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A B S T R A C T 

NK22 proposed a new method to reconstruct the temperature perturbation map (as functions of time and disc radius) of active 

galactic nuclei (AGN) accretion discs using multiwavelength photometric light curves. We apply their technique to 100 quasars 

at z = 0.5–2 from the Sloan Digital Sk y Surv e y Rev erberation Mapping project, using multi-epoch spectroscopy that co v ers 

rest-frame UV-optical continuum emission from the quasar and probes days to months time-scales. Consistent with NK22 for 

low-redshift AGNs, we find that the dominant pattern of disc temperature perturbations is either slow inw ard/outw ard moving 

waves with typical amplitudes δT /T 0 ∼ 10 per cent traveling at ∼0.01–0.1 c , with a typical radial frequency of ∼ 0.5 dex in 

log R , or incoherent perturbations. In nearly none of the cases do we find clear evidence for coherent, fast outgoing temperature 

perturbations at the speed of light, reminiscent of the lamppost model; but such lamppost signals may be present in some quasars 

for limited periods of the monitoring data. Using simulated data, we demonstrate that high-fidelity temperature perturbation 

maps can be reco v ered with high-quality monitoring spectroscopy, with limited impact from seasonal gaps in the data. On the 

other hand, reasonable temperature perturbation maps can be reconstructed with high-cadence photometric light curves from 

the Vera C Rubin Observatory Le gac y Surv e y of Space and Time. Our findings, together with NK22, suggest that internal disc 

processes are the main driver for temperature fluctuations in AGN accretion discs over days to months time-scales. 

K ey words: galaxies: acti ve. 

1  I N T RO D U C T I O N  

It is well accepted that the typical stochastic variability observed in 

the UV-optical continuum emission of active galactic nuclei (AGN) 

stems from thermal emission in the accretion disc immediately 

surrounding its supermassive black hole (SMBH). This emission 

occurs at all radii within the accretion disc, with blue hot emission on 

average originating at smaller radii and red cooler emission coming 

from larger radii. Ho we ver, the origin of accretion disc variability is 

still uncertain. 

Empirically, optical AGN variability is characterized well by 

a number of statistical models, including the Damped Random 

Walk model (MacLeod et al. 2010 ; Suberlak, Ivezi ́c & MacLeod 

2021 ; Stone et al. 2022 ), or the higher-order CARMA models 

(Kelly et al. 2014 ; Simm et al. 2016 ; Moreno et al. 2019 ; Yu 

et al. 2022 ). In addition, there are a number of physical models 

to explain AGN time-series data, such as the lamppost model 

(Friedjung 1985 ; Sergeev et al. 2005 ) and the CHAR model (Sun 

et al. 2020 ). In order for observations to match the thermal emission 

from an accretion disc, it is often assumed that there is a hot, 

X-ray-emitting, variable corona near the centre along the axis of 

rotation (Galeev, Rosner & Vaiana 1979 ; Haardt & Maraschi 1991 ; 

Chakrabarti & Titarchuk 1995 ). This X-ray corona pairs with the 

� E-mail: stone28@illinois.edu (ZS); shenyue@illinois.edu (YS) 

lamppost model, stating that hot X-rays emitted close to the SMBH 

are reprocessed by the rest of the disc (Zdziarski et al. 1990 ; 

Haardt & Maraschi 1991 ; Frank, King & Raine 2002 ). Temperature 

fluctuations from the corona region that propagate through the disc 

at the speed of light are then observed as flux variability in time- 

series observations. For these fluctuations to be propagating outward, 

emission at smaller radii would lead emission at larger radii. Thus, 

X-ray emission would lead UV emission, which would lead optical 

emission, etc. 

The lamppost model is utilized to map the geometry of the AGN 

through time lags with the reverberation mapping method (Bland- 

ford & McKee 1982 ; Peterson 1993 ; Cackett, Bentz & Kara 2021 ). 

Man y studies hav e correlated AGN optical light curves in different 

bands to measure this time lag between propagating fluctuations 

within the accretion disc, also assuming a thin disc model (Lynden- 

Bell 1969 ; Pringle & Rees 1972 ; No viko v & Thorne 1973 ; Shakura & 

Sunyaev 1973 , hereafter SSD ). As the observed wavelength of the 

light curve increases, the time lag would as well (e.g. Collier et al. 

1999 ). Many studies indeed find UV-leading-optical behaviour in the 

continuum light curves of local AGNs (Sergeev et al. 2005 ; Cackett, 

Horne & Winkler 2007 ; McHardy et al. 2014 ; Edelson et al. 2015 ; 

Fausnaugh et al. 2016 ; Edelson et al. 2017 ; Cackett et al. 2018 ). 

Ho we ver, there are other studies that present evidence to counter 

the lamppost model. Some studies find that X-ray emission leads 

optical emission (Ar ́evalo et al. 2009 ; Breedt et al. 2010 ; Shappee 

et al. 2014 ; Troyer et al. 2016 ), while others find no correlation 
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(Maoz et al. 2002 ), or an anticorrelation (Shemmer et al. 2003 ; 

Marshall, Ryle & Miller 2008 ). In most cases this X-ray/optical 

correlation is weak and produces time lags that cannot be fully 

explained by the simplest lamppost models (Edelson et al. 2017 , 

2019 ). Many studies also find that the size of the accretion disc is too 

large compared to the predicted size in the SSD model by a factor 

of ∼3 (Morgan et al. 2010 ; Edelson et al. 2015 , 2017 ; Fausnaugh 

et al. 2016 ; Cackett et al. 2018 ), but in some cases the inferred disc 

sizes from continuum reverberation mapping could be biased high 

by diffuse emission from the broad-line region (e.g. Chelouche, 

Pozo Nu ̃ nez & Kaspi 2019 ; Guo, Barth & Wang 2022 ). Recently, 

there have been a number of suggested solutions to this issue, 

including bias in luminosity from nuclear extinction (Gaskell et al. 

2023 ), underestimated black hole mass from unknown structure 

in the broad-line region (Pozo Nu ̃ nez et al. 2019 ), non-blackbody 

emission from the disc due to scattering in its atmosphere (Hall, 

Sarrouh & Horne 2018 ), and disc inhomogeneity (Dexter & Agol 

2010 ). 

There is evidence that the observed variability is a combination 

of both outward-moving lamppost-like signals and inward-moving 

signals as well (Hern ́andez Santisteban et al. 2020 ). Dexter & Agol 

( 2010 ) suggest that an inhomogeneous disc could create thermal 

fluctuations that propagate inward. This model accounts for observed 

optical variability, as well as the discrepancy in the disc size between 

the SSD prediction and observations. Such an inhomogeneous disc 

could be formed through various instabilities (e.g. MRI, thermal, vis- 

cous). Lyubarskii ( 1997 ) suggest that changes in viscosity throughout 

the disc could cause flux variations at lower radii to follow those at 

larger radii. Hern ́andez Santisteban et al. ( 2020 ) find evidence for 

slow-moving inward-propagating perturbations over longer time- 

scales, in addition to the lamppost-like signals observed on much 

shorter time-scales. 

Neustadt & Kochanek ( 2022 , hereafter NK22 ) have proposed a 

method to reconstruct temperature perturbation maps of AGN accre- 

tion discs directly from time-series observations. Their method relies 

on a minimal number of assumptions, only assuming axisymmetric 

emission from a Shakura–Sunayev thin disc and linear temperature 

perturbations within the disc. NK22 utilize high-cadence multiband 

light curves for seven nearby AGN. They find evidence for low- 

amplitude lamppost-like temperature fluctuations in most of their 

sample, consistent with the blue-leading-red behaviour seen in their 

light curves. More interestingly, NK22 find that the dominant mode 

of temperature fluctuations is slow, ingoing and outgoing waves 

with a larger amplitude than the lamppost-like signal. These slow 

wave perturbations decrease in velocity as radius decreases, reaching 

∼0.01 c close to the SMBH. 

Most prior studies of emission from AGN accretion discs assume 

that the AGN is at a sufficient distance where it can be considered 

a point source. Ho we ver, this fails to account for the light travel 

time differences between different parts of the disc, if viewed from 

a non-face-on configuration. Emission from the far side of the disc 

will be observed together with emission from the near side of the 

disc with a light travel time delay. This delay causes emission from 

the disc to be ‘smeared out’ o v er a range of observed times. This 

smearing also depends on the parameters of the disc (i.e. the extent), 

and hence should be included in model analysis of time-series and 

spectroscopic data. NK22 properly takes in account this ‘smearing 

effect’ due to light-travel time in their method. 

To further understand the propagation of temperature fluctuations 

in AGN accretion discs, here we apply the NK22 method to a sample 

of distant quasars from the Sloan Digital Sk y Surv e y Rev erbera- 

tion Mapping project (e.g. Shen et al. 2015a ), with multi-epoch 

spectroscopy that co v ers rest-frame UV-optical emission. While our 

spectroscopic light curves do not have the same high cadence as the 

photometric light curves used in NK22 , the coverage in wavelength 

is continuous, and with the SDSS-RM sample we are able to extend 

to a much larger sample of quasars beyond the nearby Universe. 

In Section 2 , we describe the approach in NK22 . We retain 

the essential NK22 formalism for notation and reference purposes, 

and we refer the reader to NK22 for full details of this approach. 

In Section 3 , we perform a suite of tests on the algorithm with 

simulated multi-epoch spectra. In Section 4 , we describe the SDSS- 

RM sample, and the reconstructed temperature perturbation maps 

using monitoring spectroscopy. We conclude in Section 5 . 

2  T H E  N K 2 2  M E T H O D  

Here, we describe the method utilized in NK22 to reconstruct the 

temperature perturbation map in the two-dimensional radius-time 

( R − t ) space, using input light-curve data. While the formalism 

is from NK22 , we repeat it below for better flow of the paper. 1 

As stated in NK22 , we assume a steady-state AGN accretion disc 

with a given a radial temperature profile T ( R ) from the SSD , and 

consider linear temperature perturbations. Axisymmetry is assumed 

for both the steady state and the perturbations. These temperature 

fluctuations are observed as variations of the emitted flux F λ( λ, t ) 

on top of the steady-state flux distribution F λ, SS ( λ, t ). The SSD has 

a radial temperature profile of T ∝ R 
−3/4 and a flux spectrum F ν ≡

dF / d ν ∝ ν1/3 , but it is straightforward to adopt a different steady-state 

temperature profile (e.g. Weaver & Horne 2022 ). 

An unperturbed disc has an inner radius R in at the Innermost Stable 

Circular Orbit (ISCO), 

R in = αR g = 
αGM BH 

c 2 
(1) 

where R g is the gravitational radius and α is a parameter go v erning 

the location of the inner radius with respect to the SMBH. For a 

Schwarzschild BH, the ISCO occurs at α = 6 (Misner, Thorne & 

Wheeler 1973 ), which we will assume going forward. The steady- 

state radial temperature profile for a standard thin disc as a function 

of the dimensionless radial coordinate u ≡ R / R in is 

T 0 ( u ) = T in u 
−3 / 4 (1 − u 

−1 / 2 ) 1 / 4 where (2a 

T in = (1 . 54 × 10 5 ) λ
1 / 4 
Edd 

(

10 9 M �

M BH 

)1 / 4 (
6 

α

)3 / 4 

K 2b) 

and λEdd ≡ L bol / L Edd is the Eddington ratio. 

The emitted flux of the accretion disc at a giv en wav elength λ is 

giv en by inte grating the Planck distribution o v er the entire disc. In 

terms of u , 

F λ = F λ, 0 ( λ) 

∫ ∞ 

1 

u du 

e x − 1 
(3a) 

where F λ, 0 ( λ) = 
4 πhc 2 cos ( i) R 

2 
in 

λ5 D 2 
(3b) 

x = 
hc 

λk B T 0 ( u ) 
(3c) 

where D is the distance to the AGN, i is the inclination of the disc 

with respect to our line of sight, and we assume a radiative efficiency 

of η = 0.1 in deriving the temperature profile. 

1 We have corrected a few misprints in the original NK22 formalism (equations 

6 and 7) and added more technical details in Appendix A . The actual analyses 

in NK22 were using the correct formulae (Neustadt, pri v ate communications). 
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Assuming linear temperature perturbations δT ( u , t ), the resulting 

change in flux is 

δF λ( t) = F λ, 0 ( λ) 

∫ 
u du 

( e x − 1) 2 
xe x 

T 0 ( u ) 
δT ( u, t) . (4) 

The disc can then be discretized into a matrix W , gridded in radius 

u and time t . Each individual element of this matrix will then be the 

integrand, at that time and position in the disc. Ho we ver, this does 

not account for the time it takes for light to travel across the accretion 

disc, which depends on both its size and inclination with respect to 

the observer. Light emitted at a certain time in the rest-frame of the 

AGN will be smeared to influence the flux received in a range of 

observed times. Consequently, flux perturbations at a given radius u 

in NK22 ’s model parameter time t p will be smeared out o v er a certain 

range of data times t d , go v erned by a smearing function f ( u , t p , t d ). 

This can be multiplied by the existing W matrix to account for the 

smearing effect in equation ( 4 ). 

The smearing term can be constructed by first defining the 

characteristic time-scale of light travel across the disc, 

t 0 = 
R sin ( i) 

c 
= 

uR in sin ( i) 

c 
(5) 

Define the smearing functions from NK22 , 

G 1 ( x , y ) = 
1 

π	t 

(

√ 

t 2 0 − y 2 −

√ 

t 2 0 − x 2 

)

(6a) 

G 2 ( x , y ) = 
1 

π

[

arcsin 

(

y 

t 0 

)

− arcsin 

(

x 

t 0 

)]

(6b) 

producing 

f ( u, t p , t d ) = G 1 ( t 1 , t 2 ) + 
t d − ( t p − 	t) 

	t 
G 2 ( t 1 , t 2 ) 

+ G 1 ( t 3 , t 4 ) + 
( t p + 	t) − t d 

	t 
G 2 ( t 3 , t 4 ) (7) 

where 

t 1 = max ( t p − 	t − t d , −t 0 ) (8a) 

t 2 = min ( t p − t d , + t 0 ) (8b) 

t 3 = max ( t p − t d , −t 0 ) (8c) 

t 4 = min ( t p + 	t − t d , + t 0 ) (8d) 

where 	 t is the t p -grid spacing. An in-depth deri v ation of this 

smearing function is given in Appendix A . 

The purpose of this model is to construct temperature profile 

maps δT ( u , t p ) from spectroscopic/photometric light-curve data 

of flux perturbations δF λ( λ, t d ). Therefore, we need to minimize 

χ2 in order to fit the model to our input flux data. To ensure 

robust matrix inversion, linear regularization is used to reduce the 

likelihood of large jumps in temperature perturbations in both the 

radial and temporal dimensions. Adding this ‘smoothing’ effect also 

remedies for situations where the matrix inversion is ill-conditioned 

or undefined. NK22 define a smoothing parameter ξ , which applies 

to all smoothing matrices (one for each dimension and a linear one). 

The choice of ξ is made on a case-by-case basis, but as stated in 

NK22 , usually ξ is chosen so that the χ2 per data point ( χ2 / N d ) is 

∼1, where N d = N t d × N ν is the total number of data points. 

Using this smoothing parameter ξ and the smoothing matrices 

defined in NK22 ( D k , D l , I ), the χ2 of this model can be minimized 

to yield, 

δT = 
[

W 
T 
σ W σ + ξ ( I + D k + D l ) 

]−1 
W 

T 
σ δF σ (9) 

Figure 1. The filter kernels used for an AGN with the same accretion 

parameters as NGC5548 (described in Section 2 ), using equation ( 4 ), the 

parameters of the quasar, and the wavelength range described for our test 

cases in Section 3.1 . The range of radii probed are labeled with text and a 

dark line on either side of the kernels, with the rest of the parameter-space 

shaded in dark grey. The more restrictive radius range is shown, shading the 

rest of the parameter-space with a lighter grey. 

where W σ = W / σ , δF σ = δF λ/ σ , and σ is the error in the observed 

flux perturbations. 

This inversion process maps two dimensions given in the observed 

data ( λ, t d ) to two dimensions in the temperature profile map ( u , 

t p ). The sampling of both λ and t d are determined by the observed 

spectroscopic/photometric light curves. The sampling of u and t p are 

determined on a case-by-case basis, both of which determine the 

quality of the δT ( u , t p ) fit. In general, the t p array must span the 

observed times t d with N t p data points and a grid spacing of 	 t . 

NK22 state that the t p array should go from the minimum t d value 

to the maximum t d v alue. Ho we ver, kno wing that the smearing term 

involves times before the first t d value and after the last t d value, we 

opt to use a t p array that starts a few days before the first observed 

time and ends a few days after the last observed time. In addition, 

all data must be shifted to the rest-frame of the AGN, including the 

observed times t d , wavelengths λ, and fluxes δF λ. 

To construct the grid in u -space, we undergo the same process of 

constructing filter kernels as in NK22 (Fig. 1 ). These filter kernels 

describe the weighted contribution of the temperature perturbation 

δT as a function of radius on the observed flux perturbations δF λ at a 

giv en wav elength, obtained from the inte grand in equation ( 4 ). This 

process helps to define the bounds of the integral used in equation 

( 4 ), as to have the minimal amount of elements in the design matrix 

W . While NK22 uses the same range of radii for each object, we 

use different radii for each object, but keep the same resolution ( N u ) 

and sample evenly in log 10 ( u ) = y . To obtain the range of radii 

explored by the data, we obtain the filter kernels for the shortest and 

longest rest-frame wavelengths probed by data for a given object. 

We designate the upper and lower bounds of the radii for each kernel 

at an arbitrary fraction of 0.01 of the kernel peak. The lower (upper) 

bound for the shortest-w avelength (longest-w avelength) k ernel then 

defines the range of radii sampled by the data. For each object, we 

can define a more restrictive radius range, defined at half of the filter 

kernel maximum for the longest and shortest wavelengths. In terms 

of resolution, we follow NK22 , and use N u = 50 radial bins for each 
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object, as the radial resolution has little effect on the quality of the 

output temperature profile map. We assume an inclination of i = 30 o 

as well, as it also has little effect on the output. 

An important caveat to this process is that the data we begin 

with are light curves in terms of the total flux F λ, not the flux 

variations δF λ. Subtracting the mean spectrum/light curve to obtain 

flux variations from this data manually can lead to a difference 

between the mean/steady-state spectrum in the model and the data, 

resulting in poor temperature map quality or an offset between the 

input and output light curves. This difference can stem from host- 

galaxy contamination, systematic offsets in the data, deviations from 

the thin disc model, etc. Therefore, as in NK22 , we define a parameter 

for each light curve (i.e. at a specific wavelength) to account for this 

difference in offset between the model and the data. These offsets 

can be used to reconstruct light curves from the output temperature 

profile maps as well. 

3  IMPLEMENTATION  O F  T H E  N K 2 2  M E T H O D  

When creating input light curves from an input temperature profile 

map, we opt to use equation ( 3a ), utilizing T 0 + δT instead of T 0 , 

because it allows the light curves to be created with a nonlinear 

dependence on the temperature perturbations. Therefore, results 

would show that this inversion process is robust with both linear 

and nonlinear trends, as it assumes that the light curves are linearly 

proportional to the temperature perturbations. The benefit of using 

these non-linearized light curves is discussed in NK22 : the linearized 

light curves can produce unphysical negative temperatures and fluxes 

if the amplitude of perturbations becomes too large. 

In order to compare the input and output light curves and spectra, 

a normalization is needed. NK22 o v ercome this issue by normalizing 

the input and output light curves between −1 and 1. Ho we ver, if the 

input/output contain too much noise, this method of normalization 

can be offset by a certain amount. We found it best to use the fitted 

offset parameters (one for each wavelength) and minimize χ2 to 

obtain a multiplicative factor to fit the output data to the input data. 

In addition, normalization is needed to compare the input and output 

temperature map profiles. As in NK22 , we normalize the temperature 

maps by the 99th percentile of | δT / T | (labeled as the scale in each of 

the figures). 

We verify our implementation of the NK22 method by testing on 

the photometric light curves for nearby AGNs used in NK22 , and 

reproduce the exact results. Next, we test the performance of the 

NK22 approach, using simulated temperature perturbation maps and 

the corresponding spectroscopic light curves. 

3.1 Idealized test cases 

To ensure that this method is robust while using multi-epoch spectra, 

we test a number of input temperature perturbation maps and compare 

them against the output (reconstructed) temperature perturbation 

maps. We start by creating an input temperature map, then use 

equation ( 3a ) to create input spectra, given a grid of observed 

wavelengths λ and observation times t d . We then subtract the mean 

flux from each epoch to obtain the approximate δF λ( λ, t d ). 

Observed times and fluxes are then put into the rest-frame of the 

quasar. We create the W matrix with a given N t p and N u , used in 

equation ( 9 ) to reconstruct the temperature perturbation map. We 

then use δF σ = W σ δT to produce the output light curves/spectra, 

assuming the linear dependence on the temperature perturbations. 

Thus, for each smoothing factor ξ , we obtain χ2 / N d and a scale for 

the temperature map. 

Each test is performed using the same parameters as input 

with respect to the resolution of certain variables, error, etc. The 

spectra are assumed to be observed at a cadence of one day for 

six months in the observed frame. We use similar spectral range 

and wavelength sampling as the SDSS spectra for these tests as 

well, which span ∼3000–10 000 Å in the quasar rest frame and 

contain N ν ∼ 5000 data points logarithmically binned in frequency. 

We use a u -grid resolution of N u = 50 in the range defined by 

the filter kernels, and a t p -grid resolution of N t p = 100. After 

obtaining the spectra using the input temperature profile, we then 

add noise relative to the steady-state spectrum F λ, SS . The uncertainty 

is chosen from a Gaussian distribution centred at 0.03 F λ, SS with a 

standard deviation of 0.005 F λ, SS . The assumed daily cadence and 

3 per cent spectrophotometric precision represent the best possible 

data quality from ground-based spectroscopic monitoring programs. 

Furthermore, each test case has a maximum amplitude of ±0.1 in 

δT / T 0 . These tests are performed with the same AGN parameters and 

redshift of NGC5548, to compare with the results from NK22 and 

span a large range of radii (i.e. y ∈ [0.3, 3.1]). 

We utilize many of the same test cases as NK22 (Fig. 2 ): outgo 

is an outgoing wave moving at near the speed of light, resembling a 

lamppost signal; ingo is an ingoing wave whose velocity decreases 

in magnitude as it approaches the centre of the disc; outgo-slow is 

the same as ingo , with perturbations traveling outward instead of 

inward; in-and-out is a combination of outgo and ingo such that 

the inward traveling perturbations have twice the amplitude as the 

outward moving ones; bumps is an ingoing wave with shapes and 

spots superimposed, each with an arbitrary amplitude; two-rings is 

the simplest case, with tw o band-lik e perturbations, one traveling 

outward and the other traveling inward at velocities v ∝ u like ingo . 

The speed of outgo is ∼0.5 c , while the speed of ingo , outgo-slow , 

and two-rings changes as v ∝ u , such that v ∼ 0.04 c at u = 100. 

The results of these test cases vary, though there are some 

common features of the output temperature maps. Each reconstructed 

temperature map shows noticeable deviations from the input at small 

radii, where the emission is not well sampled by the data. Using the 

more restrictive range on the filter kernels of 0.5 the maximum grants 

a well-sampled radius range of y ∈ [1.3, 2.6], ef fecti v ely e xcluding 

the small radii where large deviations from the input map are seen. 

The smoothing ξ term also has a stronger effect at smaller radii, 

because the smoothing is conducted in u space while the grid is 

binned in log u space. 

The reconstruction for all of the test cases resembles the results in 

NK22 with photometric light curves. In particular, two-rings , ingo , 

outgo-slow , and outgo are easily recognizable at larger ξ . Finer 

details and perturbations located outside of the well-probed radii 

are harder to reconstruct, as seen in outgo, in-and-out , and bumps . 

The shapes in bumps are unresolved and only seen at large ξ as blobs 

with an an increased amplitude. The shapes in the upper-right and 

lower left corners of the image are not seen at all. The characteristic 

turno v er at large radii in outgo is not seen, though a subtle slant of 

the vertical structure can be seen. in-and-out shows the worst quality 

reconstruction, resembling an ingo pattern due to the range of radii 

probed. In all cases, a smoothing of ξ = 100 provides a balance 

between recognition of features through smoothing and accurate 

reconstruction (i.e. χ2 / N d and output amplitude of perturbations). 

Comparing to NK22 , we see that our results resemble the input 

temperature map at higher ξ within the radius range probed. The 

boundaries between different parts of the waves are more defined 

than theirs at larger ξ , due to the increase in resolution we have in λ- 

space. NK22 describe that many of their temperature maps resemble 

lamppost-like signals as they increase ξ , regardless of the input, while 
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Figure 2. All of the simulated test case scenarios used to test the algorithm with spectra as input, described in further detail in Section 3.1 . Each input 

temperature profile map was constructed with the same parameters, utilizing AGN parameters from NGC5548 and a maximum amplitude of 0.1 T 0 ( u ). Each 

panel displays an output temperature map for a given test case (labeled on the right) and smoothing factor ξ (labeled on top), colour coded by δT / T relative to 

the chosen scale. The leftmost column shows the input temperature map for each test case. Like in NK22 , we choose to use the 99th percentile of | δT / T | as the 

scale, shown alongside the χ2 per data point ( χ2 / N d ) for each panel. 

ours resemble the input temperature map even at large ξ . At low ξ , 

the method o v erfits our data due to the increased spectral resolution 

we have, making the output patterns less obvious. Ho we ver, this also 

leads to a χ2 / N d closer to 1 at all ξ as well. One caveat is that NK22 ’s 

temperature maps span a larger range of radii due to the bands co v ered 

by the photometric light-curve data they use (spanning from ∼1100–

9000 Å; in the quasar rest-frame, while our spectra span ∼3000–

10 000 Å; in the quasar rest-frame). Ho we ver, NK22 also display a 

smearing at low radii similar to our results, even though they probe 

smaller radii within the disc, making these features unreliable. 

In conclusion, even with the limited spectral range probed by 

SDSS-like data, it is possible to reco v er the prominent features 

in the temperature perturbation map and distinguish fundamental 

different perturbation patterns (e.g. ingo and outgo ). In addition, 

the higher spectral resolution is beneficial to resolve radial waves 

that are otherwise difficult to resolve with coarsely sampled data in 

wavelength, e.g. photometric light curves. 

3.2 SDSS-RM test cases 

To better understand the performance of temperature perturbation 

reconstruction using realistic spectroscopic data, we perform tests 

with sampling properties similar to the SDSS-RM dataset. More 

general investigations on the reconstruction quality as functions of 

the spectral resolution and signal-to-noise ratio (S/N), as well as 

resolutions of the model grid, are presented in Appendix B . 
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Figure 3. The gap test described in Section 3.2 . The input temperature profile map is the ingo pattern with a period ∼40 d and an amplitude of 0.1 T 0 . The 

upper panels represent the output from the algorithm with no gap in observed times. The bottom panel represents the output to the same spectra, but with a gap 

in observations from 90–270 d, shaded in grey. 

Ground-based spectroscopic monitoring usually contains seasonal 

gaps in the observed epochs. We therefore first test the reliability of 

this method with respect to gaps in the data, and how well it can 

reconstruct temperature maps qualitatively. We use an ingo pattern 

as the input with a period ∼40d and a speed v ∼ 0.04 c at u = 100. 

AGN parameters including redshift are the same as for NGC5548 

( z = 0.017). The simulated observations have a cadence of 1 d 

in the observed frame for a year, and we remo v e the central six 

months to create the ‘gapped’ data. The results in Fig. 3 show that the 

reconstruction is resilient to seasonal gaps, producing similar results 

for both the gapped data and non-gapped data. The perturbation scale 

is slightly smaller for the gapped data, as the middle section of the 

temperature map is close to 0, driving down the 99th percentile of 

the data. The χ2 / N d is lower for the gapped data, as with fewer 

observations the model o v erfits the data. The o v erall structure of 

the temperature map on either sides of the gap closely resembles 

that from the input map and the reconstruction without the seasonal 

gap. 

To test the effects of realistic spectroscopic data on the quality 

of the fits, we perform the same tests seen in Fig. 2 with similar 

properties as the SDSS-RM data set (i.e. spectral co v erage, cadence, 

and S/N). We use the accretion parameters of a particular SDSS-RM 

target, RMID085, to perform this suite of tests on, as this target 

is representative of the majority of the SDSS-RM sample in terms 

of the radii probed by the spectroscopy. The results (Fig. 4 ) show 

important deviations from the idealized case shown previously in 

Fig. 2 . This is most clearly seen from the output of the ingo and 

outgo-slow test cases, where the stripe pattern of the wave becomes 

fragmented. The output of these test cases display vertical stripes 

of alternating positive and ne gativ e amplitudes, often not showing 

a definitive straight line like the input, to unambiguously indicate 

that it is an outw ard/inw ard propagating w ave with varying speed. 

In addition, there is a degree of degeneracy between the ingo and 

outgo-slow results with low smoothing parameter ξ . Both outputs 

resemble each other very closely with the vertical striped column 

pattern. Ho we ver, the dif ferent tilting of the stripes becomes more 

noticeable when increasing the smoothing ξ . 

On the other hand, the presence of fast outgoing waves ( outgo ) is 

much clearer in the output for all smoothing levels ξ . NK22 show 

in their photometric data that for many objects, high- ξ fits produce 

outgo -like patterns. For our spectrocopic light curves, even with 

low ξ smoothing, this fast outgo pattern is noticeable. Though, the 

combination of ingo and outgo produces output that resembles ingo , 

at both small and large ξ . This presents a degree of degeneracy 

between ingo and in-and-out as well. This de generac y is discussed 

further in Appendix C with Fig. C1 . 

The tests in Fig. 4 suggest that with low or moderate-cadence 

spectroscopic light curves, the reconstruction of the temperature 

perturbation map will inevitably be degraded compared with the ideal 

cases shown in Section 3.1 , and it is often difficult to unambiguously 

determine the direction of propagation of slow wav es. Nev ertheless, 

even with the SDSS-RM spectroscopic cadence, it is straightforward 

to distinguish between the slow wave cases ( ingo and outgo-slow ) 

and the lamppost signal case ( outgo ). In addition, the SDSS spectral 

resolution is sufficient to reco v er the correct radial frequency of the 

wave perturbations, as illustrated by the first three input examples in 

Fig. 4 with different radial frequencies. 

Another important caveat of the reconstruction using low-to- 

moderate cadence spectroscopy is the bifurcation of stripes near the 

top of the map (at large radii). Such ‘fanning’ features are most 

noticeable for results with low smoothing ξ . This is an artifact 

of the reconstruction caused by the smearing effect due to light 

travel times and sparse-to-moderate cadence of the data. The NK22 

method accounts for light-travel-time smearing by averaging over 

adjacent epochs, which will lead to such structures at large radii if 

the epochs are sparsely sampled. We illustrate this caveat in detail in 

Appendix D . 

4  AP PLICATIO NS  TO  SDSS-RM  QUAS ARS  

4.1 Data 

To apply the NK22 method to distant quasars, we utilize the 

multi-epoch spectroscopy from the SDSS-RM project (Shen et al. 

2015a ). SDSS-RM is a dedicated multi-object reverberation mapping 

program that simultaneously monitored 849 quasars o v er a broad 

redshift range of 0.1 < z < 4.5 with SDSS spectroscopy during 

2014–2020. The primary science goal of SDSS-RM is to measure the 

time lags between continuum and broad-line emission from distant 

quasars to infer the size of the broad-line region and derive RM- 

based black hole masses. But the same data set can also be used to 

measure continuum lags and accretion disc sizes for high-redshift 
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Figure 4. Similar to Fig. 2 , but with the spectral range, cadence, and AGN parameters of one of the objects in our sample: RMID085. This features only ingo , 

outgo-slow , outgo , and in-and-out with shorter temporal periods than in the previous suite of tests. 

quasars (e.g. Homayouni et al. 2019 ). There are a total of 90 epochs 

of spectroscopy o v er 7 years; 32 epochs were obtained in the first 

season with an average cadence of ∼4 d. These SDSS optical spectra 

co v er ∼3650–10 400 Å with a spectral resolution of λ/ 	λ ∼ 2000. 

Shen et al. ( 2019 ) presented properties for the 849 SDSS-RM 

quasars, including black hole masses and Eddington ratios estimated 

using the single-epoch virial BH mass estimators (Shen 2013 ), 

as well as measured continuum variability amplitude in the first- 

season spectroscopic monitoring. We use the compiled continuum 

variability metrics (SNR2 C1700, SNR2 C3000, and SNR2 C5100) 

in Shen et al. ( 2019 ) to select 100 most variable quasars. These 

continuum variability metrics measure the S/N of the detection of 

intrinsic variability, rather than the variability amplitudes themselves. 

Given the typical flux measurement uncertainties of SDSS-RM data, 

intrinsically more variable quasars would on a verage ha ve higher 

SNR2 values. 

Fig. 5 shows the distributions of these 100 quasars in the luminosity 

versus BH mass or redshift plane. Compared with the full SDSS-RM 

quasar sample, these most variable quasars shift to systematically 

lower redshifts, which is expected given the reduced time dilation to 

enhance the apparent v ariability. Ne vertheless, these 100 objects still 

probe a broad range in luminosity and BH masses, and are typical of 

the high-luminosity quasar population. 

For each spectroscopic epoch, we remove contribution from 

emission lines and line comple x es using the spectral fitting approach 

outlined in Shen et al. ( 2019 ). The continuum emission is modeled 

as a power-law plus a lower-order polynomial. A substantial fraction 

of these 100 quasars are at z < 1, where the continuum emission 

may be contaminated by host-galaxy starlight. We use the host- 

quasar spectral decomposition results in Shen et al. ( 2015b ) to further 

subtract host contamination to the accretion disc continuum in these 

low-redshift quasars. The final accretion disc continuum spectra are 

used as input to reconstruct the temperature perturbation map for each 

of the 100 quasars. To best constrain the temperature perturbation 

map, we focus on the first-season SDSS-RM spectroscopy, which 

has much higher cadence than subsequent years. The NK22 method- 

ology, ho we ver, can be easily applied to multiseason spectroscopy, 

as illustrated by our test cases in Section 3 . 

4.2 Results 

We run each quasar in the SDSS-RM sample through the NK22 

method, producing an output temperature profile map and output 

spectra fitted to the input spectra. The data for each object contains 

the multi-epoch continuum spectra and their errors, and the observed 

dates of the spectra. The original continuum model is a smooth 



4528 Z. Stone and Y. Shen 

MNRAS 524, 4521–4542 (2023) 

Figure 5. Properties of the ∼ 100 quasar sample used from Shen et al. ( 2019 ), 

comparing bolometric luminosity L bol to M BH and z. Our sample is shown 

as black points, while contours from the entire SDSS-RM quasar catalog are 

shown shaded in blue. These contours are constructed to contain [5, 20, 40, 

60, 80] per cent of the data. The top panel also contains labeled dashed lines 

of constant Eddington ratio λEdd . The sample of local AGNs from NK22 are 

shown in both panels as red stars. 

fit to the data that does not reflect the flux uncertainties per 

spectral pixel. Therefore, we displace each data point in the smooth 

continuum model using the uncertainties of the continuum model. 

This continuum uncertainty is the combination of measurement 

uncertainties due to flux errors and a systematic fractional uncertainty 

floor of 5 per cent from flux calibration (Shen et al. 2015a ), with the 

latter usually dominating the continuum uncertainties. Each inversion 

process uses the same parameters of N u = 50 and N t p = 100. While 

each object has spectra spanning multiple seasons, and the gaps 

would not have affected the quality of the fits, using a large timespan 

but a t p resolution of N t p w ould mak e most of the features within 

the output map highly unresolved. Additionally, the first season of 

observing had a much higher cadence than the rest of the seasons, 

spanning ∼100–150 d, which would be condensed into a small corner 

of the map if the map spanned all observed times. Therefore, we 

restrict the map to co v er all observations in the first season only, 

before the first gap in observations. Therefore, we are exploring 

temperature perturbations on time-scales constrained by the first- 

season of SDSS-RM data (and the redshift of the quasar). 

Admittedly, some quasars have fractional spectral variability well 

exceeding the linear regime, which represent a population of extreme 

variability quasars (e.g. Dexter et al. 2019 ). We retain such objects in 

our sample to reconstruct their temperature perturbation maps. But 

we caution on the physical interpretation of their results, as the linear 

perturbation conditions in the NK22 approach are not fulfilled for 

these extreme variability quasars. 

We compile a FITS table of the continuum spectra and properties 

for each quasar in the SDSS-RM sample ( https://zenodo.org/r ecor d/ 

8040692 ). In addition, we provide a summary plot for the temperature 

map reconstruction for the sample, with one example shown in Fig. 6 . 

This summary plot contains the parameters of the AGN, the filter 

kernel used, a plot of the input spectra colour-coded by the date 

of observation, the reconstructed temperature perturbation map, and 

any parameters to describe perturbations within the map. 

A number of objects in our sample contain outlier spectra for 

certain epochs, deviating far from the mean (steady state) spectrum. 

These outlier epochs are most likely caused by systematics in the data 

processing (Shen et al. 2015a ) rather than intrinsic variability. We 

performed our analysis for these objects both with and without these 

outlier spectra, to judge their effects on the reconstruction. We find 

that the reconstructed temperature perturbation pattern is insensitive 

to this detail. Ho we ver, the amplitude of the perturbations decreases 

after the outlier epochs are remo v ed, as the model does not need to 

account for large jumps in the data between epochs. Given the nature 

of the smoothing factor ξ , the reduction in scale is not as prominent 

for large ξ . We use the results with the outlier rejection as our fiducial 

temperature perturbation maps. 

Each reconstructed temperature map displays one of three visual 

perturbation patterns: slow outgoing waves (similar to outgo-slow ), 

slow ingoing waves (similar to ingo ), or incoherent perturbation 

patterns. Most output maps display the columns of alternating 

positive and negative amplitude, with patches of perturbations, like 

those seen in Fig. 4 . One clear example of this is RMID085, shown 

in Fig. 7 , which displays resemblance to the ingo pattern, though it 

is visually similar to an outgo-slow pattern as well (see discussions 

on this ambiguity in Section 3.2 ). For all objects, the presence of 

perturbations is subtle at low ξ , only becoming clear once reaching 

large ξ � 10 3 . For the majority of our sample we find no evidence of 

any coherent pattern of fast outgoing waves in the output temperature 

maps. This is somewhat different than NK22 for local AGNs, where 

large ξ often leads to lamppost-like ( outgo ) behaviour due to heavy 

smearing of the temperature perturbations in the radial direction. 

We have tested with downsampling the spectral resolution to mimic 

the photometric light curves in NK22 , but still find no lamppost 

temperature perturbation patterns for most SDSS-RM quasars with 

ξ as large as 1000. We suspect that this difference is likely caused 

by the differences in the target samples studied in both studies, i.e. 

different BH masses and luminosities (see Fig. 5 ). 

Most quasars show stochastic variability in their temperature 

maps, without strong coherent visual patterns. Ho we ver, a slo w 

ingoing/outgoing pattern can be recognized for many of them 

o v er limited periods (sev eral e xamples are shown in Fig. 7 ). It is 

possible that superpositions of incoherent waves can produce such 

visual patterns. Alternati vely, unkno wn systematics in the continuum 

spectra could also contribute to the stochastic pattern seen in the 

reconstructed temperature perturbation map. When comparing our 

maps with those in NK22 for local AGNs, we notice that the 

reconstructed temperature maps in NK22 also hav e man y stochastic 

features. Thus these incoherent patterns seen in our sample are likely 

intrinsic rather than due to systematics. 

Even at smoothing factors as large as ξ = 10 4 , we do not see any 

structures resembling lamppost-like waves. In our test cases shown in 

Section 3 , we see that lamppost signals would appear at large ξ if they 
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RMID017

AGN Parameters:

z = 0.457

 = 0.012

 = 8.667

 = 44.875

Perturbation Parameters:

 = 0.032c

 = 0.50

Figure 6. An example summary file for one of the objects included in the sample of SDSS-RM spectra. This summary file includes: (1) the filter kernels used to 

get the range of radii probed by the spectra (see Fig. 1 ), (2) parameters of the AGN, (3) a figure showing the change in the spectra o v er time, with the change in 

spectra relative to the mean (steady-state) spectrum and colour-coded by the time of the observation in the quasar rest-frame, (4) the output temperature profile 

map. 

Figure 7. Reconstructed temperature maps for three SDSS-RM quasars. Each temperature map is labeled on the right of the rightmost panel with its name 

from the SDSS-RM catalog. The maps for each object were visually inspected to determine the direction, speed, and period of their perturbations. Each panel 

contains dashed lines representing the direction and approximate speed of these perturbations. The width between these lines corresponds to the approximate 

radial/temporal period of these perturbations as well. 
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were present in the spectra, regardless of the cadence, spectral range, 

or resolution in t p . It may be possible that there are low-amplitude 

lamppost-like perturbations superimposed on top of the dominant 

slow ingoing/outgoing perturbations. However, we test this using 

simulated combinations of ingo and outgo , and find that if there 

were any low-amplitude lamppost-like wav es, the y would be visible 

at large ξ (see Appendix C ). The fact that these lamppost patterns are 

not seen at large ξ for SDSS-RM quasars indicates that these ingoing 

and outgoing perturbations are real, and not systematics from the 

reconstruction. 

We do observe systematic patterns that have been amplified with 

respect to the initial tests in Section 3.1 . The most prominent 

systematic feature in the temperature maps is a ‘fanning out’ seen at 

large radii, near the edge of the range of probed radii. This is seen in 

the test cases with the observational parameters of RMID085 (Fig. 4 ) 

at large radii for low ξ . This can be seen in Fig. 7 as well, with the 

fanning out occurring at the upper limit of the radius range probed for 

all ξ , for each object. This fanning is seen on top of vertical, striped 

columns for almost all objects. A single ‘fan’ can encompass the 

entire baseline of observations for some objects. In Appendix D , we 

argue that this fanning pattern is due to the smearing effect introduced 

in Section 2 . We do not observe fanning for the idealized test cases in 

Section 3.1 , because the spectra are too highly sampled in t d space. 

Each observation at a given t d influences a range of parameter times 

t p at a given radius u . This range of times increases as u increases, 

causing this fan pattern. If the t d resolution is low, these fans are 

noticeable from the widely separated indi vidual observ ations at large 

radii. At higher resolutions, these fanning patterns o v erlap at large 

radii, adding up and making their effect on the temperature map 

minimal (discussed further in Appendix D ). 

Using ξ = 100 as the most accurate smoothing factor for the scale 

of the temperature map (see Appendix B ), most objects ha ve pertur - 

bations ∼0.1 T 0 . This is both consistent with the results from NK22 , 

and with the linear regime presented in their method. Though, there 

is uncertainty in the suggested temperature perturbation amplitudes 

in AGN: Dexter & Agol ( 2010 ) find that describing temperature 

fluctuations as a random walk produces an amplitude ∼ 40 per cent 

when comparing to flux observations of AGN. Hirose, Blaes & 

Krolik ( 2009 ) produce temperature variations with an amplitude 

∼2 T 0 , while general relativistic magnetohydrodynamic (GRMHD) 

simulations by Fragile et al. ( 2007 ) and McKinney & Blandford 

( 2009 ) result in amplitudes of 10–20 per cent, though utilize thick 

discs and do not consider radiation dynamics. 

Many SDSS-RM quasars have maps that contain visual patterns 

similar to ingo and outgo-slow that can be traced by eye in terms of 

direction and speed, as well as radial/temporal period. These more 

ob vious perturbations hav e speeds v 10 ∼ 0.02 c at u = 10, and radial 

periods P y ∼ 0.5 dex. The logarithmically radial periods we find are 

shorter than in NK22 , and the speeds we find are faster by a factor 

∼10. This discrepancy can be due to both the degeneracy in different 

types of outgoing/ingoing perturbations due to the fragmentation 

from temperature map reconstruction, and the properties of the 

AGN we study. The range of radii that the NK22 sample probes 

is on average larger than the range for our sample. Thus, we may 

only be seeing short-term perturbation motion for an o v erall larger 

perturbation pattern within the disc. Extending to a larger region in 

the disc may show that the perturbations we observe are stochastic 

noise relative to larger, more significant perturbation patterns. 

In terms of physical time-scales, these perturbations have periods 

∼40 d, similar to the typical orbital time-scale at a radius u ∼ 10 

for M BH = 2 × 10 8 M �. If the orbital time-scale were much quicker 

than the period of the w ave-lik e perturbations, the perturbation may 

be smoothed out from the rotation of the disc. The fact that these 

two time-scales match at similar radii suggest that instabilities could 

develop on the orbital time-scale that give rise to outgoing/ingoing 

w ave-lik e perturbations. In addition, these perturbations travel co- 

herently o v er intervals of ∼ months, also similar to the dynamical 

time at these inner radii for a typical M BH in our sample. 

These perturbations are also of constant width in y -space, growing 

larger as they travel farther out into the disc. This behaviour 

likely follows from viscosity, thermal energy transfer, and rotation 

causing the perturbation to lose energy and diffuse into the disc. 

Ho we ver, these perturbations generated within the disc are likely 

more complicated than the simple linear perturbations from ingo 

and outgo-slow . NK22 find perturbations that mo v e inward and 

outward through the disc at different times within their temperature 

maps. These traveling perturbations may also change in amplitude 

as they travel due to loss of energy. Our reconstructed temperature 

perturbation maps are roughly consistent with these expectations, 

although more quantitative constraints are difficult to deri ve gi ven 

the nature of this approach and assumptions therein. 

An important caveat to these results is possible contamination 

to the continuum emission from the accretion disc. One of such 

sources of contamination is internal reddening on the SDSS-RM 

sample. For our chosen sample, we do not have the ability to 

distinguish host contamination and internal dust reddening from 

the continuum. The method of continuum extraction described in 

Shen et al. ( 2015a ) have shown to produce consistent results for 

host-galaxy subtraction, without any bias from reddening (Yue et al. 

2018 ). Omitting reddening from analysis has shown to o v erestimate 

AGN luminosities by a factor of nearly 4 in the optical and 10 in 

the ultra-violet (Gaskell 2017 ). We have performed tests by adding 

reddening to our spectra, such as with the reddening curve observed 

by Gaskell & Benker ( 2007 ), and found that the output temperature 

maps are similar, but temperature variations are suppressed at 

small radii. At extreme reddening, the output temperature map will 

concentrate all variation at the largest radii probed, which is not seen 

in our results. In addition, fits with more reddening produced much 

higher χ2 / N d values, indicating that if reddening were prominent in 

our sample, we would see so in the quality of our fits. Accounting 

for reddening in the SDSS spectra also does not significantly alter 

the output temperature maps, and produces poorer fits. Thus, while 

the effects of reddening do not affect our sample significantly, our 

temperature maps place an upper bound on the temperature variations 

within the accretion disc. Additionally, it has been shown that diffuse 

broad-line region (BLR) emission is the dominant source of the 

recent accretion disc time delay measurements (Netzer 2022 ), which 

can contaminate continuum emission. The NK22 method assumes 

that all variable emission comes from a thin accretion disc. Variable 

emission from the BLR, as well as internal reddening/host-galaxy 

emission, can be included in this model as a possible extension of this 

work. 

5  C O N C L U S I O N S  

The nature of the origin of AGN stochastic variability is uncertain, 

both in the mechanisms producing perturbations within the disc, 

and mechanisms that affect the propagation of these perturbations 

and create the light curves we observe. The lamppost model has 

been invoked to describe disc variability as fast, outgoing wavelike 

temperature perturbations traveling through the disc at near the 

speed of light, originating near the SMBH. There has also been 

evidence of slower perturbations traveling both inward and outward 

throughout the disc, originating at various disc radii. NK22 have 
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recently developed a method to utilize AGN light-curve data to 

produce temperature perturbation maps of the accretion disc as a 

function of time. 

In this work, we perform an extension of the novel method 

described in NK22 to utilize input multi-epoch spectroscopic light 

curves, and apply to the spectroscopic monitoring data from the 

SDSS-RM project (Shen et al. 2015a ). We perform a series of tests 

using certain idealized input temperature perturbation maps: (i) using 

accretion parameters from a nearby AGN (NGC5548) with idealized 

observational cadences, spectral ranges, and uncertainty, and (ii) 

using accretion parameters typical of distant SDSS-RM quasars, 

with the observational cadence, spectral range, and uncertainty 

representative of the SDSS-RM sample. The results from these tests 

are as follows: 

(i) Our high spectral resolution produces reasonably good tem- 

perature perturbation maps in the range of radii probed by the data, 

even though the temporal resolution (i.e. cadence) is low. Comparing 

to NK22 , we find similar χ2 / N d and temperature perturbation 

amplitudes in our suite of tests. 

(ii) There is a de generac y between both the slow, ingoing wave 

( ingo ) and the slow, outgoing wave ( outgo-slow ) in recovered 

temperature maps for irregular or low cadences of the monitoring 

spectroscopy. Both input patterns produce vertical columns with 

stripes of alternating positive and negative perturbation amplitudes. 

These columns produce fragmented waves that look similar for both 

ingoing and outgoing perturbations. 

(iii) The smearing term accounting for light travel times across 

the accretion disc produces a systematic artifact on the output 

temperature maps at large radii if the cadence of observations is 

moderate to low. At large radii near the edge of the range probed by 

the observed wavelengths, there is a pattern of bifurcation seen at 

the top of the aforementioned striped columns. These ‘fanning out’ 

patterns are due to the lack of averaging out of the smearing term at 

large radii for lo w-cadence observ ations. At higher cadences, these 

‘fans’ average out over many epochs and largely disappear. 

These tests demonstrate that with high-quality spectroscopic 

monitoring data, especially those with high cadences (e.g. every 

1–2 d), high-fidelity temperature perturbation maps can be recon- 

structed from such data. Seasonal gaps will not introduce systematic 

biases in the reconstruction. With reduced cadences (e.g. similar to 

those for SDSS-RM quasars), the quality of the temperature map 

reconstruction is degraded. Ho we ver, it is still straightforward to 

differentiate between the slow-mo ving wav es and the fast-moving 

lamppost patterns. 

We then perform this analysis using spectroscopic monitoring data 

for 100 of the most variable quasars from the SDSS-RM (Shen et al. 

2015a ) sample. These quasars have been monitored for multiple 

seasons, and we use the first-season data with a high cadence of 

∼4 d to study variability o v er days to months time-scales. For each 

quasar, we generate the reconstructed temperature perturbation map 

given the properties of the quasar and the spectroscopic monitoring 

data. The main results for the SDSS-RM sample are the following: 

(i) The vast majority of SDSS-RM quasars display incoherent 

stochastic variability in their global temperature perturbation maps. 

But there are often patches of regions that display clear evidence of 

slow, inward- or outward-moving perturbations, similar to ingo and 

outgo-slow . There is no clear evidence of fast, outgoing lamppost- 

like signals in any of the reconstructed temperature maps. While the 

cadence of the SDSS-RM data is insufficient to well resolve the light 

travel time across large disc radii, the characteristic vertical stripes 

from the lamppost model at small disc radii are not seen. 

(ii) For visually recognizable slow wave patterns, the typical 

perturbation amplitude is δT /T 0 ∼ 10 per cent , and the typical 

temporal frequency of the wave is ∼40 d (in quasar rest-frame). 

This average time-scale is similar to the orbital time-scale of the disc 

at R ∼ 10 R in for typical BH masses ( ∼ 10 8 M �) of the SDSS-RM 

sample. These perturbations have a speed ∼0.02 c at R = 10 R in , faster 

than the speeds seen in NK22 by a factor ∼10. Of course, these wave 

speeds are approximate at best, since it is difficult to measure the 

exact speed in the reconstructed temperature perturbation maps. 

Our results are consistent with the findings in NK22 . Temperature 

perturbations in AGN and luminous quasar accretion discs are 

not dominated by the lamppost signal, indicating disc instabilities 

are the main driver for accretion disc temperature perturbations. 

Ho we ver, as pointed out by NK22 , when measuring the flux vari- 

ability, contributions from slow-moving temperature perturbations 

are substantially more suppressed due to radial averaging, resulting 

in a more prominent lamppost signal in the light curv es. Ov er 

longer observing baselines, the flux contribution of the slow-moving 

temperature perturbations becomes more important and dilutes the 

lamppost signals. Furthermore, there are many cases where the 

temperature perturbations are completely dominated by incoherent 

slow-mo ving wav es, which means it would be difficult to use the 

RM technique to measure continuum lags and to infer the disc 

sizes and temperature profiles. Even in cases with coherent slow- 

outgoing waves, the interpretation of the measured continuum RM 

lags would be significantly complicated since the perturbations 

are not propagating at the speed of light, as typically assumed in 

continuum RM studies. 

Our general conclusion from this study is that the NK22 approach 

is a very promising tool in further constraining accretion disc 

variability with upcoming photometric and spectroscopic monitoring 

of AGN and quasars, e.g. with the Vera C Rubin Observatory Le gac y 

Surv e y of Space and Time (LSST; Ivezi ́c et al. 2019 ) and the SDSS-V 

Black Hole Mapper program (Kollmeier et al. 2017 ). In Appendix B 

we demonstrate the utility and caveats of LSST-like light curves 

on constraining the disc temperature fluctuations (Fig. B6 ), which 

are expected to be an important data set to study accretion disc 

v ariability (e.g. Kov a ̌ce vi ́c et al. 2022 ). Such time series data with 

high cadences, broad spectral co v erage, and adequate S/N would 

enable reliable reconstruction of the accretion disc temperature 

perturbation map for large samples of AGNs and quasars. The 

increased baselines will also enable the exploration of the emergence 

and propagation of temperature fluctuations o v er e xtended periods of 

time. 
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AP PENDIX  A :  T H E  SMEAR IN G  F U N C T I O N  

NK22 present formalism to represent the smearing that occurs in 

observ ed AGN light curv es due to the time delay across different 

regions of the accretion disc. Light observed at a given time (in the 

observer’s frame) is the combination of light emitted from different 

parts of the disc at different times (denoted as ‘ t p ’ for parameter 

or proper time in the disc reference frame), which would ‘smear 

out’ variability and emission o v erall. We parameterize the azimuthal 

position on the disc using the polar angle θ in units of π , which 

is 0 at the top of the disc, 0.5 to the right of the disc, 1 at the 

bottom, etc. To begin, we lay out the general geometry of the system 

(Fig. A1 ): an inclined disc with respect to the observer’s line of sight 

( i is the angle between the LOS and the disc normal) located at a 

distance D from the observer (at the near-side of the disc). There is 

a characteristic length L 0 that a photon emitted at a radius u on the 
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Figure A1. A schematic diagram of the geometry of the accretion disc- 

observer system for constructing the smearing term, described in Appendix A . 

The inset plot in the top left displays how we define the polar coordinate θ

on the accretion disc. 

disc needs to travel to the centre of the disc in the LOS direction: 

L 0 = uR in sin ( i ). Converting this to a time-scale: t 0 = 
uR in sin ( i) 

c . For 

simplicity, all times are assumed to be in the reference frame of the 

AGN. 

After being emitted at a time t p , light will arrive at the observer at 

time t d = D / c + t 0 [1 + cos ( πθ )]. We redefine the emitted time (i.e. 

the ‘parameter time’) relative to when emission at the centre of the 

disc is observed, which produces: t d = t p + t 0 cos ( πθ ). Rearranging, 

θ = 
1 
π

cos −1 
(

t d −t p 
t 0 

)

. 

To measure the effect of the smearing, we require a function that 

tells us how to weight t p values for a given t d and u . In other words, 

we need the range of t p that influence a given t d and u . To do this, we 

differentiate θ , 

d θ = 
d t p 

πt 0 

[ 

1 −

(

t d − t p 

t 0 

)2 
] 

(A1) 

This gives us the range in θ (i.e. the area on the disc) that influences 

a given measurement for a given radius u . This is one way to weight 

the t p for a gi ven t d , u . Ho we ver, in practice, we only sample t p on a 

finite grid, with spacing 	 t . To account for the mismatch in t p and t d , 

we interpolate the previous weighting function d θ to t d . To perform 

this interpolation, we convolve d θ with a triangle function centred 

on t p with width 	 t : 

f ( u, t p , t d ) = 

∫ [

1 −

∣

∣

∣

∣

t − t p 

	t 

∣

∣

∣

∣

]

⎡ 

⎣ 
1 

πt 0 

( 

1 −

(

t − t d 

t 0 

)2 
) −1 / 2 

⎤ 

⎦ d t 

(A2) 

Care must be taken in performing this integral, namely because 

the two functions used are not defined for all t . The two regions 

of the integral (i.e. the left and right side of the triangle function) 

are defined by equation ( 8a ) as [ t 1 , t 2 ] and [ t 3 , t 4 ]. Performing this 

integral produces the form seen in equation ( 7 ) using the smearing 

functions defined in equations ( 6a ) and ( 6b ). 

There are several caveats to this formulation that could affect the 

output of the smearing function. First, for the convolution to be finite, 

the two functions (i.e. d θ and the triangle function) must o v erlap. 

Additionally, the left side of the integral (i.e. from t 1 to t 2 ) must be 

0 if the left side of the triangle function does not o v erlap with d θ , 

and similarly for the right side. All conditions and their effects on 

the smearing term are shown in Table A1 . 

Table A1. Additional constraints on the smearing function f ( u , t p , t d ). 

Condition Effect 

t p + 	 t < t d − t 0 f ( u , t p , t d ) = 0 

t p − 	 t > t d + t 0 f ( u , t p , t d ) = 0 

t p < t d − t 0 t 1 = t 2 = 0 

t p > t d + t 0 t 3 = t 4 = 0 

AP PENDIX  B:  R E S O L U T I O N  TESTS  

We test the effect of the resolution of t d , t p , λ, and the relative error 

of the input spectroscopic light curves on the quality of the fits. The 

quality of the inversion is measured both by χ2 / N d and the output 

perturbation amplitude (i.e. the scale). We performed this test using 

the ingo test case, with the same parameters described in Section 3.1 

and a period of ∼40 d (Fig. B1 ). Among these four tested parameters, 

t p is related to the model setup while the other three are related to the 

data quality. 

The most obvious result from these tests is the dependence of 

χ2 / N d on the cadence of observ ations, relati ve to the characteristic 

length of the signal received from the perturbation. There is a clear 

trend of χ2 / N d approaching 1 as the cadence becomes shorter (i.e. 

the number of observed times N t d increases) for all smoothing 

factors. This is to be expected as more observations produces more 

constraints in the inversion and more data to use when inverting, 

resulting in a better fit. The dependence of the output amplitude on 

the cadence is the inverse, growing at a quicker rate for shorter 

cadences. This can be seen in Fig. B4 , showing the output of 

the temperature maps for different cadences. For large cadences, 

perturbations introduced at each observed time are smeared out o v er 

a range of parameter times t p . As the number of observed times 

increases, these ranges for each time o v erlaps and leads to larger 

perturbations in general. Though, as more data is introduced with the 

addition of more t d points, the ξ = 1, 10 fits o v erfit the data more, 

leading to a noisier temperature map with less of a pattern. The scale 

of the input perturbations is best matched by the output maps at ξ = 

100 for almost all of the tests in the default range we use for them. 

The scale and χ2 / N d as display clear dependencies on the spectral 

resolution ( N ν). The algorithm o v erfits the data at low spectral 

resolution, but produces fits with χ2 / N d ∼ 1 as the resolution 

increases, similar to the dependence on cadence. The scale shows 

similar behaviour as well, increasing as the resolution increases. 

This behaviour is analogous to the behaviour seen with cadence as 

well – for low resolution spectra, perturbations introduced at each 

wavelength apply to a range of radii (go v erned by the filter kernels in 

Section 2 ). Therefore, the sparsity of spectral data in low resolution 

examples show more smearing in the radial direction. The effect 

is less than in t d -space, as there is also an explicit smearing term 

involved in the inversion. This smearing comes from the weighting 

of different radii for each band, defined in equation ( 4 ). This explains 

why the increase in scale is slower than for the cadence test. Indeed, 

Fig. B3 showing output temperature maps for different spectral 

resolutions displays o v erfitting at ξ = 1, 10 for high resolution 

spectra. This effect wanes as the smoothing increases, as the ξ - 

smoothing dominates this ‘spectral smoothing’. 

The quality of fits as the resolution in t p -space changes matches 

the behaviour seen in NK22 : as the resolution increases, both the 

scale and χ2 / N d decrease. They attribute the decrease in scale to 

the fact that perturbations can be spread out o v er more times t p , 

rather than concentrated at a single (or a few) times. These spread- 

out fluctuations are then cause the χ2 to more easily be minimized, 
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Figure B1. The result of our suite of tests for different resolutions of t p , t d , and λ, and relative error with respect to the steady state spectrum F λ, SS . These 

tests were performed with the same parameters as the tests shown in Fig. 2 , described in Section 3.1 , using the ingo test case temperature map. Each inversion 

produced a result for ξ = 1, 10, 100, 1000, plotted in different colours on each plot. The evolution of χ2 / N d (top) and the scale (bottom) of the map are shown 

for each parameter. χ2 / N d = 1 and the input temperature map scale (0.1) are labeled with dashed grey lines in each panel. 

as their scale has decreased. Ho we ver, the change in χ2 / N d is rather 

small, meaning the effect on minimization of χ2 is not that significant. 

The effect of the amount of error in the input spectra resembles 

that of t p resolution. As the error increases, χ2 / N d decreases. All 

equations used to minimize χ2 are relative to the error, meaning 

that large errors cause the spectra to be fit easier. In essence, there 

is more room for error in the χ2 fitting. Looking at Fig. B5 we 

can see that for lower errors ( ∼10 −3 F λ, SS ), the data is o v erfit for 

all smoothings because of the small error. As the error increases, 

the smoothing becomes more apparent. The scale decreases as the 

error increases, as the perturbations from a single time are smoothed 

out across multiple times, similar to the resolution in t p -space. This 

is also due to the fact that as the error increases, the nature of the 

smoothing factor ξ causes the output to tend towards no perturbations 

with little constraint. With large error, there is little constraint on the 

shape of the model, so the algorithm produces highly smoothed out 

temperature maps, with smaller amplitude perturbations. 

In addition to the test of generic resolution for our idealized set 

of observations in Fig. 2 , we also perform a test with the same NGC 

5548 parameters and input temperature maps for high-cadence Vera 

C Rubin Observatory Le gac y Surv e y of Space and Time (Iv ezi ́c et al. 

2019 ) observations (Fig. B6 ). We use a cadence of 2 d and sample 

the light curves in the ugrizY bands. Kov a ̌ce vi ́c et al. ( 2022 ) show 

that this short cadence provided by the deep-drilling fields is optimal 

for accretion disc lag studies, and will be able to constrain time lags 

between the LSST bands for thousands of quasars. As there is much 

less data to fit, the data is o v erfit for low ξ in all cases. ξ = 1000 

represents the best fit to the data in terms of χ2 / N d for most cases, 

except outgo-slow and ingo . Comparing to the last test, the amplitude 

of perturbations matches the original best at ξ = 10, as not much 

smoothing is needed with a low resolution in λ-space. Qualitatively, 

the output temperature maps match the input fairly well for ξ ≥

10. Patterns of ingo , outgo-slow , and outgo are clearly seen for all 

ξ , albeit very smoothed at large ξ . In particular, the velocity of the 

output perturbations at large ξ for outgo-slow and ingo are larger than 

that of the input, producing steeper stripes. Thus, while smoothing 

allows patterns in the maps to been seen more clearly, they also affect 

certain properties of the perturbations if the effect of the smoothing 

is significant. As with Fig. 2 , shapes within the input temperature 

maps are not resolved well, shown for two-rings and bumps , due 

to the lack of resolution in λ. The success of this method even 

with data sparsely sampled in frequency-space highlights the results 

that LSST will produce regarding accretion disc and reverberation 

mapping campaigns. 
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Figure B2. Resolution testing in t p -space for the suite of tests described in Appendix B . These tests use the same parameters as those described in Fig. 2 . These 

four examples are chosen from a number of tests done to produce the results seen in Fig. B1 . 
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Figure B3. Same as Fig. B2 , but testing the spectral resolution ( N ν ). 
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Figure B4. Same as Fig. B2 , but testing the cadence ( N t d ). 
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Figure B5. Same as Fig. B2 , but testing the effect of the relative error in the input data. In general, the error of the input spectra is relative to the steady-state 

spectrum F λ, SS . Each row in the figure represents a test whose error relative to F λ, SS is labeled to the right. 
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Figure B6. The same suite of tests described in Fig. 2 , using a cadence of 2 d and spectral sampling in the ugrizY bands, typical of observations from the Vera 

C Rubin Observatory Le gac y Surv e y of Space and Time (Iv ezi ́c et al. 2019 ). 

APPENDIX  C :  TESTING  T H E  PR ESENC E  O F  

FA ST  O U T G O I N G  WAV ES  

While the results from the SDSS-RM spectra do not reveal any 

resemblance to f ast, outgoing, lamppost-lik e w av es, the y may 

be a superposition of these waves and other perturbations. We 

perform a test using the same cadence, spectral parameters, and 

AGN parameters of RMID085 to see if the ingoing/outgoing slow 

perturbation seen could be a combination of ingoing perturbations 

and fast, outgoing waves. We perform this test similar to the test 

done in NK22 , with various versions of the in-and-out pattern. 

We input seven different temperature maps with the in-and-out 

pattern, each with a different ratio of the ingo to the outgo 

pattern. 

The results from this test (Fig. C1 ) confirm that the ingoing and 

outgoing slow perturbations we find in the SDSS-RM data are real 

and not superimposed on low-amplitude, lamppost-like waves. The 

test using only ingo as the pattern resembles an ingo pattern in 

the output: vertical columns with alternating positive and negative 

amplitude with patches of the wave on each column. Even when 

the ratio of ingo to outgo is six-to-one, an outgoing wave pattern 

can still be seen at the highest ξ . The highest ξ for all cases, which 

is not as high as the ξ displaying most patterns in the SDSS-RM 

data, shows vertical stripes alternating in amplitude as a function of 

time. Therefore, if there were low-amplitude lamppost-like waves 

in addition to the large amplitude, slow-moving perturbations, we 

would see them at large ξ at SDSS-RM cadence and spectral range. 
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Figure C1. The test described in Appendix C to see the visibility of low-amplitude, fast, lamppost-like waves in the SDSS-RM spectra. Each row corresponds 

to a different ratio of the amplitude of the ingo pattern to the outgo pattern. The first row is completely ingo and the last row is completely outgo . Each inversion 

was performed using the spectral and temporal sampling of RMID085, as well as its AGN parameters. 

APPENDIX  D :  SYSTEMATICS  D U E  TO  L I G H T  

TRAV EL  SMEARING  

Here we investigate the systematic bifurcation at large radii, near 

the edge of the range of radii probed by a given spectral range. 

We perform three separate tests using the spectral range and AGN 

parameters of RMID038. We use an input temperature map with 

the ingo pattern and utilize three different samplings: one at the 

original cadence of RMID038, one sparse sampling with only three 

observations, and one dense sampling with a cadence of one day. For 

each test case, we also produce a map of the smearing term developed 

in Section 2 (equation 7 ). Note that the light-travel smearing term 

here is not to be confused with the smoothing term ξ in the matrix 

inversion. 

The results are shown in Fig. D1 , with each map divided by 

the 99th percentile of the absolute value of the data. The sparse 
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Figure D1. Comparing the systematic ‘fanning out’ at large radii seen in our output temperature maps to the smearing term from NK22 ’s method. This test was 

performed using the ingo pattern with the cadence, spectral sampling, and AGN parameters of RMID038. Each row of the figure shows a test using different 

cadences: top – same cadence as RMID038, middle – only three sampled data points at the two edges of the time range and at the centre, bottom – the same 

range as the original sampling with a cadence of 1 d. The left column displays the output temperature maps using ξ = 100, and the right column shows the 

smearing terms used to construct the maps. Both the temperature maps and smearing maps are divided by the 99th percentile of the absolute value of the data, 

labeled as the ‘scale’ in each panel. 

sampling test shows that at each observation t d , a similar pattern 

emerges with bifurcation at large radii. The shapes within the 

smearing term map are also seen in the exact same manner in the 

output temperature map. As the cadence decreases for the original 

RM sampling, the ‘fanning out’ pattern for multiple observations 

begin to overlap at large radii. This allows the map to blend 

these systematic patterns, averaging them out over a range of 

t p . As the resolution in t d grows for the densely sampled case, 

smearing term patterns for individual observations are nearly im- 

possible to distinguish. These smearing terms combine at all radii 

and average out over the entire map. The resulting temperature 

map also shows very little remnants of the smearing term at this 

cadence. 

The significance of the smearing term also changes as the number 

of observ ations gro ws. The scale of the smearing is greatest when 

the temporal sampling is somewhat low, similar to the cadence of the 

original RM spectra. As the cadence increases, the smearing term 

is averaged out at all radii, causing the scale of the smearing term 

to decrease. Though, in general the significance and impact of this 

artifact of the smearing term depends on the parameters of the AGN. 

F or man y SDSS-RM quasars, a width of one fan can span the entire 

baseline of observations. Inspecting the smearing term in equation 

( 7 ), this depends on the range of probed radii, the binning in t p -space, 

and the BH mass of the AGN. 

To further demonstrate that these bifurcations at large radii are 

not real, but systematic, we perform a ‘g arbage-in, g arbage-out’ 
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test. We utilize spectra from one of the objects in our SDSS- 

RM sample, but randomly ‘scramble’ the order of the spectra. We 

scramble the spectra several times and obtain a resulting temperature 

map for each set of spectra. If these features were real, we would 

not see them in the scrambled temperature maps, but only in 

the original map. Ho we ver, we find that the bifurcations are seen 

in all temperature maps from scrambled spectra. In addition, the 

scale for the scrambled temperature maps are unphysical, reaching 

∼1.5 T 0 , and the χ2 / N d are much larger than that for the original 

spectra. 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 

© 2023 The Author(s) 
Published by Oxford University Press on behalf of Royal Astronomical Society 


	1 INTRODUCTION
	2 THE NK22 METHOD
	3 IMPLEMENTATION OF THE NK22 METHOD
	4 APPLICATIONS TO SDSS-RM QUASARS
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: THE SMEARING FUNCTION
	APPENDIX B: RESOLUTION TESTS
	APPENDIX C: TESTING THE PRESENCE OF FAST OUTGOING WAVES
	APPENDIX D: SYSTEMATICS DUE TO LIGHT TRAVEL SMEARING

