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Abstract
The study of intermediate mass black holes (IMBHs) and estimating the black hole mass could
potentially elucidate the origin of supermassive black hole (SMBH) seeds present at high red-
shifts and how they co-evolve with their host galaxy. The difficulty in detecting these IMBHs
and the requirement of high spatial resolution to measure BHs mass makes this task challeng-
ing. In this work, we have performed photometric and spectroscopic analyses of an extremely
low luminosity Seyfert 1 galaxy NGC 4395. Our observations revealed strong emission lines
in the spectra, and we observed a fractional variability in the V -band of 12%. Utilizing the
broad-line region (BLR) size-luminosity relation for active galactic nuclei (AGNs), we esti-
mated the size of the BLR to be 74± 14 light minutes, based on a continuum luminosity of
1038 erg s−1 at 5100 Å. Additionally, the gas clouds are found to be revolving with a velocity
dispersion of 384 km s−1 around the central engine, leading to a black hole mass estimation of
∼ 3.87+1.1

−1.1 ×105 M⊙.
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1. Introduction
Every massive galaxy hosts a supermassive black hole (SMBH) at its core (e.g., Kormendy

and Richstone, 1995; Kormendy and Ho, 2013). Active galactic nuclei (AGNs) are powered
by the accretion of matter onto the central supermassive black hole, which is surrounded by
an accretion disk. A broad-line region (BLR) emits broad lines due to Doppler broadening of
high-velocity clouds in BLR (Urry and Padovani, 1995) surrounding the accretion disk.
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Therefore, two important aspects have to be addressed. Firstly, the origin of these SMBHs
seeds, located at high redshifts (e.g., Mortlock et al., 2011), is believed to be heavier than stellar
mass black holes ranging from approximately 10 to 100 M⊙. Hence, their progenitors are sug-
gested to be intermediate-mass black holes (IMBH) with masses of 103–106 M⊙, making them
currently active research subjects (e.g., Loeb and Rasio, 1994; Latif et al., 2013; Greene et al.,
2020). However, the detection of IMBHs is challenging, mainly due to their low luminosity and
negligible variability (see Mezcua, 2017; Greene et al., 2020), and very few candidates have
been identified so far (e.g., Greene and Ho, 2004, 2007; Reines et al., 2013).

Secondly, due to the correlation between the black hole masses and the stellar velocity dis-
persion σ⋆ of the bulge of the galaxy (see, Hu, 2008; Woo et al., 2015), we can gain insight
into the mass distribution and co-evolution of supermassive black holes and their host galaxies
(Kormendy and Ho, 2013). This requires more accurate measurements of the masses of these
IMBHs. However, the spatial resolution needed to observe them exceeds the capability of mod-
ern instruments. Hence, most studies of the central engine rely on reverberation mapping (RM;
Blandford and McKee, 1982). RM examines the size and structure of the BLR by observing
the response of emission lines to continuum variations from the central source and has been
applied to more than 100 objects so far (e.g., Blandford and McKee, 1982; Peterson, 1993; Pe-
terson et al., 1998; Kaspi et al., 2000, 2007; Peterson et al., 2002, 2004, 2014; Dietrich et al.,
2012; Du et al., 2014, 2015; Woo et al., 2015; Pei et al., 2017; Fausnaugh et al., 2017; Rakshit
et al., 2019; Bontà et al., 2020; Williams et al., 2020; Amorim et al., 2021; Cackett et al., 2021;
Pandey et al., 2022). The black hole mass, MBH, can be estimated via the virial relation from

MBH =
f ×RBLR ×∆V 2

G
, (1)

where f is the virial factor, which accounts for the kinematics and the geometry of the BLR gas
cloud, RBLR is the BLR’s size, estimated from the lag τ via RBLR = cτ , and ∆V is derived from
the line dispersion or the Full Width at Half Maximum (FWHM).

In this work, we selected an intermediate black hole candidate, located in NGC 4395 (Fil-
ippenko and Sargent, 1989), which is a low-luminosity Seyfert 1 galaxy exhibiting strong
emission lines at a redshift of 0.001. It hosts the least luminous broad-lined AGN known to
date, with a bolometric luminosity lower than 1041 erg s−1 and a stellar mass of approximately
109 M⊙ (Filippenko and Sargent, 1989; Filippenko and Ho, 2003; Cho et al., 2021). The Ed-
dington ratio of NGC 4395 is ∼ 5% (Woo et al., 2019), which is comparable to that of other
reverberation-mapped AGNs. Therefore, this galaxy offers a unique opportunity to investi-
gate photoionization and size-luminosity relations within the extreme low-luminosity regime of
AGNs. The exact mass of NGC 4395 is uncertain, with estimates ranging from 9× 103 M⊙ to
4×105 M⊙ (e.g., Filippenko and Ho, 2003; Peterson et al., 2005; Edri et al., 2012; Woo et al.,
2019). We conducted a photometric and spectroscopic study to more accurately determine the
black hole mass. Section 2 outlines the photometric and spectroscopic data and the reduction
process. Finally, Sect. 3 discusses the preliminary results and future prospects.
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Table 1: Photometric observations in the men-
tioned filters using the 1-m ST and 1.3-m DFOT
(top) and spectroscopic observations with AD-
FOSC using the 3.6-m DOT (bottom) on 10 and
11 March 2022.

Photometric observations
Telescopes Day V-band B-band

1-m ST 10/03/2022 34 17
11/03/2022 66 34

1.3-m DFOT 10/03/2022 19 –
11/03/2022 23 –

Spectroscopic observations
Telescopes Day ADFOSC
3.6-m DOT 10/03/2022 43

11/03/2022 64

2. Observation and Reduction
We observed the source using all three telescopes hosted by Aryabhatta Research Institute

of Observational Sciences, Nainital, India (ARIES) from 10–11 March 2022, spanning observa-
tions for about 7–8 h each night, i.e., several times the expected lag of the source. Photometric
observations were performed using the 1.04-m Sampuranand Telescope (ST; Sagar, 1999) in the
Johnson–Cousins V and B bands, and the 1.3-m Devasthal Fast Optical Telescope (DFOT; Sagar
et al., 2011) in the V band. Spectroscopy of the source was carried out using the 3.6-m Dev-
asthal Optical Telescope (DOT; Kumar et al., 2018). The 4K×4K CCD (0.23′′ per pixel) was
used with a 2× 2 binning for 1.04-m ST, while the ANDOR 2K× 2K CCD (0.53′′ per pixel)
was used for undertaking observation with 1.3-m DFOT without binning. Spectroscopic ob-
servations were conducted using the ARIES-Devasthal Faint Object Spectrograph and Camera
(ADFOSC; Omar et al., 2019) mounted at 3.6-m DOT. It consists of a 4K×4K deep-depletion
CCD with a 0.2′′ per pixel scale and 2× 2 binning. The number of photometric data points
and spectra obtained from all these telescopes are reported in Table 1. We obtained 100 and
42 photometric data points from the 1-m ST and the 1.3-m DFOT, respectively, in the V -band,
along with approximately 100 spectra from the 3.6-m DOT. These datasets are ideal for lag
measurements using various methods and reverberation mapping studies.

2.1. Differential photometry

NGC 4395 is an extended spiral galaxy. It is depicted in Fig. 1, with its core highlighted
by a yellow circle, alongside three steady comparison stars marked with green circles. These
comparison stars are used for conducting differential photometry. The preprocessing involves
cleaning the photometric frames. Aperture photometry (see, Stetson, 1987) is performed using
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Figure 1: SDSS g-band image of NGC 4395. Three comparison stars
are marked with green circles, while the target AGN is denoted with a
yellow circle. The slit is oriented to cover both the AGN and a compar-
ison star.

the Dominion Astronomical Observatory Photometry II (DAOPHOT II) package. We selected
the aperture size to be twice the FWHM of the point spread function (PSF) or seeing. The dif-
ferential magnitude of the source was calculated with respect to three comparison stars present
within the same field. The light curve obtained from the 1.3-m DFOT on both days is shown
in Fig. 2; the first three panels show the differential variation of the AGN with respect to each
comparison star, whereas the last three panels show the differential variations between the stars
themselves. This enables the detection of AGN variation in comparison to the steady compari-
son stars..

2.2. Spectroscopic reduction and analysis

For spectroscopy with the 3.6-m DOT, we used ADFOSC with a 3.2 arcsec wide and 8 arc-
sec long slit, along with a 132R600 gr/mm grism covering the wavelength range from 3500 to
7000 Å centred at 4880 Å. Spectroscopic frames with a duration of 300 s each were acquired
throughout the night, along with bias and flat frames for preprocessing. Preprocessing in-
cludes bias subtraction, flat fielding, and cosmic ray removal with the L. A. cosmic algorithm
(Dokkum, 2001). Additionally, observations of the HgAr lamp were conducted in the same con-
figuration to provide a wavelength solution. The reduction was carried out with IRAF (Tody,
1986, 1993; National Optical Astronomy Observatories, 1999).

Given that the source is extended, resolved, and low luminous, detecting its variability
poses a significant challenge, primarily due to the contribution of the host galaxy (see, Cho
et al., 2021). Therefore, achieving accurate flux calibration relative to a reference star was
essential, the more since the narrow-line flux was also found to be variable. To address this,
we oriented the slit so that it covered a nearby comparison star, as illustrated in Fig. 1. This
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Figure 2: (Left) The differential photometric light curve of NGC 4395
on 10–11 March 2022 (l − r) is shown in the V band taken from the
1.3-m DFOT. The upper three panels depict the differential magnitudes
of the AGN relative to each star; he lower three panels show the vari-
ation among each comparison star. (Right) One of the spectra from
10 March 2022, fitted with PyQSOfit. The main plot shows the spec-
trum with marked emission lines. The inset panel shows the decompo-
sition of the Hα component into narrow and broad components.

arrangement makes it possible to acquire simultaneous spectra for both the source and a steady
comparison star.

For decomposition and spectrum fitting, we called upon the publicly available multicom-
ponent spectral fitting code PyQSOfit (Guo et al., 2018). A detailed description of the code
and of its applications can be found in Guo et al. (2019), Shen et al. (2019) and Rakshit et al.
(2020). Each spectrum was corrected for Galactic extinction using the Schlegel et al. (1998)
map and the Milky Way extinction law of Fitzpatrick (1999) with RV = 3.1. Subsequently, we
de-redshifted it using the redshift. Following this, the continuum was modelled using power-
law and Fe II templates. After subtracting the continuum, detailed multi-Gaussian modelling
was performed in the Hα region to fit the emission lines. The narrow Hα , NII6549, NII6585,
SII6718, and SII6732 lines were modelled using a single Gaussian with the velocity and veloc-
ity offset tied to each other. The broad Hα component was modelled with double Gaussians.
The best-fit model was obtained via χ2 minimization. From the fitting, we then calculated the
emission line flux and width, and the continuum luminosity at 5100 Å.

Figure 2 shows an example of spectral fitting with PyQSOfit, where various emission lines
are marked, including broad and narrow emission line components. Detailed emission line flux
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calibration, based on the reference star, is required to construct the emission line light curve and
perform cross-correlation.

3. Discussion and Future Prospects
3.1. Preliminary results

We observed strong emission lines in the spectra of NGC 4395, including a broad Hα

line. The fractional variability in the V -band was found to be 12%. Using the flux at 5100 Å,
we estimated the continuum luminosity at the same wavelength to be 1038 erg s−1. Moreover,
employing the single-epoch BLR size-luminosity relation provided by Cho et al. (2023) based
on Hα , we estimated the BLR size to be 74± 14 light minutes. Using Eq. (1), the Hα BLR
size, the second moment (σline) of the Hα emission line from the single epoch spectrum, and
adopting a value of 4.47 for the virial factor f (Woo et al., 2015), we calculated the virial mass
of the black hole to be 3.87+1.1

−1.1 × 105 M⊙, taking into account the uncertainty of virial factor
(i.e., σ(log10 f ) = 0.12; Woo et al. (2015)). The virial coefficients for different Balmer lines
are approximately the same, as supported by extensive studies on multiple emission lines for
individual sources (e.g., Williams et al., 2020; Williams et al., 2021). Therefore, we adopted
virial factor values obtained by Woo et al. (2015) based on Hβ . To estimate the uncertainty in
the line width measurements and, consequently, the black hole mass, we employed the Monte
Carlo bootstrap method (Peterson et al., 2004). Within the initially selected Hα region (i.e.,
6590–6610 Å), we randomly varied the endpoints by ±10 Å. This process was repeated for a
total of 5000 realizations, generating distributions of FWHM and σline. The mean of these
distributions represented the final line width, while the standard deviation (calculated as the
34th percentile on both sides of the mean, i.e., the 16th and 84th percentiles of the distribution)
served as the measurement uncertainty.

3.2. Future prospects

As mentioned above, accurate flux calibration based on the reference star present in the
slit is necessary, as the detected continuum variability is very small (∼ 0.1 mag), and the usual
narrow-line based flux calibration cannot be performed due to the variability of the resolved
narrow-line flux (Cho et al., 2021). Therefore, we plan to do that for individual spectra to
obtain a well-calibrated emission line light curve. Additionally, we have photometric light
curves in the B and V bands using the 1.3 m DFOT and 1.04 m ST, with a cadence of ∼ 5 min.
These light curves will be used to compare our spectroscopic continuum light curve at f5100

and estimate the lag between the photometric and emission-line light curves. We will conduct
cross-correlation analysis (ICCF and DCF) as well as JAVELIN modelling of the light curves to
estimate the BLR size (see, Rakshit, 2020; Pandey et al., 2022). This will allow us to accurately
estimate the black hole mass of NGC 4395, providing insight into whether the established BLR
size-continuum luminosity relation of the SMBHs of AGNs can be extended to active galaxies
with luminosities ≪ 1041 erg s−1.
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