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Outline

» Dark energy 1ssue and the need for independent
measurement methods

* Outline of the quasar-based method

* Key technical 1ssue: measurement of the time
delay of two lightcurves




Dark energy issue
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Current methods of dark energy
measurements

Universe Universe

content p— expansion rate

» Standard candle: Supernovae Ia

 Standard ruler: Cosmic Microwave Background,
Large Scale Structure including Barion Acoustic
Oscillations,
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Measuring the expansion of the
Universe with a single object

. Hubble diagram




Measuring the expansioh of the
Universe with a single object
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.




' Measuring the expansion of the |
~ Universe with a single object

- Hubble diagram ' Usual diagram for SN Ia




Luminosity distance
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Now we have to do 'the same’ for quasars
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Fig. 1. The BLR region covers the range of the disk with an effective
temperature lower than 1000 K: the dusty wind rises and then breaks
down when exposed to the radiation from the central source. The dusty
torus is the disk range where the irradiation does not destroy the dust
and the wind flows out.




Absolute luminosity.III.

From Shakura-Sunyaev accretion disk model the disk temperature, Ty, as
a tunction of disk radius is

SGMM

4
F(R)=olcrs =< 53 (1)

Le. assuming that BLR starts at T,.rr = 1000/K, where dust forms in the disk
atmosphere we can obtain this radius R = Rprp

saaar P

Rprr = 870 (1000K )* 2)

1.e. depends on the black hole mass, M and accretion rate, M. But again from
Shakura-Sunyaev accretion disk model the monochromatic lnuminosity trom the
whole disk at a fixed frequency is given by

12 1/3 rarn2/3 . c
Ly =091 (MM) 1Beosi (3)

This gives the know trend with frequency, L, x v1/3, and for a fixed frequency,
v, combined with Eq.* reproduces the result known from reverberation of nearby

active galaxies
Rprr = const Lllf2 (4)

const contains only known physical /mathematical constants, does not depend

on M or M.




 Spectroscopic studies of time delay
. of line vs. continuum

B 1/2
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~ Spectroscopic studies of time delay
of line vs. continuum

_ 1/2
Rprr = const Lv Past reverberation studids:

- about 40 nearby AGN
-about 10 z< 0.4 quasars

- 7 distant objects but only
1 detection
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SALT setup: simulations

* Expected delay: 500 — 600 days

* F1ve spectroscopic observations a year, with
over 3 months gap for source observability

* Denser photometric monitoring




Tested methods for SALT setup

* Interpolated CCF
» Z-transformed DCF
» Chi2 fitting

In stmulations the best results were obtained for
chi2 fitting, somewhat worse for ZDCF, and
poor for ICCF.




Methods untested for our setup:
modeling stochastic lightcurve in

time domain:
* CAR - continuous autoregressive process

(Kelly et al. 2009), appropriate for sources with

the power spectrum I
P P D = Gy

* (1) creation of the 'smoothed' stochastic
lightcurve at the observational points (removes
'accidental’ flares ?)

* (1) the same method but used to fill the

observational gaps and/or create denser
lightcurve (Zu et al. 2011, Grier et al. 2012)
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Methods untested for

our setup:

modeling stochastic lightcurve in

time domain
* (111) methods more advanced t

nan CAR

** Kozlowski et al. 2010 — hig
generalization of CAR

ner order

** Graham et al. (2014) — Slepian wavelet

variance




Spectroscopic studies: alternative

to SALT
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LAMOST spectroscopic survey telescope
in China

Advantages and dis-
advantages:

o A few thousands of
guasars in compar-
iIson with three in

| SALT

°© Much lower accur-
acy; 6 — 10 percent
error in line meas-
urement in compar-
Ison with 1 percent in
SALT




‘Pure photometric multi-chanel
studies
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Observational setups for LAMOST
and LSST

» LAMOST - ten spectrophotometric
observations of an object per year, large errors
(up to 10 per cent), thousands of objects

* LSST - up to 100 observations per year of an
objects, line and continuum combined,
hundreds of thousands of objects
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First quasar with tentatively
ISR SRR
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Fig. 8. Top: Hubble diagram of the combined sample. The dis-
tance modulus redshift relation of the best-fit ACDM cosmol-
ogy for a fixed Hy = 70kms~! Mpc™! is shown as the black
line. Bottom: Residuals from the best-fit ACDM cosmology as
a function of redshift. The weighted average of the residuals in
logarithmic redshift bins of width Az/z ~ 0.24 are shown as
black dots.

Figure from Betoule et al. 2014
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