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Abstract: We present results regarding the disc response functions and the corresponding time
lags assuming a standard Novikov–Thorne accretion disc illuminated by a point-like X-ray source.
We took into account all relativistic effects in the light propagation from the X-ray source to the disc
and then to the observer, and we computed the disc reflection, accounting for its radial ionization
profile. Our results suggest that the thermal reverberation effects should be stronger in sources with
large X-ray source height and low accretion rate. We found that time lags increase with height and
accretion rate. The amplitude of the observed time lags as a function of wavelength (in NGC 5548) is
consistent with the model predictions. It is not necessary for the disc to be too hot, it may be that the
X-ray source is located further from the disc.
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1. Introduction

Active galactic nuclei (AGN) are thought to be powered by accretion of matter onto a supermassive
black hole (BH, with a mass MBH∼106−9 M�) in the form of an optically-thick, geometrically-thin
disc [1,2]. The disc emits a multi-temperature blackbody (BB) spectrum peaking in the optical/ultraviolet
(UV) range. The temperature of the disc decreases with radius as T(r) ∝ r−3/4. A fraction of the disc
photons are then Compton up-scattered by a medium of hot electrons in the vicinity of the BH, the
so-called ‘X-ray corona’. If the X-ray source is small in size, if it is located above the BH at height h (i.e.,
the ‘lamp-post’ geometry), and if the X-rays are emitted isotropically, then they will irradiate the accretion
disc. Some of them will be absorbed, and will increase the disc’s temperature. As a result, the disc’s
UV/optical emission will be enhanced.

Most of the thermally reprocessed UV photons are expected to emerge from the hot inner regions,
while the optical photons are expected to be emitted by the outer regions. Consequently, if the X-rays
are variable, we expect the part of the UV/optical emission which is due to X-ray absorption to also
vary with delays increasing with wavelength.

We present results from a recent study [3] of the time lags vs. wavelength relation (hereafter
“lag-spectrum”) in the context of the lamp-post geometry. We investigated the effects of the X-ray
source height and the accretion rate on the disc response functions and the lag spectra. We applied
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the model to NGC 5548 data from a recent monitoring campaign [4], and we found that a standard
disc, with a low accretion rate (∼0.005–0.01 of the Eddington limit) is in agreement with the observed
UV/optical lags in this source, as long as the X-ray source height is larger than 40 rg.

2. Model Setup

We considered a Keplerian, geometrically-thin and optically-thick accretion disc, around a BH
of mass MBH and accretion rate ṁ. The disc is co-rotating with the BH and its temperature profile
follows the Novikov–Thorne model prediction, with a color temperature correction factor of 2.4.
The disc extends from the innermost stable circular orbit (ISCO) at radius rISCO, up to an outer radius
of rout = 104rg. We considered two extreme cases, one with a∗ = 0 (rISCO = 6 rg) and the other with
a∗ = 1 (rISCO = 1 rg).

We also assumed a point-like X-ray source located at a height (h) on the rotational axis of the BH
(i.e., the lamp-post geometry). X-rays are emitted isotropically (in the rest frame of the lamp-post) with
an intrinsic spectrum FX(t) = N(t)E−Γ exp(−E/EC), and illuminate the disc. Part of the X-ray flux is
reprocessed and re-emitted in X-rays (this is the ‘disc reflection component’) and part of it is absorbed.
We assumed that the X-ray source is variable in normalization only.

The main objective of our work is to compute the disc extra emission (due to X-ray absorption),
as a function of time, in the case of when the disc is illuminated by an X-ray flash at time t0. To this
end, we did the following:

1. Given the observed 2–10 keV luminosity, we estimated the intrinsic luminosity and the incident
flux on each disc radius, as a function of time (in the observer’s frame), taking into account all
the relativistic effects in the propagation of light from the primary source to the disc.

2. Given the incident X-ray flux on the disc at each radius, the model estimates the radial ionization
profile of the accretion disc assuming a constant disc density. The disc reflection spectrum was
computed using the XILLVERD tables for the reflection spectrum from ionized material [5], by
integrating them from 0.1 keV to infinity. The XILLVERD table model provides a new and complete
library of synthetic spectra for the emission that is reflected from an X-ray illuminated accretion
disc, taking into account its ionization state.

3. We estimated the X-ray flux that each disc element absorbs. We add to that the intrinsic flux of
the disc, and we computed the new disc temperature.

4. We identified all of the disc elements (in radius, r, and azimuth, ϕ) that a distant observer will
“see” to be illuminated at the same time, and we computed the flux that the observer receives,
at a time τobs, from all these elements in a given waveband (taking into account all relativistic
effects in the propagation of light from the disc to the observer).

5. The disc response function in this waveband is the difference between this flux and the flux
of the same disc elements, in the same band pass, when their temperature is equal to the
Novikov–Thorne disc. Defined in this way, the response function shows the “extra” flux that is
emitted by the disc, at each time τobs (in the observer’s frame), due to the heating caused by the
absorption of the incident X-rays.

3. The Disc Response Functions

To compute the disc response we chose model parameter values that are applicable for NGC 5548.
In particular, we assumed MBH = 5× 107 M� [6], inclination of 40o, LX/LEdd = 0.0034, a high-energy
cutoff of 300 keV in the X-ray spectrum, and a luminosity distance of 75 Mpc. We computed the disc
response functions, Ψ(t), in most of the wavebands presented by [4]. We considered eight values
for the lamp-post height [h(rg) = 2.5, 5, 10, 20, 40, 60, 80, 100] and eight values of the accretion rate
[ṁ/ṁEdd(%) = 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10]. We assumed a disc density nH = 1017 cm−3, and BH
spins a∗ = 0 and 1.
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The left panel of Figure 1 shows the response functions for all the values of ṁ, for a∗ = 0 and 1,
in the HST λ1158 and the I bands (the shortest and longest wavelengths, respectively), for h = 10 rg.
The main characteristics of the response functions are as follows:

1. The responses for all accretion rates (in all bands) start rising at the same time, and
2. Ψ(t) increases in amplitude and gets narrower as the accretion rate decreases.

The right panel of Figure 1 shows the response functions for all the values of h, for spins 0 and 1,
ṁ/ṁEdd = 1% and the HST λ1158 and the I bands. The main results are as follows:

1. The larger the height of the lamp-post the later the response function starts, and the longer it lasts.
2. The amplitude of the response functions increases with height.

Finally, the response functions at low spin are broader and have lower amplitudes than the ones
for a∗ = 1.
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10−1 100 101

Time (day)

10
−

16
10
−

15
10
−

14

Ψ
(e

rg
s−

2
cm
−

2
)

10−1 100 101

Time (day)

I−band

10
−

16
10
−

15
10
−

14

Ψ
(e

rg
s−

2
cm
−

2
)

a∗ = 0 h = 2.5 rg

h = 5 rg

h = 10 rg

h = 20 rg

h = 40 rg

h = 60 rg

h = 80 rg

h = 100 rg

a∗ = 1
HSTλ1158 Å
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Figure 1. (Left panel) Response functions for the various ṁ values we considered (h = 10 rg).
(Right panel) the same for the various h values we considered (ṁ = 0.01 ṁEdd). Left and right
columns correspond to a∗ = 0 and 1, respectively. Top and bottom rows show the responses for the
HST λ1158 and the I-band, respectively.

4. The Time Lags in NGC 5548

We estimated the centroid time delay of the transfer functions at a given wavelength (λ) as follows,

〈τ(λ)〉 =
∫

τΨ(τ, λ)dτ∫
Ψ(τ, λ)dτ

. (1)

It is this mean time lag that we can compare with the observed time lags between X-rays and
UV/optical light curves. We estimated the χ2 between the model lag-spectra (for all ṁ and heights;
64 in total for each spin) and the time lags between the X-ray and the UV/optical light curves in
NGC 5548 (excluding the U−band point from the fit due to the possibility of an additional delay
caused by the broad line region to the observed lag in this band). We obtained statistically accepted fits
(χ2

min/do f = 10.8/7 and 10.7/7; p-value = 0.15 and 0.16) for a∗ = 0 and a∗ = 1, respectively. The filled
points in Figure 2 show the observed delays in NGC 5548 (with respect to the shortest wavelength
FUV band) and the solid (dashed) lines in the same figure indicate the best-fit model to the observed
lag spectrum for a∗ = 0 (a∗ = 1).
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Figure 2. Best-fit models for a∗ = 0 (solid line) and a∗ = 1 (dashed line) obtained by fitting the
observed time lags, excluding the measurement in the U−band (shaded region).

The best-fit h and ṁ values are (60 rg, 0.25%; a∗ = 0) and (60 rg, 1%; a∗ = 1). The best-fit ṁ in
the a∗ = 0 case is equal to the lowest value we considered, with a 3-σ upper limit of 2.5%. The 1-σ
confidence region of ṁ for the maximally rotating BH is 0.25–2.5%. The best-fit height of the X-ray
source are identical in both cases, with the 3-σ confidence region being (40–80 rg) and (20–80 rg) for
a∗ = 0 and a∗ = 1, respectively.

5. Conclusions

We present results from a recent study, where we calculated the disc response functions in various
wavebands when the disc is illuminated by X-rays assuming a lamp-post geometry. We considered
all relativistic effects in the light propagation from the X-ray source to the disc and from the disc to
the observer. We also accounted for the disc X-ray reflection by computing the disc ionization at each
radius. Our main results are as follows:

• The delays between X-rays and optical/UV bands increase with increasing source height and
increasing accretion rate.

• The disc response in all UV/optical bands increases when the source height increases and the
accretion rate decreases. Therefore, we do not expect a strong thermal reverberation signal in
objects with high accretion rate and strong X-ray reflection signatures like, for example, the X-ray
bright narrow-line Seyfert-1 galaxies.

Using reasonable values for the model parameters (i.e., BH mass, inclination, X-ray spectral slope,
and mean flux) we explained the observed time-lag spectrum in NGC 5548. The best-fit results indicate
a source height larger than 20 or 40 rg (3-σ limit for a∗ = 1 or 0, respectively). This is in agreement
with [7] who inferred a height of the X-ray source in NGC 5548 ∼100 rg.

As for the accretion rate, the best-fit values indicate rates which are ∼1 per cent of the
Eddington limit. According to [4], the mean source flux at 5100 Å is ∼4.6× 10−11 erg s−1 cm−2.
Assuming a bolometric correction factor of 7.8 ± 1.7 [8], this implies a bolometric luminosity of
(2.5 ± 0.5) × 1044 erg s−1, which is 0.034 ± 0.008 of the Eddington luminosity limit for MBH =

5.7× 107 M�. This value is at odds with the ṁ estimate for a∗ = 0 (the 3σ upper limit is just 0.025)
but entirely consistent with the ṁ estimate considering a standard accretion disc around a maximally
rotating BH.



Proceedings 2019, 17, 12 5 of 5

Author Contributions: All authors contributed equally to this work.

Funding: M.D. thanks MEYS of the Czech Republic for the support through the 18-00533S research project and
his home institution, ASU, supported by the project RVO:67985815.

Acknowledgments: IP would like to thank ASU for hospitality.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novikov, I.D.; Thorne, K.S. Astrophysics of black holes. In Black Holes (Les Astres Occlus); Dewitt, C.,
Dewitt, B.S., Eds.; ARI: Heidelberg, Germany, 1973; pp. 343–450.

2. Shakura, N.I.; Sunyaev, R.A. Black holes in binary systems. Observational appearance. Astron. Astrophys.
1973, 24, 337–355.
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