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1 Introduction

1.1 What are quasars?

Quasars are the most luminous objects in our Universe. They are distant galax-
ies that contain an actively accelerating supermassive black hole. Quasars are
seen across great cosmological distances.

Despite their immense brightness, quasars cannot be seen with the naked eye
due to their distance from the Earth. It takes billions of years for the elec-
tromagnetic radiation from quasars to reach Earth’s atmosphere. Therefore,
the study of quasars offers astronomers crucial insights into the early phases of
the universe. The term ”quasar” is a shortened form of a ”quasi-stellar radio
source.” This label was coined in the 1960s when quasars were first discovered
in radio wavelengths (Matthews, Sandage, [1963). Quasar’s spectral energy dis-
tribution is a broad continuum stretching from radio, to visible, to UV, X-rays,
and gamma rays (Shang et all |2011). The majority of optical emission orig-
inates from the accretion disk, which has a diameter approximately 25 times
larger [Hawkins (2006) than the Solar System, depending on the black hole mass
(Mudd et al., [2018).

1.2 Why do we extend quasar baselines?

The quasar emission is variable at approximately 0.2 mag rms level on a timescale
of months to years. The longer the observed span of the observations - the base-
line - the longer the timescale of variability that can be probed. Quasar light
curves in the optical-UV wavelength range can be fit with a Damped Ran-
dom Walk (DRW) model, which is unbiased as long as the light curve length
is greater than 10 times the DRW characteristic timescale (Koztowski, [2017;
Suberlak et al |2021)). Therefore, in this work, we extend quasar baselines with
the aim of improving the fit accuracy of the DRW model.



2 Data

We use data from Panoramic Survey Telescope and Rapid Response System
1 Survey (Pan-STARRSI1, PS1/Flewelling et al|[2020]), Sloan Digital Sky Sur-
vey (SDSS, [Annis et al|2014)) and Zwicky Transient Facility (ZTF,
2018). We considered the light curves of Changing Look Quasar candidates iden-
tified by |Suberlak et al| (2021), combining SDSS, PS1, and ZTF data. Each
telescope records a different section of each light curve over a span of approx-
imately 25 years (the earliest SDSS data starts in 1998, and the most recent
ZTF DR17 data is from 2022). Note that each light curve appears to consist of
clusters of data (see eg. Fig.|[l). These correspond to epochs spaced closely in
time, within a few days.
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Figure 1: This figure shows the light curve for a changing look quasar candi-
date SDSSJ005142.20+002129.0. We show the SDSS r-band (blue), PS1 r-band
(green), and ZTF r-band (purple) data. Filled dots represent individual obser-
vations, whereas open circles are day-averaged data (usually 2-5 epochs). SDSS
and PS1 are shown in original photometric filters, and ZTF is shifted to the
SDSS r-band using color offset (see Sec[3]).
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Figure 2: This figure shows the light curve for a changing look quasar candidate
032825.19-003252.3. The format of the graph in this figure corresponds to Fig[l]



3 Methods

Each dataset originates from a slightly different photometric system: SDSS-r,
PSl—IEL ZTF-r do not have identical transmissivity. See Fig. [3| for a filter com-
parison together with a quasar composite spectrumVanden Berk et al (2001)).
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Figure 3: A composite quasar spectrum (Vanden Berk et al|2001)), with over-
plotted SDSS (g,r,i), ZTF (g,r,i), and PS1 (g, 1, i, z, y) filter transmissivity.
Note that albeit similar, the filters have different shape and spectral range.
SDSS and PS1 r-bands are sufficiently similar that we are able to treat PS1
r-band as approximately equivalent to SDSS r-band (see Fig.5 inw
2021). However, magnitude measurements obtained in the ZTF r-band are
transformed to a synthetic version of SDSS r-band using color terms.

Given a significant difference between the SDSS-r and ZTF-r, we apply to the
ZTF data color correction terms of the form

rsDsS,synth = 7zTF + 0.01 + 0.04(gspss — spss) (1)

These were derived by comparing SDSS r-band and ZTF r-band data for a subset
of 40,000 SDSS standard stars (see [Suberlak et al.|[2021], Sec.3 for details).

Finally, we clean the combined SDSS r-PS1 r quasar light curves using stan-
dard procedures of o-clipping in magnitude and error space and error-weighted
day averaging to mitigate the impact of bad photometry and average out the
intranight variability (as in |Charisi et al.||2016| [Suberlak et al.|[2017]).

4 Results

We fit the light curves with the DRW model using celeriteEl - a Gaussian Pro-
cess solver (Foreman-Mackey et al.|[2017) for details of the implementation see
[Koztowski et al.[2010). We compare the parameters of DRW fit between using

Thttp://panstarrs.stsci.edu
%https://celerite.readthedocs.io/en/latest/python/kernel/
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the shorter SDSS-PS1 section of each light curve (see Fig. {4 and the combined
SDSS-PS1-ZTF light curve (see Fig. The DRW time scale 7 and variability
amplitude o differ for SDSS-PS1 (Fig. [6]) versus SDSS-PS1-ZTF (Fig.[7). The
ZTF data extends the SDSS-PS1 portion of each light curve to MJD 58000-
60000, i.e. additional 5 years. Additionally, the magnitude increases as ZTF
data is added and ranges from 21.2 to some days reaching almost 19.8 whereas
initially, with SDSS-PS1, there was less data collected and the magnitude varied
from 21.0 to 19.9.

Time-series analysis is the application of mathematical and statistical tests to
any set of time-varying data in an attempt to: 1) quantify the variation itself,
and 2) use that variation to learn something about the behavior of the system. In
this data, we see that when ZTF data is added to the graphs there is an increase
in the time scale as well as the magnitude compared to when the graph just
contained SDSS-PS1 filters(boy|[2021). From this data, we can gain a physical
understanding of the candidate’s light curve and comprehend the cause of the
timescale change. Here, after the ZTF data is compiled with SDSS-PS1 the
DRW timescale becomes more increases. Each light curve is a certain prediction
of the future brightness level. The larger the DRW amplitude of variability, the
larger the possible departure from the current brightness level.
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Figure 4: This figure shows only the SDSS-PS1 section of the light curve for
CLQSO candidate 010812.00-000516.5.

19.8

200 |
= AR R 11
206 11

Magnitude

20.8
21.0

| SDSs-PS1-ZTF
212

52000 54000 56000 58000 60000
Time (M)D) [days]

Figure 5: This figure shows the SDSS-PS1-ZTF section of the light curve for
CLQSO candidate 010812.00-000516.5.
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Figure 6: This figure shows the result of fitting the DRW model to the SDSS-
PS1 section for CLQSO candidate 010812.00-000516.5
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Figure 7: This DRW model fit to the SDDS-PS1-ZTF combined light curve of
CLQSO candidate 010812.00-000516.5. The timescale and amplitude using a
full SDSS-PS1-ZTF light curve become larger toward the days 580000-600000
when ZTF data was recorded. The rest of the data stays the same as only
SDSS-PS1 were recorded on these days.



5 Summary

We have extended quasar baselines and plotted light curves with the aim of im-
proving the accuracy of the DRW model. We used publicly available archives to
combine the SDSS, PS1, and ZTF data. We employed appropriate photometric
offsets (color terms) to translate between different band definitions, eg. PS1-r,
ZTF-r, and SDSS-r band. We then fit CLQSO light curves with the DRW model
to evaluate the impact of extending the SDSS- PS1 light curve with the ZTF
data.

Adding the ZTF data to SDSS-PS1 data changes the DRW timescale and ampli-
tude. The plot after combining with ZTF data extends the SDSS-PS1 portion
of each QSO light curve to MJD 58000-60000, i.e. additional 5 years. The
amplitude increases when the ZTF data is plotted and ranges from 21.2 to 19.8
whereas initially with SDSS-PS1 the magnitude varied from 21.0 to 19.9.

A Additional quasar light curves
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Figure 8: This figure shows the light curve for a changing look quasar candidate
012114.19-010310.8 Formatting analogous to Fig. [I]
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Figure 9: This figure shows the light curve for a changing look quasar candidate
001626.54+003632.4 Formatting analogous to Fig.



Magnitude

19.25
19.50
19.75
20.00
20.25
20.50
20.75
21.00

Light curve 235248.71-001518.4 r-band

¢
)

;}fz’fi Yy %Eg

SDSS
PS1
ZTF r-synth

52000 54000 56000

Time (MJD)

58000 60000

Figure 10: This figure shows the light curve for a changing look quasar candidate
235248.71-001518.4 The format of the graph in this figure corresponds to Fig.
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Figure 11: This figure shows the light curve for a changing look quasar candidate
205105.02-005847.5. The format of the graph in this figure corresponds to Fig.
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Figure 12: This figure shows the light curve for a changing look quasar candidate
215015.05-005331.4. The format of the graph in this figure corresponds to Fig.
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Figure 13:
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This figure shows the light curve for a changing look quasar candidate

010812.00-000516.5. The format of the graph in this figure corresponds to Fig.
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Figure 14:
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This figure shows only the SDSS-PS1 section of another light curve
Formatting analogous to Fig. [4]
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Figure 15: This figure shows the SDSS-PS1-ZTF section of the light curve

Formatting analogous to Fig. [f]
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Figure 16:
Formatting analogous to Fig. [0]
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Figure 17: This DRW model fit to the SDDS-PS1-ZTF combined light curve of

a CLQSO candidate
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