sﬁ c
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Toam Gamma-ray light curve: wavelets and LSP
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0 2D plane contour plot of the continuous wavelet transform (CWT, i.e. a 2D power density spectrum), a.k.a.
wavelet scalogram, of the 9.5-year, 20-day bin, LAT gamma-ray (E>100 MeV) light curve of PG 1553+113.

U Morlet mother function (filled color contour). The right side panel shows the 1D smoothed (all-time-epoch-
averaged) power spectrum of the CWT scalogram. A signal power peak is in agreement with the 2.2 year value
found with epoch fold/pulse shape analysis. This right side panel also include the Lomb-scargle Periodogram
CWT power W (s)I?/c? [x 107'%] (LSP). Dashed lines depict increasing levels of

N | confidence against red noise.
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e, Optical Ic wavelet and LSP analysis

U 2D plane contour plot of the continuous wavelet transform (CWT, i.e. a 2D power density spectrum), a.k.a.
wavelet scalogram, of the about 13-year, optical, unevenly sampled, light curve of PG 1553+113.

U Morlet mother function (filled color contour). The right side panel shows the 1D smoothed (all-time-epoch-
averaged) power spectrum of the CWT scalogram. A signal power peak is at 2.2-year value (the same of the

gamma-ray data). This right side ?anel also include the Lomb-scargle Periodogram (LSP). Dashed lines depict
CWT power W (s)I*/¢?

AAE increasing levels of confidence against red noise.
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O PG 1553+113: cross-correlation analysis

Cross-correlation analysis. Important diagnostic for
multifrequency periodicity analysis in AGNs/blazars.

0 Optical-gamma-ray cross-correlation (unbinned
unevenly-sampled and large-gapped optical light

curve opposed vs the uninterrupted and regular 45-day bin
(E>1GeV) LAT gamma-ray light curve) supports the

periodicity because:

1) the optical covers additional time epochs, a bit more

backwards in time

2) the optical-gamma energy bands can be described with
similar periodicity plus erratic faster variations (in-jet flaring
plus usual blazar variability and/or measurements noise).

But optical/gamma noise and sampling different

- found similar quasi periodicity strengthen its reality.

QO Significance of the gamma-ray-optical cross-correlation

preliminary estimated to be >95%.

Strong cross-correlation with time lag consistent

with zero lag (-16+/-27 days) > strengthens the
fact the periodicity is real and possibly coherent.

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Open astrophysical scenarios for PG 1553+113

O Jet wobbling/precession/rotation/nutation on parsec scales (...but 2-years is a too short timescale?).
Non-ballistic (= components) helical motion travel time effects can lead to observed time shortening effects.

QU Curvature and helical-like structure of the relativistic jet, and/or of the radiating in-jet components.
Such features can results in differential Doppler beaming magnification changing periodically, with oscillations of the
angle of sight and the observed radiation boosting. A whole jet structure/geometry and/or in-jet localized components.

UAlternatively disc-jet connection and symbiosis with induced quasi-periodical triggers and ejections.

= Warped disks; accretion perturbations; periodically intermittent supply of plasma in the
jet funnel; MHD/magneto-rotational instabilities in relativistic magnetized accretion disks,
MHD stresses with magnetic reconnection (intrinsic to material of accretion disk or jet itself).
= These can be well consinstent with tidal/efficiency/ perturbations and MHD-tearing
instabilities given by a close BH companion, i.e. a sub-parsec (<1018 cm) binary,

gravitationally bound, supermassive black hole system (SMBHs).

U Physical origin of jet wobbling is in changes in direction at the jet nozzle:

= by accretion disk precession, Lense-Thirring (rotational dragging in GR) precession,

Binary SMBHs disks and circumbinary disc
SSimulations

orbital Keplerian motion of the
accretion system with

jet nutation (rocking, nodding)
in a binary SMBHs scenario,

= by periodic perturbations,
warps, stresses to accretion
disc again in a binary SMBHSs
scenario.

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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Open astrophysical scenarios for PG 1553+113

O Pulsational accretion flow instabilities, approximating periodic behavior, are able to explain periodic

modulations in the energy outflow efficiency.

Magnetically arrested and magnetically dominated accretion flows (MDAFs) could be
suitable regimes for radiatively inefficient of TeV BL Lac objects like PG 1553+113
(Fragile & Meier 2009), characterized by advection-dominated accretion flows and
subluminal, turbulent, and peculiar radio kinematics.

0 Similar mechanims to low-frequency QPO of Galactic high-mass binaries
(Fender & Belloni 2004, King et al. 2013). PG 1553+113 has a low accretion rate. QPO
Lense-Thirring precession requires inner accretion flow forms a geometrically thick
torus rather than a standard thin disk as the latter warps (Bardeen-Petterson effect)
rather than precesses (Ingram et al. 2009). ADAF-disks anyway can give precessing jets.
U Lense-Thirring precession could affect the jet direction, giving the QPO.

Q Binary, gravitationally bound, SMBH system (total mass of
1.6X1078 Msun, milliparsec separation, early inspiral nano-Hz
gravitational-wave driven regime. Keplerian binary orbital

motion with periodic accretion perturbations or jet nutation.
=Disk evolution accelerated onto a binary SMBH system, as shown by
simulations. Probability of observing such a GW-driven milli-pc system
(mass ratios 0.1-0.01, and lifetime 1075-1076 years) might be small.
= About current PTAs nano-Hz GW detection limits we would

better aim to have millisec pulsars timing constrains/detections

from Square Kilometer Array.

= Event Horizon Telescope, EHT, (too distant ?); LISA (too very-low frequency GWs ?).

i R.St. Apollinare & Perugia, Italy, May 16-18 2019
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PG 1553+113 gamma-ray light curve fourier power spectrum
animation plot and a recent 3D GR+MHD simulation

NASA GSFC + Fermi LAT Press Release of Oct 17 2018

Fermi

Gamma-ray Space Telescope

Home  Registration  Abstracts

Hotel

Program Participants Local Info FAQ sociLoc Public Event

For release: Oct. 17, 2018

Prof. Lynn Cominsky, Press Officer
Eighth International Fermi Symposium
lynnc@universe sonoma edu

707-695-7140

Bl

lazar's Brightness Cycle Confirmed by NASA's Fermi Mission

A two-year cycle in the gamma-ray brightness of a blazar, a galaxy powered by a supermassive black hole, has been
confirmed by 10 years of observations from NASA's Fermi Gamma-ray Space Telescope. The findings were announced
today at the Eighth International Fermi Symposium meeting this week in Baitimore.

"This is the first time thal a gamma-ray period has been confirmed in an active galaxy " said Stefano Ciprini, a researcher at
the INFN Tor Vergata division of ihe Italian Space Agency's Space Science Data Center in Rome. "The gamma-ray period is
also seen in other wavebands, including visible light, and additional X-ray and radio data hint at similar brightness peaks.”
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Latest Related Black Holes

22days ago

2 month ago

Oct. 2, 2018

amonth ago

New Simulation Sheds Light on
Spiraling Supermassive Black Holes

Storm Rages in Cosmic Teacup
2 months ago

A new model is bringing scientists a step closer to understanding the kinds of light signals produced when two
supermassive black holes, which are millions to billions of times the mass of the Sun, spiral toward a callision. For

the first time, a new computer simulation that fully incorporates the physical effects of Einstein’s general theory of
relativity shows that gas in such systems will glow predominantly in ultraviolet and X-ray light.

3 months ago

New computer simulation that fully incorporates 3D General
Relativity magneto-hydrodynamics showing gas in a binary
supermassive black hole system at only 40 orbits from
merging and glowing predominantly in ultraviolet and X-ray
light [d'Ascoli+2018, ApJ, 865, 140].

Data reported in Bowen+ [2018] produced by Harm3d code
[Noble+ 2009] are used for detailed predictions of both
the spectrum and the time-dependence of the light emitted.

Simulation movie attached to this presentation
at the conference indico timetable entry

for this talk .
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THE ASTROPHYSICAL JOURNAL LETTERS, 819:L37 (6pp), 2016 March 10 doi:10.3847/2041-8205/819/2/L37

ALA Research highlights from the journals © 2016, The Amesican b '
!s of the American Astronomical Society PRIMARY BLACK HOLE SPIN IN OJ 287 AS DETERMINED
BY THE GENERAL RELATIVITY CENTENARY FLARE

HOME  HIGHLIGHTS  JOURNALS DIGEST ‘ M. I, VarroNeN'?, 8, ZoLa®*, 8. CiprInT®, A, GoPaRUMAR?, K. MatsumMoTo®, K. SaDARANE®, M, Kinger®, K. Gazeas'?,

Dance of Two Monster Black Holes
By Susanna Kohler on 23 March 2016 u m

This past December, researchers all over the world watched an outburst from the enormous black hole

Related

QASI (Italian Space
Agency) news

in O 287 — an outburst that had been predicted years ago using the general theory of relativity.
Qutbursts from Black-Hole Orbits

QJ 287 is one of the largest supermassive black holes known, weighing in at 18 billion solar masses.

O INAF (Italian

National Institute for
observed as early as the 1890s. What makes Ol 287 especially interesting, however, is that its light Artist's impression of a quasar. In the quasar ( 7, a secondary supen ive black hole orbits the primary, .
k surrounding the primary. [E: . Ko aStI"OthSICS) neWS

Located about 3.5 billion light-years away, this monster quasar is bright enough that it was first

curve exhibits prominent outbursts roughly every 12 years.

What causes the outbursts? Astronomers think that there U TIFR Mumbai India,
news

O University of Turku,
Finland, news

U Jagiellonian

University, Poland,

is a second supermassive black hole, ~100 times smaller,
inspiraling as it orbits the central monster and set to
merge within the next 10,000 years. In this model, the
primary black hole of OJ 287 is surrounded by a hot

. accretion disk. As the secondary black hole orbits the

primary, it regularly punches through this accretion disk, f e e -

heating the material and causing the release of Diagram illustrating the orbit of the

=— [l m the disk. This secondary black hole (shown in blue) in Ol

" outbursts we see. 287 from 2000 to 2025. We see outbursts [ o news
(the yellow bubbles) every time the
ewtonian orbits secondary black hole crosses the accretion
k hole’s crossings disk (shown in red, in a side view)

surrounding the primary (the black circle).

e e i .. | Valtonen, Zola, Ciprini,
! sol:
gprical photomety or 01 287 from OCtOBEr ) the orbit. black hole i GOpa kumar, et al. 2016,

to December 2015, showing the outburst
that resulted from the secondary black hole
crossing the disk. [Valtonen et al. 2016]

of these outbursts therefore provide an excellent test of flsire - he
AplJ Lett, 819, 37

- 10 light-wecks
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Conclusions
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U Time to consider supermassive BHs (SMBHs) in the search for (micro/nano-Hz) GWs.
- Next prospects for SKA, future international PTAs projects, LISA (this for the lower mass population <1026_Msun).

U Possible (more or less exotic) effects at high frequency GWs (> 1 Hz) of supermassive BHs
(= potential interest for the high-sensitivity Einstein Telescope).

O Astrophysical direct evidence for sub-pc spatially unresolved binary-SMBHs candidates (quasi
periodic signals, pc-scale distorted radio-structures/helical-patterns in jets, double-peaked broad
lines, etc.) is an interesting and debated topic.

U Blazar periodicity in blazar light curves is not a trivial problem and data analysis. Strong claims
needs strong evidence. Multifrequency cross-correlations and polarization data are important.
Beware of sparse data, systematics, and the ubiquitous red-noise.

U Periodicity can be also explained by a variety of mechanisms different by a binary SMBH system.

W Discovery of about 2-year gamma-ray (and optical) periodicity in PG 1553+113 seems coherent and
maintained also in the 10 year Fermi LAT dataset, with improving significance.

O Importance of astrophysical knowledge about the universal accretion phenomenon in classical
astrophysics. It provides a useful contribution also to accreting SMBH physics in AGN, to jets physics,
and to GW and multimessenger particle physics.

O SMBHs are tantaslizing: multifrequency + multimessenger particle (VHE/UHE neutrinos, UHE CRs,
MeV-GeV-TeV gamma rays) + gravitational waves + axions (dark matter) cosmic laboratories.
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