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ABSTRACT

Variability studies have proven to be a powerful diagnostic tool for understanding the physics and properties of active galactic
nuclei (AGNs). They provide insights into the spatial and temporal distribution of the emitting regions, the structure and dynamics
of the accretion disc, and the properties of the central black hole. Here, we have analysed the K-band spectral variability of the
Seyfert 1.9/2 galaxy NGC 4388 spanning five epochs over a period of 10 yr. We have performed spectral synthesis of the nuclear
region and found that the contribution of warm dust (7~ 800 K) declined by 88 per cent during these 10 yr. In the same period,
the [Ca v coronal line decreased 61 per cent, whereas Bry emission declined 35 per cent. For the HeT and H,, we did not
detect any significant variation beyond their uncertainties. Based on the time span of these changes, we estimate that the region
where the warm dust is produced is smaller than 0.6 pc, which suggests that this spectral feature comes from the innermost part
of the region sampled, directly from the AGN torus. On the other hand, the bulk of [Ca vi] is produced in the inner ~2 pc
and the nuclear Br y region is more extended, spanning a region larger than 3 pc. Lastly, HeT and H, are even more external,
with most of the emission probably being produced in the host galaxy rather than in the AGN. This is the first spectroscopic

variability study in the near-infrared for an AGN where the central source is not directly visible.
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1 INTRODUCTION

Active galactic nuclei (AGNs) are among the most energetic and
luminous objects in the Universe, reaching integrated luminosities
of up to 10¥ erg s~! (Koratkar & Blaes 1999; Bischetti et al. 2017).
They are powered by the accretion of matter on to supermassive black
holes (SMBHs) at their centres, which can release huge amounts
of energy across the electromagnetic spectrum (e.g. Netzer 2015;
Padovani et al. 2017; Storchi-Bergmann & Schnorr-Miiller 2019).
AGNs display a wide range of observational properties, including
broad emission lines, continuum radiation spanning a broad range
of wavelengths, and often exhibit variability on different time-scales
(Peterson 2001; Gaskell & Klimek 2003; Padovani et al. 2017).
AGNSs have been found to be variable at all wavelengths at which
they have been observed (Peterson 2001), from y-rays (e.g. Gaidos
et al. 1996) and X-rays (e.g. McHardy 2001; Sanfrutos et al. 2016;
Mehdipour et al. 2017), going through visible light (Winge et al.
1995, 1996; Burke et al. 2021), up to longer wavelengths such as
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infrared (e.g. Koshida et al. 2014; Séanchez et al. 2017) and radio
(e.g. Hovatta et al. 2007). Depending on the properties of the AGN,
this variability can happen in very different time-scales, ranging from
minutes to decades, with different time-scales and wavelength ranges
being attributed to different physical processes.

Variability studies in AGNs have been essential for advancing our
understanding of the physical processes that occur in these objects.
For example, studies of AGN variability have been used to probe the
structure and dynamics of the accretion disc. They have also been
used to investigate the mass and spin of the central black hole (e.g.
McHardy et al. 2006; Cackett et al. 2013; Emmanoulopoulos et al.
2014; McHardy et al. 2014).

It is expected that the variability of the central source will leave
fingerprints on high-ionization emission lines, such as the coronal
lines, as well as on the hot dust emission from the clumpy torus, since
they are directly associated with the AGN emission. Despite offering
insight into so many interesting features, variability studies on the
near-infrared (NIR) are rare. Koshida et al. (2014) presented a dust
reverberation survey for 17 nearby Seyfert 1 galaxies. They found
a delayed response of the K-band light curve after the V-band light
curve ranging between 9 and 170d for all targets. They also found
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that these lag times strongly correlate with their optical luminosity.
However, photometric surveys such as these are technically limited,
since they cannot distinguish between emission lines and continuum
emission. This distinction gives us insights into the geometry of
the central source, as well as into parameters such as flux and dust
temperature.

In their study, Sanchez et al. (2017) analysed the photometric
NIR light curves of more than 2000 sources within a 1.5 deg? area.
Over a period of 5 yr, they discovered that AGNs that exhibit broad
lines (BL) have a significantly higher proportion of variable sources
compared to those with only narrow lines (NL). The authors also
found that most of the low-luminosity variable NL sources are likely
BL AGN, where the variability signal may be weakened by the host
galaxy. In contrast, for high-luminosity variable NL, the authors
suggested that these could be examples of true type II AGN or BL
AGN with limited spectral coverage, which may result in the BL
emission being missed.

So far, NIR spectroscopic reverberation mapping campaigns have
been conducted in only two Seyfert 1 galaxies, NGC 5548 (Landt
et al. 2019) and Mrk 876 (Landt et al. 2023). For NGC 5548,
the authors reported that both the accretion disc and the hot dust
contribute to the variability, with lag times of ~70 d. Also, for Mrk
876, they found that the luminosity-based dust radii are larger than
the dust response time obtained by a contemporaneous photometric
reverberation mapping campaign, by a factor of ~2. This result
is well explained by a flared, disc-like structure for the hot dust.
In both cases, the authors detected dust emission components with
temperatures ranging from 1000 to 1500 K.

Such variability studies in AGNs are powerful diagnostic tools for
understanding the physics and properties of these objects, providing
insights into the spatial and temporal distribution of the emitting
regions, the structure and dynamics of the accretion disc, and the
properties of the central black hole. Thus, variable AGNs are key to
the understanding of geometrical properties of the inner region.

Generally speaking, the more luminous the AGN, the more
dramatic its variability can be (Peterson 2001). The main reason
for this is that in more luminous sources we have access to smaller
and more internal regions, which can vary more easily than bigger
and more external areas. Also, it is easier to identify the variability
in highly luminous sources. This makes variable, but not-so-bright
AGNS (such as Seyfert 2) rare but very important when probing the
physics of the circumnuclear regions.

1.1 NGC 4388

NGC 4388 is an SA(s)b galaxy in the constellation of Virgo (Veilleux,
Bland-Hawthorn & Cecil 1999), at a distance of 19 Mpc (Kuo et al.
2011). It is one of the brightest galaxies of the Virgo cluster due
to its Seyfert 1.9/2 nucleus (Forster, Leighly & Kay 1999). Also, it
is nearly edge-on, with an inclination of 79° (Damas-Segovia et al.
2016).

The interstellar medium of the galaxy has undergone a ram
pressure stripping event ~200 Myr ago, leading to a recent quenching
of the star formation activity in the outer, gas-free galactic disc
(Damas-Segovia et al. 2016; Vollmer et al. 2018). Due to its highly
eccentric orbit within the Virgo cluster, the galaxy passed close to the
cluster centre, which led to the loss of much of its neutral hydrogen
caused by the interaction with the intercluster medium.

Because of its water maser emission from a circumnuclear disc,
the mass of its SMBH can be accurately measured. Kuo et al.
(2011) studied the kinematics of this water maser by employing

Monitoring NIR variability in NGC 4388 5503
very long baseline interferometry, also deriving an SMBH mass of
8.5+0.2 x 10°Mg.

Ionized gas extending up to 35kpc has been found around the
galaxy (Yoshida et al. 2002). The same authors reported that the
[O1)/Hoe map indicates that the inner 12kpc may be excited by
AGN radiation. Also, although the excitation mechanism of the outer
region is unclear, it is likely that the nuclear radiation is also a
dominant source of its ionization.

This galaxy also has a double-peaked radio jet (Stone, Wilson &
Ward 1988; Hummel & Saikia 1991), with a primary peak on the
nucleus and a secondary peak 230 pc south-west of it. The same
authors also reported the detection of a plume of radio plasma to the
north of its nucleus.

In the NIR, this target exhibits complex spatially extended emis-
sion lines. According to Rodriguez-Ardilaet al. (2017), who analysed
this object through NIR spectroscopy, radiation from the central
source alone cannot explain the observed high-ionization lines. The
additional excitation most likely comes from shocks between the
radio jet and the ambient gas.

This source also shows X-ray variability properties. Fedorova
et al. (2011) monitored this source between 2003 and 2009 using
INTEGRAL and Swift data, and found slow strong variations of the
hard X-ray emission. According to their analysis, the flux variability
on time-scales of 3—6 months in the 20-60 keV energy range is of the
order of ~2. They also detected significant spectral shape changes
of the 20-300 keV spectrum, uncorrelated with the flux level. Lastly,
they found that the lower value of the exponential cut-off at high
energies is similar to that of radio-loud AGN, even though NGC
4388 is a radio-quiet object.

All of the above makes this galaxy an ideal target to study AGN
properties. As a galaxy with confirmed variability, we are able to
assess the geometrical properties of its AGN. Also, since its central
source is not directly accessible in the NIR, we are able to probe its
circumnuclear properties without the BL region overshadowing the
more extended regions.

In this paper, we investigate the variability of this target in the
NIR by employing spectroscopic data obtained spanning a period of
10 yr. This paper is structured as follows: In Section 2, we discuss
observation and reduction of our data. In Section 3, we discuss
the variability at the continuum level. In Section 4, we discuss the
variability of the emission lines and in Section 5, we summarize our
results and give our final remarks.

2 DATA

Our data contain three cross-dispersed (XD) spectra obtained with:
(1) Gemini Near-Infrared Spectrograph (GNIRS; Elias et al. 2006a,
b) on the Gemini North 8.1 m telescope; (ii) TripleSpec4 (Vacca,
Cushing & Rayner 2003; Cushing, Vacca & Rayner 2004) mounted
on the 4-m Victor M. Blanco Telescope, and (iii) TripleSpec4 on the
4.1-m Southern Astrophysical Research (SOAR) telescope. We also
use integral field unit datacubes obtained with the Spectrograph for
INtegral Field Observations in the Near Infrared (SINFONI; Bonnet
et al. 2003) attached to UT 4, one of the 8-m telescopes of the
Very Large Telescope (VLT), and with the Near-Infrared Integral
Field Spectrograph (NIFS; McGregor et al. 2003) fed by the Gemini
North Adaptive Optics system. A summary of the observations is
made in Table 1.

For each data set, an AOV star was observed immediately after or
before the galaxy, with similar airmass, in order to flux calibrate as
well as correct for telluric absorptions. Data reduction was performed
using standard reduction scripts for each instrument. These scripts
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Table 1. Main properties of each data set.! Observed with adaptive optics,
and degraded to 0.6 arcsec.

Date Instrument Telescope  Seeing Area  Orientation
observed (arcmin) (°E of N)
2011-04-12  SINFONI VLT 0.64 IFU N/A
2013-02-04 GNIRS Gemini 0.49 64

0.3 arcsec x 0.3 arcsec
2015-07-06 NIFS Gemini 0.14! IFU N/A
2017-04-10  TripleSpec4  Blanco 2.5 24

1.1 arcsec x 0.6 arcsec
2021-06-28  TripleSpec4  SOAR 0.80 25

1.1 arcsec x 0.6 arcsec

consist of the preparation of the data, flat-field correction, wavelength
calibration, telluric atmospheric absorption correction, and flux
calibration. For integral field units (IFU), these steps also include
spatial calibration and 3D datacube construction.

Since longslit spectra have different slit widths and orientations,
we performed two extractions to each IFU, by matching cross-
dispersed integrated region. Thus, we created two data sets: one with
0.3 arcsec x 0.3 arcsec (covering the yr of 2011, 2013, and 2015;
hereafter 0.3 arcsec data set) and one with 1.1 arcsec x 0.6 arcsec
(covering the yr of 2011, 2015, 2017, and 2021; hereafter 0.6 arcsec
data set). Also, since NIFS datacube was observed with the adaptive
optics, we degraded its spatial resolution to 0.6 arcsec before extract-
ing its spectra. Table 1 shows the dates of observation, as well as the
instruments, telescopes, and atmospheric conditions.

Since our data set covers different wavelength ranges, in order to
avoid any biases, all analyses conducted throughout this paper are
limited between 20 000 to 24 000 A spectral region, since this is the
only wavelength range in common in all data sets. It is worth noting
that for XD spectra that extend beyond this region (e.g. covering
the bluer spectral region 9000—20000 A), we also performed the
same analysis using the data over the full spectral region, and found
no differences beyond our error margin compared to the results
presented in this paper. The only significant differences occur in
the composition of the stellar population vectors, which we do not
present nor discuss.

Except for the NIFS datacube, all data were observed on non-
photometric nights, and thus their flux calibration relative to each
other does not match. Because of that, in order to have a better
relative flux calibration, we assumed the NIFS datacube as the
correct one. For the remaining data sets, we extracted circular regions
centred 1.0 arcsec away from the nucleus, where the AGN emission
is negligible, and then scaled it to their corresponding NIFS flux.
This scaling was always performed at A22780, since it is far from
prominent stellar absorptions as well as emission lines. In the left-
hand panel of Fig. 1, we show the seven spectra used in our analysis.
In the upper panels, we show the 0.3 arcsec data set, and in the bottom
panel we show the 0.6 arcsec data set. Also, in the left-hand panels
we show two representative spectra and their corresponded spectra
as modelled by STARLIGHT.

Both SINFONI and GNIRS data suffered from poor Bry sub-
traction in their respective telluric stars, resulting in spurious data
in the datacubes around Bry. These regions were masked in our
analysis. Also, the NIFS datacube suffers from poor subtraction of
sky emission lines, which were also masked during our analysis.
None of these issues proved to have any significant impact on our
analysis, as they were far enough from the emission lines and did not
cover much of the continuum region.
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3 CONTINUUM VARIABILITY

In order to disentangle the continuum components, we have followed
Riffel et al. (2009) and performed stellar population synthesis using
the STARLIGHT code (Cid Fernandes et al. 2004, 2005). We fed the
code with the new generation of the X-shooter Spectral Library of
simple stellar population (SSP) models (Verro et al. 2022), created
with a Kroupa (2001) initial mass function, and PARSEC-COLIBRI
isochrones (Bressan et al. 2012; Marigo et al. 2013). We limited
the library to the nine most representative ages' and four most
representative metallicities?, totalling 36 SSPs. It is worth mentioning
that we have degraded the spectral resolution of the models in order
to match that of the data. We also added blackbody functions (BB)
corresponding to temperatures of 700, 800, 1000, 1200, and 1400 K,
and a featureless continuum (FC) with f; oc A7%3. For a more detailed
description of the code and the method of spectral synthesis for NIR
data, see Riffel et al. (2009, 2022). In order to show the quality of the
fits, we show in the right-hand panels of Fig. 1 for each data set two
spectra with their corresponding synthesis results using STARLIGHT
(black). The most prominent emission lines are highlighted in yellow.

We divided black bodies into warm (BBw, 7' < 1000 K) and hot
(BBy, T >1000K). Since our wavelength range is very narrow and
excludes J and H bands, where many important stellar absorptions
are located, we combined all SSPs in one group, that we have called
StPop group. The synthesis results are presented in Table 2, for
the percent light contribution at 22780 A. These same results are
presented in Fig. 2, where we show error bars based on upper limits
from Cid Fernandes et al. (2014). In this paper, the authors estimated
STARLIGHT uncertainties of up to 9 percent, by inducing o-level
errors on a data set.

We can see from Table 2 and Fig. 2 that along the monitored
period, both hot dust and featureless continuum contributions are
negligible in this wavelength range, being lower than our errors in all
cases. However, these results also show that between 2011 and 2021
the per cent contribution of warm dust decreased by a factor of 2.9
(from 74 per cent to 25 per cent) at the 0.6 arcsec data set, whereas
the contribution of stellar population increased by a factor of 3 (from
68 per cent to 23 per cent).

In terms of absolute flux at 22780 A, the BBw contribution
decreased from 4.27 x 107'° to 049 x 10~'%ergs™'cm 2 A"
between 2011-2004 and 2021-2006 in the 0.6arcsec data set,
normalized at 22 780 A. This corresponds to an absolute flux decrease
of ~88 percent. In the same period, the stellar population flux did
not vary beyond our error margin.

In order to better illustrate this change, we measured the radial
profile of the continuum at 22 780 A, using a wavelength window of
100 A, for the two data sets. These results are presented in Fig. 3. For
SINFONI and NIFS datacubes, we simulated slits with orientations
of 64 and 25°E of N for the 0.3 and 0.6 arcsec data sets, respectively.
Also, since each instrument has different spaxel size, we normalized
all radial profiles to the NIFS spaxel flux density.

From Fig. 2, we can notice that the warm dust contribution fell
rather sharply between 2011-2004 and 2013-2002, decreasing by a
factor of 1.91 in the 0.3 arcsec data set. After that initial decrease,
it falls within our error margin between 2013-2002 and 2015-2007
in the 0.3 arcsec data set, and then went down by a factor of 1.56
between 2015-2007 and 2021-2006. Since our spectra were taken
roughly every 2 yr, any changes faster than this threshold would be

150 Myr, 100 Myr, 200 Myr, 500 Myr, 1 Gyr, 2 Gyr, 5 Gyr, 10 Gyr, and
15.8 Gyr.
27 =0.00010, 0.00152, 0.01914, and 0.02409.
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Figure 1. Spectra used in our analysis, where blue, orange, green, red, and purple represent those from yr 2011, 2013, 2015, 2017, and 2021, respectively.
Left-hand panels show all spectra with the same aperture, whereas right-hand panels show only two, but with the modelled stellar population in black. At
the right-hand panels, we also highlight in yellow the most prominent emission lines. Upper panels show spectra corresponding to an 0.3 arcsec x 0.3 arcsec
extraction area, whereas bottom panels correspond to extractions of 1.1 arcsec x 0.6 arcsec.

Table 2. Continuum composition for spectra taken between 2011 and 2021 for the galaxy NGC 4388. These results
correspond to percentage contribution or normalized flux at 22780 A.

Area Date FC BBw BBy StPop TsB BB absolute flux
(per  (per  (per  (per
observed cent) cent) cent) cent) (K) (erg sTlem™2A1
0.3arcsec x 0.3arcsec ~ 2011-04-12 0. 7247 696 2058 805 £ 112 1.19 x 10716
2013-02-04 0. 37.87 0. 62.12 825 + 118 2.07 x 10717
2015-07-06 0. 35.92 0. 64.08 746 £ 49 1.90 x 10717
10 arcsec x 0.6 arcsec 2011-04-12 4.17 67.86 3.12 24.86 822 + 124 427 x 10710
2015-07-06 0. 36.41 0. 63.58 756 £ 49 8.95 x 10717
2017-04-10 8.04 24.26 0. 67.7 873 £ 110 5.60 x 10717
2021-06-28 0. 2328 214 7458 810 + 104 4.88 x 10717
washed away in our analysis. However, this puts an upper limit of the mass of the dust (Mup) by
2 1y (0.6 pc) at the size where this warm dust is located. This scale A
is compatible with the expected extent of the dusty torus (Zier & Mpup = ?G3NHDPgn (1

Biermann 2002).

For each epoch and data set, we estimated the median dust temper-
ature by averaging the BB functions and weighting by luminosity.
We found out that the BB temperature remained almost constant
within the monitored period, inside our error margin. The average
temperature for all observed epochs and data sets is 800 = 100 K.
According to Riffel et al. (2009), we can estimate the upper limit for

where a is the grain radius, Nyp is the number of dust grains, and pg,
is the density of the grain. The number of dust grains can in turn be
calculated as Nyp = %, where L?D is the total NIR Iuminosity due
to dust, and L', is the infrared spectral luminosity of each dust grain.

Also, according to Riffel et al. (2009), the value of L&, for a
typical dust grain at 800 K is 15.08 x 10" ergs~! Hz™!, the typical

v,ir
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Figure 2. Left: Changes in continuum composition between 2011 and 2021 for NGC 4388, as estimated from STARLIGHT. Right: Variations in emission line
fluxes in this same period, for the four most prominent lines. Upper panels show the result for our 0.3 arcsec data set and lower panels show the same results for

our 0.6 arcsec data set.
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Figure 3. Comparison between the radial profile of the continuum for the five epochs, in both the 0.3 arcsec (left) and the 0.6 arcsec (right) sample. Since
different data have different spaxel sizes, we normalized all data to the NIFS spaxel flux density.

density for graphite grains is 2.26 g cm™3, and the typical grain radius
is 0.05 um (Granato & Danese 1994).

Thus, by integrating the NIR luminosity due to dust grains, we
can see that the total warm dust was 8 x 1073 Mg in 2011, but has
decreased t0 0.9 x 1073 Mg in 2021. It means that this AGN had 88
per cent more warm dust grains in 2011 compared to 2021, but each
dust grain emitted roughly the same energy.

MNRAS 523, 5502-5509 (2023)

4 EMISSION LINE VARIABILITY

We also tracked how the emission lines varied in this same period.
We measured the fluxes of the four most prominent emission lines:
He1220587A, H,221218A, Br y and [Ca viA23211. We did this by
first subtracting the continuum derived in Section 3, then measuring
the zero flux level by selecting continuum bandpasses to the left and
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Table 3. Emission line fluxes of the four most prominent emission lines in the K band. All fluxes and uncertainties are

in units of 10~ % ergs™! cm=2 A—1.

Monitoring NIR variability in NGC 4388

Area Date observed Hel H, Bry [Cavi]

03 arcsec x 03 arcsec 2011-04-12 0.85 + 0.30 2.59 £ 0.25 4.61 £ 0.33 344 £ 045
2013-02-04 0.71 £ 0.07 241 £ 0.18 3.35 £ 0.12 2.37 £ 0.14
2015-07-06 0.71 £ 0.36 2.65 £ 0.27 3.12 £ 0.05 1.75 £ 0.20

1.1 arcsec x 0.6 arcsec 2011-04-12 4.47 +1.33 12.54 + 0.94 19.18 + 1.30 12.68 + 1.72
2015-07-06 343+ 1.70 12.39 + 1.20 14.86 + 0.26 7.60 £ 0.99
2017-04-10 4.51 +0.62 13.75 £+ 0.56 15.08 + 0.52 5.27 £ 0.70
2021-06-28 4.02 + 0.62 12.66 + 0.52 12.36 + 0.54 4.85 + 0.74
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right of the emission line, and finally integrating the area below the
emission line. We notice a false emission feature close to H, in the
GNIRS spectrum obtained in 2013. The spike is very close to the
Gaussian profile fit to the molecular line. Thus, when performing
the integration, we chose the limits for the emission line and its
respective bandpasses aimed at avoiding this flaw. These emission
line fluxes are presented in Table 3, and on the right-hand panel of
Fig. 2.

Within the 10 yr monitored period, we detected no variation
beyond our error margin in both He1 and H,. On the other hand, the
atomic line fluxes of Bry and [Ca viiI] decreased in the monitored
period, 35 per cent and 61 per cent, respectively.

However, besides these changes being smaller than the 88 per cent
warm dust variability in this same period, they were also slower.
Between 2011-2004 and 2013-2002, Bry and [Cavli] varied by
27 percent and 31 percent in the inner 0.3 arcsec x 0.3 arcsec,
respectively. Normalizing that by the total per cent variation between
2011 and 2021 (derived from the 0.6 arcsec data set), this corresponds
to ~77 per cent and 49 per cent of the total variation in these 10 yr.
On the other hand, in this same period the warm dust flux decreased
by 93 per cent of the total variation in the monitored period. These
results suggest that the warm dust in NGC 4388 is more internal
than the region where Bry and [Caviil] are produced. As can be
seen in Table 3, most of the [Cavii] variation happened between
2011 and 2017, with the flux remaining almost constant after that.
Although both ions show spatially resolved emission, which will be
discussed in a future paper, our result shows that the bulk of the
[Cavii] emission is produced in the inner 2 pc (~6 ly), as opposed
to 0.6 pc for the warm dust. While the warm dust emission is likely
produced by the torus itself, either in its inner or its outer walls,
[Cavii] is produced in a larger region, possibly in the direction of
the ionization cone.

Br y, on the other hand, still presented a variation of 18 per cent
between 2017-2004 and 2021-2006, which means it iS more ex-
tended than [Ca viI], spanning a region bigger than 10 ly (~3 pc).
Lastly, the Hel and H, are even more external, with the bulk of
their emission being produced by the host galaxy (Rodriguez-Ardila,
Riffel & Pastoriza 2005; Riffel et al. 2013), rather than the central
source.

There are three differences between our work and the reverberation
mapping studies of Landt et al. (2019, 2023): First, they aimed
at Seyfert 1 galaxies, whereas we analysed an object where we
cannot directly access the central source. Secondly, their estimated
temperature for the dust in the nuclear region lies in the range 1000—
1500 K. Lastly, they detected variations on time-scales of months,
while we detected variations spanning one decade. Since our spectra
were obtained roughly every 2 yr, we do not have enough information
to rule out variabilities on shorter time-scales, and therefore all our

results are upper limits to these time-scales and sizes. However, if
variations on shorter time-scales were present, we would expect to
observe more chaotic behaviour between different epochs, such as
ups and downs and with varying amplitude. This is in contrast to the
smooth variations detected in our analysis, with consistent amplitude
and always in one direction. These key differences between our
work and the previous reverberation studies in the NIR point to the
fact that they were mapping a much more internal region, which is
not accessible in NGC 4388. In their study, since the temperatures
they derived are close to the one at which dust is expected to
sublimate, such dust emission very likely comes from the inner
walls of the torus, whereas the emission that we detected is more
external than that, coming either from the middle or the outer walls of
the torus.

Since this target has confirmed variability in X-rays (Fedorova
et al. 2011), they are possibly causing the variations detected in
our study. The X-ray variations have time-scales of 3—6 months,
which means that they are produced in a region closer to the
SMBH, no further than 0.15 pc from the central source. Although
these time intervals point to smaller physical scales than the ones
probed throughout this paper, according to Sanfrutos et al. (2016)
they still track scales associated with the clumpy torus. Given
the variability detected in the NIR and its probable association to
the X-rays in NGC4388, it will be very important to carry out
a monitoring study in this object in both spectral regions. It will
allow us to set firm constraints to the geometry of both emission
regions.

It is worth noticing that we cannot rule out the possibility that
these changes are caused by a clump of dust, partially obscuring the
warm dust and the emission lines. Nonetheless, the time-scales of the
variations put a hard constraint on the sizes of the regions detected
throughout this paper, since even in the scenario of dust obscuration,
the time necessary to eclipse a spectroscopic feature is directly linked
to the size of such region.

5 FINAL REMARKS

We have monitored the Seyfert 1.9/2 galaxy by means of K-band
spectroscopy over a period of 10 yr. To the best of our knowledge, it
is the first time in the literature that an obscured AGN is monitored in
that spectral region. The analysis has allowed us to detect variations in
the warm dust emission, never before reported in that source, as well
as to constrain the distance of the nuclear dust and the most prominent
K-band emission lines in the inner 3 pc. Our main conclusions can
be summarized as follows:

(1) The dust emission, which has an average temperature of
800 £ 100K, decreased 88 percent in flux during the monitoring
period. Most of its variation occurred in the first 2 yr, which constrains
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this emission to the inner 0.6 pc. This puts this emission at the scale
of the torus, and since this temperature is much lower than the dust
sublimation temperature, this emission likely comes from the middle
or outer walls of the torus.

(ii) The emission lines of [Caviil] and Bry also varied in this
period. Whereas the coronal emission decreased 61 per cent, ionized
hydrogen decreased 35 per cent. However, besides varying less than
the warm dust, their variation also took longer. We were able to
determine that the bulk of nuclear [Ca viiI] is produced in the inner
2 pc, with the Br y associated to the central source spanning a region
larger than 3 pc.

(iii) In the same period, we detected no variation of H, or Hel
beyond our error margin. This suggests that the emission from the
AGN does not play a big role in these two lines, with most of their
emission probably originating in the host galaxy.

Galaxies with variable properties are essential to aid us in con-
straining the properties of AGN, since the central source cannot
be resolved by most telescopes. By adding NGC 4388 to the list
of galaxies with confirmed NIR variability, we expect to assist
disentangling the geometry of the inner unresolved region of AGNs.
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