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20 Years Ago...

¢ What are the timescales of variability?

¢ How is the variability amplitude related to the timescales?
¢ What is the variability amplitude in different wavebands?
¢ [s variability periodic?

¢ [s there evidence for non-linear behavior?

¢ How is the variability of the various continua related?

¢ How does variability vary with luminosity?

¢ (Can the variability properties of an AGN change with time?
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~ ubiquitous: detected at all wavelengths, timescales,

e —

| erratic, aperiodic, red-noise type
|
|
. to y rays

>20 orders of magnitude in frequency, from radio

timescales: from minutes to years, depending on

wavelength, viscosity, disk height

- origin: instability in the accretion flow, variations of |

|

the accretion rate, shocks or bulk injection of new

particles (jet variability)
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!: information about the physics of the central black

hole and the AGN emission mechanism; probe

connection with the host
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The Beginning of Pains: Origin of Optical Variability

June 27,2023

W2 (mly)
- N W A O O
I
-

—
L LR RS RN A RARRR AN

X-ray (counts/s)

o
o

[Swift UVW2

1] Swift X-ray

Yesterday’s talks

NGC5548,
adapted from
McHardy+14

W2 (mly)

X-ray (counts/s)

i T !\I\' i!i

e o A1 OB A R 1
hE 1348 ik gt [ 7]

il Al “" ?im;‘ kil }Ei! ill m“ |||| ) ]
| ‘ i

[ ]

L 1 L L L L | L ! L L
6450 6500 6550
MJD-50000

the observed emission is very likely

intrinsic + reprocessed emission

McHardy+16, Arévalo+08, Ultley+03, and references therein
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Nearby AGN: An Asset for Variability Monitoring

The study of individual sources in multi-wavelength campaigns proved crucial

\

(4-14 yr)

¢ no periodicity

¢ pulsating accretion disk?

¢ correlation between UV and optical variability

3C 273: IUE observations, 1978-1992

¢ variation by a factor of 1.5-2
Ulrich+93

NGC 5548: IUE observations, Dec. 1988-Aug. 1989, 4 d

cadence

¢ variability amplitude decreases with wavelength

¢ continuum variations are simultaneous in the 4 UV /optical

bands tested
Clavel+91
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f, N GC 415 li g)hogographic + photoelecu:ic observations,j
1 1906-1984, ~1000 measurements in total
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Adapted from Clavel+91.
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The First Ensemble Studies
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Optical Variability Selection of AGN: Pleasures...

—»
large source samples from SDSS, PanSTARRS, Z'TE etc. good characterization

¢ allows exploration of large areas

¢ identifies AGN missed by X-ray surveys (Vi/lforth+12)

¢ does not miss host-dominated AGN (Sargjedini+03)

¢ identifies low-luminosity AGN (Barr&Mushotzky86, Cristiami+96; Villfort+12)

¢ returns higher AGN surface density than estimated via other selection methods (Sargjedini+03)
¢ allows completeness studies (7revese+08, Boutsia+09)

¢ lower costs compared to space-based surveys
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...and Pains: Irregular Sampling

source # 18
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Further Pains: Baseline Dependence

5 month baseline 3.3 yr baseline
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More Pains: Baseline and Cadence Dependence
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Additional Pains: Depth Dependence
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The Current VST-COSMOS Data Set

visit obs. date seeing (FWHM) visit obs. date seeing (FWHM)
(arcsec) (arcsec)
1 2011-Dec-18 0.64 37 2014-Feb-23 0.81
2 2011-Dec-22 0.94 38 2014-Feb-26 0.81
3 2011-Dec-27 1.04 39 2014-Feb-28 0.77
4 2011-Dec-31 1.15 40 2014-Mar-08 091
5 2012-Jan-02 0.67 41 2014-Mar-21 0.96
6 2012-Jan-06 0.58 42 2014-Mar-23 0.92
7 2012-Jan-18 0.62 43 2014-Mar-25 0.66
8 2012-Jan-20 0.88 44 2014-Mar-29 0.89
9 2012-Jan-22 0.81 45 2014-Apr-04 0.58
10 2012-Jan-24 0.67 46 2014-Apr-07 0.61
11 2012-Jan-27 0.98 8 month-gap 47 2014-Dec-03 1.00
= 12 2012-Jan-29 0.86 48 2015-Jan-10 0.71 o
g 13 2012-Feb-02 0.86 49 2015-Jan-28 090 | o
7 14 2012-Feb-16 0.50 50 2015-Jan-31 0.73 8
8 15 2012-Feb-19 0.99 51 2015-Feb-15 0.70 g
L) 16 2012-Feb-21 0.79 52 2015-Mar-10 0.80 | ¢
17 2012-Feb-23 0.73 53 2015-Mar-14 0.84
18 2012-Feb-26 0.83 g 54 2015-Mar-19 1.00
19 2012-Feb-29 0.90 (,o 55 2021-Dec-06 0.94 6 yr 9 month-gap
20  2012-Mar-03 0.97 é’ 56 2021-Dec-28 0.57
21 2012-Mar-13 0.70 ] 57 2022-Jan-05 0.58
22 2012-Mar-15 1.08 < 58 2022-Jan-13 0.69
23 2012-Mar-17 091 =1 59 2022-Jan-25 0.71
24 2012-May-08 0.74 8 60 2022-Feb-03 0.96
25  2012-May-11 0.85 @®| 6l 2022-Feb-10 0.62
26  2012-May-17 0.77 3 62 2022-Feb-24 0.56
27 2013-Dec-27 0.72 63 2022-Mar-04 0.58
1yr 7 month-gap 28 2013-Dec-30 1.00 64 2022-Mar-11 0.75
29 2014-Jan-03 0.86 65 2022-Mar-24 0.68
30 2014-Jan-05 0.81 66 2022-Mar-31 0.70
31 2014-Jan-12 0.73 8 month-gap 67 2022-Nov-23 0.91 %
32 2014-Jan-21 1.18 68 2022-Dec-10 056 |o
33 2014-Jan-24 0.80 69 2022-Dec-31 1.07 8
34 2014-Feb-09 1.28 70 2023-Jan-02 - =
35 2014-Feb-19 0.89 71 2023-Jan-03 0.84 |0
36 2014-Feb-21 0.93 stacked - 0.67

June 27,2023 11 Demetra De Cicco



Light Curve Analysis: Structure Function

Analyzes the amplitude of variability as a function of the time lag between each pair of observations;

model-independent; non affected by irregularity of sampling

N
SF(At) = % Y (ami;)? (Simonetti+84)
=1
SF(At) = <\/§|Am1}j| - <a2>> (Vanden Berk+04)
SF(At) = med(Am3;) (Sumi+05) Q
N
SF(At) = <\/§ |[Amis| =4 /of + a?> (Sehmidi+10) ;S
+
SF(At) = 0.74(IQR)/vVN — 1 (MacLeod+12) | <
SF(At) = \/ (AmZ,) — (02) (Bauer+09)
SF(At) = \/ <gAmij>2 — (0?) (Bauer+09)
SF(At) = \/ %(Im(t i) —m(t)])? - (o-'zwl.se) (Di Clemente+96)
g | PR BEWARE OF
! == Szymon Kozlowski’s talk | e
N after the break | NOISE

-
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Light Curve Analysis: Power Spectral Density

Koztowskil 6 and references therein

Power Spectral Density (PSD)

105 E I I ||||||| I I ||||||| I T ||||||| T I \lllliE: ‘ ; _ o0 7 00
B : . otal power = = v)|“dv
. total y ()| dt Y () |*d
104 g o w=— a = —2 (DRW At(T) = —00 —00
; TN - T T
- “ —
< 1000 N, = time series PSD
L = N, -
N - S, i
NDD 100 = \N «0® =
g - S N 0@ . Aperiodic variability => spectra are well fitted by a |
~ 10 = ¢ = . : |
A - \\ Zq E “broken power law (PSD ~ v-2, 1.e., red-noise type)
. : A ] |
Le \ =
B b .
0.1 ¢ : ) \\ — 'No correlation among the points, well- constramed
- a = —(y+1 E
001 il il N statistical propertles but 1ssues with irregular samphng
- 10°° 10-8 10-7 10-6 10-° -
v (Hz)
variability amplitude (t << 1)
The wvariability of a light curve can be estimated via T

1
continuous-time autoregressive moving average (CARMA) dX(t) = ——X@)dt + o« dt? t)+bdt, t,0,t>0.
T
models; first-order => damped random walk ‘ l
(Relly+09, MacLeod+10, Relly+14, Roztowskil6, Burke+21)

relaxation time AGN flux white-noise process

g

| _
{
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Variability Amplitude Properties

¢ increases with time lag

¢ decreases with increasing wavelength and with luminosity

¢ high correlation among different bands

R

e

o
8

o
3

Struclure Function, ((n/2)<|am|>? - <g?>)'2

o
2

P |
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Connections with the Central Engine

Variability amplitude and timescales are connected to rest-frame wavelength as well as to some properties (e.g.,

Mgh, Ag, Lbol; e.g., McHardy+06, Gonzalez-Martin & Vaughanl?Z2, Paolllo+17) of the central black hole => can be

used to characterize and estimate these properties, especially in the era of wide-field surveys

Conflicting results for BH mass dependence;

evidence for anti-correlation of variability amplitude with Ag and Lol

Publication Measure of Amplitude /Timescale A vs. T VS.
Mgy JEdd Lol Mgy JEdd Lgo

Wilhite et al. (2008) SF (ensemble study) + . — X X X
Kelly et al. (2009) DRW: 7-decorrelation timescale, o 0 I— — X ~—+
(M10) DRW: 7, o + — — + X ~+
Morganson et al. (2014)" SF: A, ~ X X — X X +
Koztowski et al. (2016) DRW: 7, o X X l— + X ~—+
Simm et al. (2016)° EV, and PSD (break timescale) 0 0 0 0
Caplar et al. (2017) SF: 7, 0 ~ X — X X +
Rakshit & Stalin (2017)° DRW: 7, o - — ~—+ X X X
Sun et al. (2018)d SE: 7, 0 X X I— X — '+
Li et al. (2018)° SF: A, v ~+ - X +
Sanchez-Séez et al. (2018)" SF: A 0 X X X X
This work - Suberlak et al. (2021) DRW: 7-decorrelation timescale, o — l— — — X ~—+
Laurenti et al. (2020) SF: A 0 - - X X X
De Cicco et al. (2022) SF: A 0 - - X X X

+ corr. x not studied

— anticorr. ! strong adapted from Suberlak+21

0 no rel. ~ weak .

June 27,2023 O T¢ ¢ 15 Demetra De Cicco



Black-Hole Mass Dependence: Correlation...

0.3

Wilhate+08: SDSS Equatorial Stripe,

~8,000 spectroscopically confirmed quasars,

bin 2 M=3.1
—— —— bin 4 M=6.6

bin 3

I

M=2.32

- ——— bin 5 M=7.58
M=12.9

0.2} 8 to 12 wvisits per source

Structure Function (magnitudes)

0.1
0.0 L.l o R ]
10 100 10 100
Rest—frame time laog (days) Rest—frame time lag (days)
B 0 B
-1.2 -1.0 -0.8 -0.6 1.8 2.0 2.2 2.4 2.6
log SF(0) log(T/days)
—29¢ Corrected for Age _ -29F Corrected for Age _
m— e e F dependence dependence
| . —-28F 3 —28F g
“ MacLeod+10: SDSS Stripe 82,
N . _o7E E _>7E E
~9,000 spectroscopically confirmed e .
quasars, =" -26f { = -26
> ~10 yr baseline, 60 visits per source -25F : ~25F
—24F ; —24F
-23} 23k
8 9 10 11 8 9 10 11
log(Meu/Msun) log(Meu/Msun)

June 27,2023 16 Demetra De Cicco



...Or Not?
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: : - g 12 8
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Accretion Rate Dependence
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Luminosity Dependence

of
795 MEXAS2 AGN:

variability amplitude anti-correlates with Lol

IOg AV-corr

R
. —2.07* +
S
g -2.1 [ + }
§~-2.2§- ; %
8 _2.3} 4
<\E,,_) , 4; ¢
E‘) e _ e <z>=0.47 ; +
= [ <z>=1.05
-2.5¢ . el 52
[ @ <z>=2.17 ¢
45.5 46.0 46.5 47.0
log(Luminosity/(erg/s))
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1.8

Luminosity Dependence

Each LC is re-binned into 2 d bins, to reduce the effect of noise and gaps

AF = flux difference between

two subsequent measurements

g
o

Smith+18: Kepler light curves for 21 Type 1 AGN, selected via IR and spectroscopic properties
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Redshift Dependence

De Cicco+22: the observed correlation with z 1s actually related t
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Optical Variability Timescales

Tt ~102 days for quasars (MacLeod+10, Suberlak+21); no clear physical origin; dependence on Mg and/or Lipal?

difficult to assess due to limited timescales and Mpu ranges, low S/N (Rozlowskil 7, Burke+21)

important for, e.g., LSST-related studies!
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A Model for Multiple Timescales

ERDF (PDF) PSD
Eddington ratio points Eddington ratio points order

INPUT

Modeling of AGN variability

—
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for different types of objects

log(PDF)
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and timescales, based on the Ag
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distribution of the AGN log(ER) log(v) [Hz]
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Eddington ratio curve Structure Function

population and its evolution

OUTPUT
|

with ttme. Simulations use the

variability observed i 1PTF

Sartori+18b, 19 e
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light curves to build longer

ones.
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Accretion disc Accretion state” ~ Galaxy QUASARS STRUCTURE FUNCTIONS
instabilities changes .- e dynamics POSS I + II (Sesar+2005)
’ PTF/iPTF (Caplar+2017)
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- -+ fit to SDSS and POSS (MacLeod+2012)
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- fits to PTF/iPTF (Caplar+2017)
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SDSS J0159+0 (LaMassa+2015)
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.and 60 Years Ago

1960-1961: first detection of optical variability in the “stellar object” 3C 48

“Optical photometry of 3C 48 continued sporadically during 1961, with the results Maithews&Sandage63
given in Table 1. The most striking feature of these data is that the optical radiation
varies!”’
“Photometric observations of the 3C 48 optical object confirm its peculiar nature.” y —
' .
3C 48
< colors which are similar to, but not identical with, old novae (Walker 1957) and to some
white dwarfs (Greenstein 1958), but are quite different from ordinary stars and galaxies.” '
- 5.
TABLE 1 : . g
PHOTOMETRIC DATA FOR THE THREE RADIO STARS . ‘ n ey 2
; i
Object Date 14 B—-V U-B Remarks
(Oct. 23/24,1960 16 06 0 38 —0 61 i "
Nov. 19/20, 1960 16 02 48 — 61 60-inch
Jan 12/13,1961 16 11 42 — 61 4
Jan. 13/14, 1961 16 13 .39 - 6l
Jan. 14/15, 1961 16 02 49 — 60
3C 48 {Jan. 16/17,1961 16 13 40 - .59
Aug. 17/18, 1961 16 31 40 — 52 | .
Oct 11/12,1961 16 333 340 — 579 5 [ S
Oct. 11712, 1961 16 289 33 | & 55 | fand 1) minuie abu
Dec. 4/5, 1961 16 44 35 — 57 Obs. by Baum
Dec 5/6, 1961 16 40 42 — .64 Obs. by Baum
3C 196 . Mar. 31/1, 1962 17 79 57 —. 43
3C 286 . June 2/3, 1962 17 25 0 26 -0 91
-

F16. 2.—Finding chart for 3C 48 taken from a 10-minute exposure with the 200-inch. Local photometric standard
stars B and D are marked. The data are V = 13.53, B — V = 0.50, U — B = 0.00 for star B; V = 1454, B — V =
0.66, and U — B = 0.05 for star D. The plate used was a 103a-O + ‘GG 13,
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