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root-mean-squared 0.2 mag optical variability over ~1 yr

stochastic variability : non-repeating pattern in time series
(light curve)



Damped Random Walk model - a Gaussian process with an
exponential covariance matrix

SF. : asymptotic amplitude, 7 :characteristic time scale

SDSS S82 QSO, r-band
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UTILITY OF DRW PARAMETRIZATION? 6

Any parametric description of
quasar variability (eg. DRW)

N\

CLASSIFICATION ESTIMATION OF PHYSICAL

PROPERTIES




FIRST, WHY IMPROVE THE DRW PARAMETERS? 7

Any parametric description of
quasar variability (eg. DRW)

e

CLASSIFICATION

» QSO have different
DRW parameters than
eg. stars or galaxies

» biases are not very
relevant, as long as
parameters are
constrained

(Sesar+2008)

W

ESTIMATION OF PHYSICAL
PROPERTIES

» Utilizing multi-dimensional correlations
between measured parameters (eg. 7,

SF. ), and physical quantities (black
hole mass, quasar luminosity)

» biases are important as they affect

inferred physical properties
(MacLeod+2010)
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SDSS S82 QSO dbID 3130189

Time [years]

baseline = longest At

Studies showed that extending the light
curve baseline affects DRW parameter

recovery (Koztowski+2016)

We parametrize the ratio of DRW
characteristic timescale to baseline:

p =timescale / baseline

We simulate light curves with different p,

and compare input to fit results : pj, to

Pout



log10(p) =0.37, T=19.0 years
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p =1/ baseline

vary input z to

probe a range of p

cadence is less
relevant than the
span of light curve

large 7/ small 7/

short baseline long baseline



p =1/ baseline

vary input 7 to
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cadence is less
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span of light curve
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Sky area covered LSST
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0.10 0.15
median error [mag]

Uncertainties are much smaller
for SDSS, PS1, because for
generally faint sources like
quasars, for ZTF and PTF we are
reaching all the way to 5o limit
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we limit our study to
SDSSr- PS1r, without any
color offset
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VARIABILITY VS BLACK HOLE MASS, LUMINQSITY

(b) log SF(inf) @4000A
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Corrected for Age

dependence . . . ol .
-*il » the amplitude of variability is

anti-correlated with
bolometric luminosity, can be
linked to eg. accretion rate
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compare DRW parameters
retrieved using SDSS vs
SDSS+PS1 data
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Changing-Look phenomenon corresponds
to the (dis)-appearance of broad emission
lines and a non-stellar continuum, changing
eg. between type 1.8-2 (narrow-line) to | e
type 1 (broad-line) AGN (or vice versa) on a , 'u T ET Bss ()
timescale of years.

SDSS (2000):
Magellan (2016):
MMT(2017

“MMT (2017
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This may mean that in a dim state we may
be able to see more clearly the host galaxy
contribution, without the contamination of
AGN continuum.
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CLQs are found near the critical
luminosity below which the BLR
disappears

CLQs have lower Eddington
ratios than a control sample
matched in redshift and
luminosity

CLQs are probably the tail end
of a continuous distribution of
QSO variability
(MacLeod+2019)



18.5

19.0

19.5

20.0

20.5
18.0

18.5

19.0

19.5

20.0

20.5
17.5

18.0

18.5

19.0

Magnitude

19.5

20.0

19.5

20.0

20.5

21.0

162415.02+4551.30.0

210200.42+000501.8 *

Bop B
B

BB B

»

A R T W v ek
1

220537.71-071114.5

UL L I L L R I L R L I L L U B BN B LR |

IIIYIIIIIIIIIIIIIII

225240.374-01?0958&.‘7
A H

/

U

N P N T FE TR RN FRRRA AR RA N (1 AN A SRR FRNNE FRRRE FRRNE N (N AN WS AU Nw FNNws Fwae |

./

TTT [T T T[T T [TTTr[TTT

AR ENENE SRR E FRNE SR N

3 x T

- I

E

235107.43-091318.0 .y I )
5.2x10* 5.4x10* 5.6x10* 5.8x10*

MJD

(c)

Hd

[fou}
[Ne]

H1
HE|

....[on]

g
T

~\

Hell

00
vy

Wt (201 6).

elooaaloaaa v oy

lovaaloaats

1111

IS SN NN |

< [« <
oD

Magellan ( (

L I I I L L L L L B R L R R R LR R R LR LR LR

!
|

il FET PR FET P =t

>
S
llllgl

Figure 2. (Continued.)
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FOLLOW-UP : CLQSO SPECTROSCOPY 23
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Light curve 135855.82+493414.1 r-band
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Light curve 153355.99+011029.7 r-band
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Light curve 172322.30+550413.8 r-band

O 1) 325 Hy B He 11 5411 He |1 5876 [O 1) 636N 11) 6583
70 O 11} 372fNe 1l1] 3970 - . [O 1l1) 4363 [Q 1] 4959 [0 115577 [O-1] 6304N 1] 68348) 6716
2799 [Ne JIl) 3868 He 11 4685 |O IIl) 5007 [N 1115755 [SIl]631Ba [S 1] 6730
60
50
— 40
3
~ 30
£
3]
S 20
)
= 10 —— L.. A g
9 Ll Mgl
< 0
p=}
o
-10
-20
30 Ki(Ca H8933) HB D1 (Na | 5895)
HZHe Vi D2 (Na | 5889)
0 H (Ca Il 3968% (Ca | 4307) Mg 15175 Ha

6000 6500 7500 8000

Wavelength [Angstréms]

4000 4500 5000 5500

7000

APQO shows continued "turn on" trend

9000

Flux [ergs / Acm?s]

Pl
I 1
I 1
I 1
I 1
w 5
T 182} °
= 11
"— I 1 o
-
o 184 | |
(t; .
s B ¢ SDSS
I 1
18.6 | 11 é PS1
I 1
. ZTF r-synth
188fF ! . . . . . . . .
52000 53000 54000 55000 56000 57000 58000 59000 60000

Time (MJD)

(@)

u

S

w

N

le—16 SDSS J172322

] —— SDSS model 2000-09-26

— APO 2023-04-27

SDSS model 2001-03-29

Hao

6000 7000 8000

Wavelength [A]

5000




Light curve 204303.54-010126.0 r-band
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Light curve 094443.08+580953.2 r-band
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Light curve 005513.15-005621.2 r-band
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* Quasars are stochastically variable at the level of 0.2 mag

" Distinct variability pattern can be used to distinguish quasars from other
variable objects

* Variability parameters can be linked to physical quantities such as the
black hole mass, bolometric luminosity

" Combining SDSS, PS1, and (soon) LSST, we can recover quasar DRW
parameters with much higher accuracy than before (and find interesting
outliers in the process)
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THANK YOU!



37

BACKUP SLIDES
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simulated quasar light curves, single input timescale and variability
amplitude, sampled at realistic cadence



DRW parameter recovery improves with baseline extension

- == sdss

— = sdss-psl
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—— sdss-psl-ztf-Isst

ZTF will make things better, but LSST will be awesome



rms: b"d}: . rms: biaﬂ_
— 0.121, -0.072 sdss ' — 0.404, -0.104 sdss
— 0.095, -0.053 sdss-psl . —— 0.331, -0.053 sdss-psl
0.085, -0.052 sdss-psl-ztf 0.338, 0.093 sdss-psl-ztf
— 0.035, -0.029 sdss-psl-ztf-Isst . 0.216, 0.021 sdss-psl-ztf-Isst

-0.5 0.0 .
Iog 10 (K/Kin)

rms: biaFLL
— 0.18, -0.099 sdss . 0.332, -0.055 sdss
— 0.135, -0.063 sdss-psl 0.277, -0.021 sdss-psl
0.119, -0.005 sdss-psl-ztf 0.288, 0.095 sdss-psl-ztf
— 0.081, -0.015 sdss-ps1-ztf-Isst . 0.178, 0.029 sdss-psl-ztf-Isst

-0.4 -0.2 0.0 ) ' . -0.5 0.0 0.5
l0910(SF~/0.2 mag) log10(T/575 days)
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better, but LSST will be
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we decided to not include
ZTF due to color offset
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magnitude limit illusion,
aka luminosity-redshift
degeneracy - we see only
the most luminous QSO
(magnitude limit)

L-z degeneracy is
independent of black
hole mass

redshift




B 9 [ S
1 2 3

luminosity-redshift degeneracy - | ’ ilf?\agnitutjge
we see only the most luminous

QSO (magnitude limit) -

independent of black hole mass '

shorter rest-frame wavelength

probed at higher redshifts 8 9 10

Ioglo MBH/MSUN 10910(MBH/Msun)

BT ] EE00000

1.0 1.5 2.0 2.5 1.0 1.5 2.0
log(Ngn) log(Ngn)

0.2 0.4 0.6 . 8 9 10
l0g10(1 + 2) 10910(MBH/Msun)

Dong+2018



L4

CLQSO EXAMPLES
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