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ABSTRACT

We present the results from performing spectral energy distribution (SED) fitting on 121 variable

active galactic nuclei (AGN) candidates in the Hubble Ultra Deep Field (HUDF) using photometry

from both the Hubble Space Telescope (HST) and the James Webb Space Telescope (JWST) covering

0.2 − 4.8 microns. We designed a bespoke SED fitting code which decomposes the total SED into

its stellar and AGN contributions. Our SED fitting retrieves a significant contribution to the total

SED from an AGN template for 26 of our variable sources with 0 < z < 7. We leverage the model

AGN spectrum to estimate black hole masses (MBH) using the measured luminosity at 5100 Å and

local empirical calibrations. Common with recently discovered JWST broad line AGN (BL-AGN),

we observe a trend in the MBH − M∗ plane where low redshift sources have MBH which agree with

local relations while high redshift sources have increasingly overmassive black holes with respect to

the stellar mass (M∗) of their host galaxies. Within our sample, we identify two IMBH candidates

hosted by dwarf galaxies at z < 1 featuring overmassive BHs in the MBH − M∗ plane, similarly to

our high redshift sources. Finally, our SED fitter successfully retrieves the AGN nature of one source

at z > 6. This object has zphot = 6.74 and we estimate a lower limit on its black hole mass of

log10(MBH/M⊙) > 7.36.

Keywords: galaxies:high-redshift — galaxies:evolution — active galactic nuclei

1. INTRODUCTION

Corresponding author: Alice R. Young

alice.young@astro.su.se

∗ This research is based on observations made with the NASA/ESA
Hubble Space Telescope obtained from the Space Telescope Sci-
ence Institute, which is operated by the Association of Univer-
sities for Research in Astronomy, Inc., under NASA contract
NAS 5–26555. These observations are associated with programs
1563,12498,17073.

Despite evidence that supermassive black holes

(SMBHs) can be found in the nuclei of most massive

galaxies in the local universe, the physical mechanisms

which lead to the tight correlations between SMBH

mass and the bulge properties of their host galaxies re-

main uncertain (Kormendy & Ho 2013; Greene et al.

2020). Theories backed by cosmological simulations sug-

gest that the coevolutionary growth may be the result

of galaxy and black hole (BH) mergers as well as the

feedback of accreting BHs called active galactic nuclei

(AGNs) which can regulate the accumulation of stellar
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mass within a galaxy (Granato et al. 2004; Hopkins et al.

2006; Li et al. 2007; Sijacki et al. 2009; Volonteri 2010;

Valiante et al. 2016; Inayoshi et al. 2020; Greene et al.

2020; Trinca et al. 2022; Fan et al. 2022; Volonteri et al.

2023; Bennett et al. 2023; Koudmani et al. 2022). In

order to better constrain theoretical predictions for the

coevolutionary nature of SMBH and galaxy relations, it

is essential to probe the SMBH population beyond the

local volume and into the high redshift (high-z) universe.

Before the advent of the James Webb Space Telescope

(JWST), observations of SMBHs beyond z ∼ 4 were dif-

ficult to achieve. This was due to the fact that relevant

diagnostic lines were redshifted beyond the wavelength

constraints of the available detectors as well as the lack

of sensitivity to faint, less massive galaxies and SMBHs

at higher redshift. As such, it was primarily only possi-

ble to detect the most luminous AGN, namely quasars

at z ≳ 4 (e.g., Warren et al. 1987; Schneider et al. 1994;

Hook & McMahon 1998; Fan et al. 1999; Schneider et al.

2000; Fan et al. 2001). With the discovery of quasars at

z > 7 it was found that these objects had masses ex-

ceeding several billions of solar masses already within

the first few billions of years after the Big Bang (Mort-

lock et al. 2011; Bañados et al. 2017; Matsuoka et al.

2018; Wang et al. 2018; Yang et al. 2019; Matsuoka et al.

2019; Yang et al. 2020; Fan et al. 2022). This was in con-

tention with many simulations which struggled to grow

SMBHs sufficiently to achieve such large SMBH masses

at these redshifts (McCaffrey et al. 2025). This result

has been exacerbated by recent discoveries with JWST

which have identified overmassive black holes at high-z,

necessitating either extreme growth rates or favouring a

heavy seeding scenario in the early universe to explain

the observed masses at these early cosmological times

(Larson et al. 2023; Kokorev et al. 2023; Übler et al.

2023; Tripodi et al. 2024; Maiolino et al. 2024a; Furtak

et al. 2024; Harikane et al. 2023; Zhang et al. 2025; Akins

et al. 2025; Naidu et al. 2025; Taylor et al. 2025).

A variety of supermassive black hole seeding scenar-

ios have been invoked to attempt to resolve this obser-

vational disparity with theoretical predictions (Inayoshi

et al. 2020; Greene et al. 2020; Regan & Volonteri 2024),

including direct collapse black holes (DCBH) (Haehnelt

& Rees 1993; Bromm& Loeb 2003; Begelman et al. 2006;

Chon et al. 2016; Wise et al. 2019), stellar mergers in

dense star clusters (Freitag et al. 2006; Schleicher et al.

2023), super Eddington growth of population III (Pop

III) stars (Madau & Rees 2001; Trinca et al. 2022) and

unique processes of the very first generation of Pop III

stars (designated Pop III.1; (McKee & Tan 2008)) which

allow these stars to leave behind supermassive remnants

that act as SMBH seeds with masses ∼ 105M⊙ (McKee

& Tan 2008; Banik et al. 2019; Singh et al. 2023; Cam-

melli et al. 2024; Sanati et al. 2025). Degeneracies that

exist in the predictions of these seeding theories can be

constrained by probing the population of SMBHs at high

redshift (z > 6) highlighting the importance of observa-

tions which target the detection of faint, lower mass and

more distant AGNs.

A multitude of methods exist for the detection of these

objects including X-ray detections with luminosities ex-

ceeding those produced by stellar populations, the de-

tection of emission lines with ionization energies greater

than the typical output of stars as well as the previ-

ously mentioned characteristic broadened emission lines

that designate a broad line AGN (BL-AGN). An addi-

tional observational tool comes from using photomet-

ric variability to detect variations in brightness within

the nucleus of a host galaxy which can be explained by

changes in the accretion rate of a central SMBH. By

using multiple images of approximately equal depth, it

is possible to test an entire field for variability without

any need for observational pre-selection unlike slit-based

spectroscopic methods. Photometric variability also al-

lows for a more complete sample of luminosities to be

tested for the presence of AGN in comparison to other

methods where typically only the brightest candidates

are flagged for spectroscopic follow-up. The ability pho-

tometric variability offers to probe fainter luminosities

also allows for lower mass BHs to be probed at each

redshift. Leveraging photometric variability has been

successful at identifying AGN at intermediate redshifts

using deep images taken with the Hubble Space Tele-

scope (HST) (Cohen et al. 2006; Pouliasis et al. 2019;

O’Brien et al. 2024). With longer baselines in time,

variability with HST has even successfully probed AGN

candidates out to 6 < z < 8 (Hayes et al. 2024; Cammelli

et al. 2025). Such a census of variable SMBHs can of-

fer strong constraints for simulations predicting SMBH

seeding in the early universe via the observed co-moving

number density (Rees 1978; Volonteri 2010; Banik et al.

2018; Inayoshi et al. 2020; Singh et al. 2023). In ad-

dition, the observational power of variability studies is

fortified by the addition of legacy data across a wide

range of wavelengths which can then be used to disen-

tangle the AGN contribution to the total flux by mod-

eling the spectral energy distributions (SEDs) of these

sources through SED fitting.

In this paper, we present a bespoke SED fitting code

we have developed utilising the semi-empirical AGN

templates presented in Temple et al. (2021) in combi-

nation with stellar population models from Bruzual &

Charlot (2003). We use this SED fitting tool to de-

termine physical properties of the central SMBH and
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its host galaxy. We achieve this using spectral decom-

position in order to understand the underlying contri-

butions of both a stellar population and an AGN to

the total SED of our variable sources. This decom-

position method is inspired by recent works seeking to

determine the nature of the mysterious population of

compact objects at z > 3 featuring characteristic ‘v-

shaped’ SEDs (Kocevski et al. 2023; Barro et al. 2023;

Labbe et al. 2024) and often broad Balmer emission lines

termed “Little Red Dots” (LRDs) (Furtak et al. 2023;

Kocevski et al. 2023; Greene et al. 2024; Matthee et al.

2024; Kokorev et al. 2024; Wang et al. 2025). A popular

method includes modeling the SEDs of these objects to

understand if they are better represented by a pure stel-

lar component or if an AGN is necessary (for examples,

see: Akins et al. (2024); Leung et al. (2024); Setton et al.

(2024); Ma et al. (2025); Wang et al. (2025)). However,

we note that the goal of this work is not identical to

those studying the nature of LRDs. Namely, since we

have already identified our sources as variable AGN, we

are not trying to ascertain whether an AGN is present

in our sources (as in the LRD scenario), we are instead

seeking to determine if our SED fitter can successfully

recover the AGN nature of our sources.

Our sample consists of 121 sources in the Hubble Ul-

traDeep Field (HUDF) with z = 0 − 8 detected with

variability measured at the 2.5σ level in Cammelli et al.

(2025). From this sample of variable SMBH candidates,

we aim to determine what fraction of our sources can

be retrieved as AGN via SED fitting as well as physi-

cal properties of our variable sources. In particular, we

seek to determine the black hole masses (MBH) for a

subset of variable BHs and identify how these evolve

with respect to the stellar mass of the host galaxies for

the range of redshifts represented by our sample. Our

SED modeling is performed on PSF matched photom-

etry from 26 HST+JWST filters covering a wavelength

range from 0.2 − 4.8 microns using only 7 free parame-

ters. Our SED fits provide estimates for the stellar mass

(M∗) as well as a model AGN spectrum which we use to

determine the luminosity of the AGN at 5100 Å (L5100).

This, in combination with the relation from Kaspi et al.

(2000), allows us to estimate MBH .

Additionally, this work offers a unique opportunity to

compare the trends seen in the MBH −M∗ plane using

an alternative method to calculate MBH from those typ-

ically employed for the recently discovered high redshift

BL-AGN with JWST.

This paper is structured as follows: Section 2 details

the HUDF imaging campaign and the data reduction

processes used to achieve approximately equal depths in

both epochs of each filter pair used for variability detec-

tion. Additionally, we detail the PSF matching executed

to produce the photometry used in our SED fitting. Sec-

tion 3 details the creation of our bespoke SED fitting

tool and the methods we employ to select either a pure

stellar population SED or a combined stellar and AGN

model. Section 4 details how we retrieve AGN contribu-

tions for our variable sources using SED fitting as well

as how we estimate the black hole masses for a subset

of our variable sources. Finally, in Section 5 we discuss

our estimated black hole masses and their evolution with

redshift as well as the various factors which could effect

our estimates. These include SED reddening and the

impact of variability on our SED fits. We also present

two dwarf galaxies hosting IMBH candidates and dis-

cuss the MBH calculated for our highest redshift source

and what this estimate implies about black hole seeding.

Throughout this work we use the AB magnitude sys-

tem (Oke & Gunn 1983) and assume a flat ΛCDM cos-

mology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and

ΩΛ = 0.7.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Processing WFC3/IR Epochs for Variable

Detection

In order to detect our variable sources, two sets of im-

ages corresponding to two epochs of observation were

analysed for each of the F105W, F140W and F160W

WFC3/IR filters. The data was originally presented in

Hayes et al. (2024), however, a more detailed description

of the reduction procedure is provided here. The HUDF

was originally imaged with F105W, F125W and F160W

in 2008-9 (GO 11563, UDF09; PI: Illingworth) followed

by repeated imaging in 2012 with F105W, F140W and

F160W (GO 12498, UDF12; PI: Ellis). Finally, in 2023

the HUDF was imaged a third time with F140W to

match the depth of the UDF12 campaign (GO 17073;

PI: Hayes). This longer baseline in time of ∼ 11 years

is particularly well suited to probing the variability of

AGN at high-z in order to overcome the large cosmolog-

ical time dilation factor.

We performed independent reductions of the 2009

and 2012 epochs for the F105W and F160W filters as

well as a re-reduction of the F140W 2012 image. Ad-

ditionally, we utilise the High Level Science Products

(HLSP) from the Mikulski Archive for Space Telescopes

(MAST) as reference images and compare the depth of

our re-reductions to the original HLSPs. The reduc-

tion procedure was slightly altered between the F105W

and F140W/F160W images as additional care is re-

quired to correct for the time-varying background re-

sulting from Helium line emission being captured by

the detector with the F105W filter when HST leaves
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Earth’s shadow (see: Brammer (2016)). Therefore, for

the F105W epochs we apply an additional correction to

“flatten the ramp” of the charge accumulation history

before further processing.

For F105W, the data is processed using the calwf3

pipeline up to the cosmic ray identification step. The

ramp is then flattened before being fed back into calwf3

pipeline to complete the cosmic ray identification and

result in the final reduced files as described in Brammer

(2016). For F140W and F160W images, this step was

not applied, and all reduced files were retrieved from

MAST having already been processed with the calwf3

pipeline.

The final calibrated images in each association output

from the pipeline require additional processing, namely

satellite trail identification and persistence correction.

For the 2009 and 2012 epochs, persistence is corrected

using persistence maps from the PERSIST Search STScI

Archive to identify the affected pixels in the quality flags

of each file so that these pixels are masked during the

combination process. For the 2023 data, these persis-

tence masks are created by-eye to flag areas of strong

persistence effects. Further, for all epochs satellite trails

are flagged in a similar manner, after being identified

with the WfcWrapper for the TrailFinder tool within

STScI’s ACSTOOLS Python package (Lim et al. 2020).

After these corrections, the images in each association

are combined using AstroDrizzle (STSCI Development

Team 2012). The relevant HLSP is used as the reference

for the WCS, rotation and pixel scale, which is Drizzled

to be 0.06 ′′/pixel. To be consistent with values used

by Koekemoer et al. (2013) in the UDF12 data prod-

ucts, the pixfrac, p = 0.8. The scale, s = 6/13 arises

from the WFCIR native pixel scale of 0.13 ′′/pixel and

the Drizzled pixel scale of 0.06 ′′/pixel used in the HLSP

data product. TweakReg is then used to refine the WCS,

again, using the HLSP as a reference. Finally, for con-

sistency with Koekemoer et al. (2013), the images have

a best fit 2D median background subtracted to remove

residual structures seen in the exposures before being

Drizzled together using combine type = ‘median’ to

create the final image at each epoch.

2.2. PSF-Matched Photometry

The images for which we perform the photometry

used as input for our SED analysis come from several

programs. In addition to the WFC3/IR filter images

we reprocessed, the HLSP for the F125W filter (PI:

Illingworth) is also used in the analysis. We also em-

ploy HLSPs from the Hubble Ultraviolet Ultra Deep

Field (UVUDF; PI: Teplitz; Teplitz et al. 2013; Rafel-

ski et al. 2015) in the WFC3/UVIS F225W, F275W

and F336W filters obtained from the MAST. Addition-

ally, HST images in the ACS/WFC F435W, F606W,

F775W, F814W and F850LP filters from the Hubble

eXtreme Deep Field (XDF) which combines observa-

tions taken from July 2002 to December 2012 from

19 different HST programs (Illingworth et al. 2013).

We also include JWST HLSPs from the JWST Ad-

vanced Deep Extragalactic Survey (JADES; PI: Eisen-

stein & Luetzgendorf; Rieke et al. (2023); Eisenstein

et al. (2023)) and the JWST Extragalactic Medium-

band Survey (JEMS; PI: Williams, Tacchella & Maseda

Williams et al. (2023)) in 14 filters covering the GOODS-

S field, which contains the HUDF footprint (F090W,

F115W, F150W, F182M, F200W, F210M, F277W,

F335M, F356W, F410M, F430M, F444W, F460M and

F480M).

Before performing PSF matching, we aligned the HST

images to the GAIA coordinates using TweakReg. We

also matched the pixel scale of the NIRCam images to

the Drizzled HST pixel scale of 0.06”/pixel and cropped

the NIRCam images to have the same pixel dimensions

as the HUDF images using SWarp (Bertin et al. 2002).

Some residual pixel grid/WCS alignment offsets were re-

solved using Astropy’s reproject exact function (Ro-

bitaille et al. 2020).

With the images all aligned to the same pixel grid, we

then performed the PSF matching. PSFs were obtained

from STScI’s instrumentation archive for the WFC3/IR

and UVIS filters, while the ACS PSFs were generated

from the STScI ACS/WFC Focus-Diverse ePSF gen-

erator. Finally, NIRCam PSFs were generated using

STPSF (Perrin et al. 2012). All PSFs were matched

to the F480M PSF using a matching kernel generated

with PyPHER (Boucaud, A. et al. 2016). PyPHER ap-

plies Wiener filtering (Wiener 1949) to generate PSF

matched kernels with an adjustable regularization pa-

rameter which we set to r = 0.003 to reduce high fre-

quency noise in kernels (Weaver et al. 2024). As dis-

cussed in Weaver et al. (2024), PyPHER is capable of

producing reliable matching kernels without the need to

select a window function as would be required by Photu-

tils, thereby offering a more stable kernel solution over

all of the filter PSFs used in this study. The matching

kernels were then convolved to the relevant filter using

the convolve tool from Astropy’s convolution package

(Astropy Collaboration et al. 2013, 2018, 2022). An

exception is applied to the UVIS filters for which the

matching kernels produced significant convolution arti-

facts in the final convolved images. This is likely due to

the fact the UVIS PSFs are significantly smaller than the

F480M NIRCam PSF and, as such, for the UVIS filters

the images were simply convolved using the F480M PSF
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directly to reduce the effects of convolution artefacts in

the UVIS images. This is an appropriate approximation

given that the UVIS PSFs are on the order of ∼ 20 times

narrower, meaning the true matching kernel will be very

close to the F480M PSF.

2.3. Defining a Photometric Catalogue

A deep WFC3/IR image was created using all six of

the reprocessed F105W, F140W and F160W images as

well as the F125W HLSP image. This ultra-deep image

was used as the detection image in Source Extractor

(Bertin, E. & Arnouts, S. 1996) to produce a refer-

ence detection catalogue containing all of the sources in

HUDF. We then iteratively performed aperture photom-

etry on all 29 filter images using an aperture diameter of

4 pixels (corresponding to ∼ 0.24′′). This aperture was

chosen to be about twice the full width at half maximum

(FWHM) of the F480M PSF and its size is optimized to

capture the bulk of the light from compact sources. It

is plausible that some stellar light may be missing from

large extended galaxies at very low redshifts, but visual

inspection of our variable sources invariably shows this

to be negligible. The final photometry is then converted

to universal physical units of mJy for all filters. The

measured fluxes for our sources were cross-matched to

sources in the JADES photometric catalogue (Eisenstein

et al. 2023) and were found to be in good agreement for

all of the available NIRCam filters.

Finally, we corrected for the underestimated errors re-

ported by Source Extractor. For this we normalised

the F480M PSF to an injection magnitude and itera-

tively inserted ten of these PSFs into each PSF-matched

filter image 100 times to reach a total of 1000 injected

sources in each image at each injected magnitude. For

most filters this range of magnitudes was between 26.0

and 31.5, however UVIS filters required a wider range

from 25 - 31.5 magnitudes to determine the 90% com-

pleteness limit for each image. The completeness curves

for each filter are shown in Figure 1 and a summary of

the images and their limiting magnitudes is presented in

Table 1. The standard deviation for the distribution of

retrieved source magnitudes were compared to Source

Extractor magnitude errors determined for the HUDF

sources in our reference detection catalogue. This com-

parison was then used to determine a correction factor

which could be applied to the photometric errors of our

sources as a function of source magnitude for each fil-

ter. A minimum error of 5% was defined after the error

correction was applied to account for the absolute cali-

bration uncertainties of the telescopes and minor uncer-

tainties resulting from the PSF matching. For a more
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F125W
F140W2012

F140W2023
F160W2009
F160W2012
F090W
F115W
F150W

F182M
F200W
F210M
F277W
F335M
F356W

F410M
F430M
F444W
F460M
F480M

Figure 1. Completeness curves for each PSF matched fil-
ter. These are tabulated by injecting each image with point
sources modeled by the F480M PSF iteratively normalised
to a given injection magnitude and determining the num-
ber of injected sources retrieved by Source Extractor. The
limiting magnitude of each filter is then set to the injected
magnitude in the bin preceding the bin where the number
retrieved is below 90%.

detailed discussion of the error correction applied, see

Appendix A.

Our final sample of sources for which we perform SED

fitting consists of the 121 sources with variability de-

tected at the 2.5 σ level reported in Cammelli et al.

(2025). For each source in the sample we also check that

the photometry does not contain any pixels which are

masked in a given filter (i.e., due to gaps in mosaic im-

ages for JADES and JEMS images) using the segmenta-

tion maps generated by Source Extractor while defin-

ing our reference detection catalogue. Finally, fluxes

which are measured to be below the 90% completeness

limit of a given filter are designated as upper limits and

the value is set to half the limiting magnitude converted

to mJy with corresponding errors of the same value as

suggested as one of the recommended options for CIGALE

(Boquien et al. 2019).

3. MODELING

In order to learn more about the physical properties

of our variable sources we designed a bespoke SED fit-

ting code which decomposes the contribution of a stel-

lar population from the host galaxy along with an AGN

component to model our 26 band photometry covering

ultraviolet to infrared wavelengths. We apply a cut to

the sample from Cammelli et al. (2025) which stipulates

that we only perform SED fitting on sources which have
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Filter MagAB, Lim Program ID PI Name HLSP Program

F225W 27.1 12534 Teplitz UVUDF

F275W 27.1 12534 Teplitz UVUDF

F336W 27.5 12534 Teplitz UVUDF

F435W 30.2 Numerous∗ Numerous∗ XDF

F606W 30.7 Numerous∗ Numerous∗ XDF

F775W 30.2 Numerous∗ Numerous∗ XDF

F814W 29.6 Numerous∗ Numerous∗ XDF

F850LP 29.7 Numerous∗ Numerous∗ XDF

F105W2009 29.6 11563 Illingworth HUDF09

F105W2012 30.1 12498 Ellis HUDF12

F125W 29.5 11563 Illingworth HUDF09

F140W2012 29.7 12498 Ellis HUDF12

F140W2023 29.7 17073 Hayes HUDF23

F160W2009 29.6 11563 Illingworth HUDF09

F160W2012 29.3 12498 Ellis HUDF12

F090W 29.5 1180 Eisenstein JADES

F115W 29.7 1180 Eisenstein JADES

F150W 29.5 1180 Eisenstein JADES

F182M 29.5 1895 Oesch JADES

F200W 29.7 1180 Eisenstein JADES

F210M 29.4 1895 Oesch JADES

F277W 29.7 1180 Eisenstein JADES

F335M 29.6 1180 Eisenstein JADES

F356W 29.7 1180 Eisenstein JADES

F410M 29.6 1180 Eisenstein JADES

F430M 28.9 1963 Williams JADES

F444W 29.8 1180 Eisenstein JADES

F460M 28.6 1963 Williams JADES

F480M 28.7 1963 Williams JADES

Table 1. Summary of filter images used for PSF-matched photometry. This includes the limiting magnitudes of each image
(MagAB, Lim) calculated from the source injections described in Section 2.3, the original Program ID and PI name for the
relevant observations and the program which developed the HLSP used in this analysis. * Numerous observing programs were
used for the ACS HLSPs, see Illingworth et al. (2013) for details. Finally, we list the relevant PIs and programs for the WFC3/IR
filters, however, we note that the HLSPs were only used as references because the F105W, F140W and F160W images were all
reprocessed to create two seperate epoch images for each of the aforementioned filters in this work.

a signal-to-noise, S/N > 5 in at least eight filters. This

equates to the maximal number of free parameters in

our SED fitting code (when we use the combined AGN

+ stellar model) plus one in order to be confident that

our photometry is sufficient to properly constrain our

SED model.

Our motivation to develop a new SED fitting code

derived from numerous tests which found that using

the SKIRTOR model implemented in other SED fitting

codes (i.e., CIGALE) did not provide good fits for many

of our variable sources. In particular, it was not pos-

sible to achieve fluxes representative of the photome-

try observed in our redder wavelength NIRCam filters

using the SKIRTOR model without significantly under-

predicting the fluxes at bluer wavelengths. Even when

tuned to be as blue as possible, the SKIRTOR model was

unsuccessful at replicating the flux at wavelengths which

include the WFC3/IR filters. Since these are the fil-

ters where the variability of our objects is detected, we

would, therefore, expect to see a significant contribution

to the flux from an AGN template at those wavelengths.

We observed this effect in a number of sources for which

the AGN classification is well supported. One such case

includes a variable source at z = 1.95 which was origi-

nally presented in Hayes et al. (2024) as source 1051264.

For this source, the difference images show a point-like

variable component in the nucleus of an elongated disk,

strongly indicating the presence of an AGN. Despite this
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evidence, when fit with CIGALE, this source consistently

came back with a 0% AGN fraction. A desire to use

an AGN model that provided better fits to our photom-

etry prompted our development of a new SED fitting

algorithm which we detail below.

3.1. Stellar Population Model

The stellar spectra for our SED fitter are generated us-

ing the Bayesian Analysis of Galaxies for Physical Infer-

ence and Parameter EStimation (bagpipes) code (Car-

nall et al. 2018). bagpipes uses the updated Bruzual

& Charlot (2003) stellar population synthesis templates

with a Kroupa (2001) stellar initial mass function,

including the MILES stellar spectral library (Falcón-

Barroso et al. 2011) and the stellar evolutionary tracks

of Bressan et al. (2012) and Marigo et al. (2013). Neb-

ular continuum and emission lines were added by pro-

cessing the stellar emission through the cloudy v17.00

photoionization code (Ferland et al. 2017). We created

a multi-dimensional grid of SED models by adopting a

parametric star formation history following a delayed-

τ prescription, where SFR(t) = te−t/τ . We sample a

hundred logarithmically-spaced bins for the stellar age,

t (between 1 Myr and 10 Gyr), as well as ten bins for the

e-folding time, τ , designed to have increased sampling

for low values of τ starting with a minimum timescale of

2 Myr. All these parameters are summarized in Table

2.

The metallicity is assumed to be the same for the stars

and the gas, with possible values of 0.05, 0.1, 0.2, 0.5, 1

and 2 Z⊙, where Z⊙ = 0.02. All models formed a total

mass of 106M⊙, and assume a fixed ionization parameter

for the nebular emission of logU = −2.5. The resulting

SEDs were then linearly interpolated within the grid

using the RegularGridInterpolator function, from the

SciPy (Virtanen et al. 2020) package.

3.2. AGN Model

This work employs the AGN semi-empirical templates

from Temple et al. (2021). The templates are con-

structed to reproduce the average SDSS-UKIDSS-WISE

colours of quasars with 0 < z < 5. Compared to pre-

vious quasar catalogues, the Temple et al. (2021) tem-

plates are generated from a more complete sample since

the SDSS DR 16 catalogue of quasars represents an in-

creased range of luminosities per redshift bin. Addi-

tionally, these templates include a diverse population

of the strongest rest-frame ultraviolet (UV) and optical

emission lines while maintaining a small number of free

parameters. These qualities, in conjunction with the

fact that great care has been taken to account for host

galaxy contamination to the quasar continuum, make

these templates a valuable tool for SED modeling (Tem-

ple et al. 2021; Marshall et al. 2022).

The template incorporates a broken power law to

model the UV-optical emission from the accretion disk,

blackbody emission of hot dust dominating the NIR

emission as well as broad and narrow emission lines. Our

code generates an AGN model with the publicly avail-

able qsogen code by setting the template redshift to the

known galaxy redshift from cross-matching performed

by Cammelli et al. (2025). Redshift classifications in

Cammelli et al. (2025) prioritized spectroscopic redshifts

from JADES (Bunker et al. 2024) and VLT/MUSE

(Bacon et al. 2023), using photometric redshifts from

JADES (Rieke et al. 2023) and the UVUDF (Rafel-

ski et al. 2015) when spectroscopic redshifts were un-

available. Additionally, the ‘lyForest’ parameter which

implements IGM absorption, and the ‘gflag’ parameter

which includes a host galaxy flux contribution are all set

to False and the ‘lylim’ is forced to zero. These choices

are made such that we can independently calculate a

host-galaxy contribution to the flux and uniformly apply

IGM transmission and dust reddening to both compo-

nents of our combined AGN+ stellar population models.

3.3. Minimization and Model Selection

We simultaneously fit the parameters which govern

our stellar models, namely the duration of the star for-

mation, also known as the e-folding time (log10(τ)),

the age of the stellar population (log10(tage)), a nor-

malization factor for the stellar templates (normstellar),

the metallicity (Z/Z⊙), a diffuse reddening parameter

which applies to both the stellar population and the

AGN following the Calzetti Law (Calzetti et al. 2000)

(E(B−V )diffuse) as well as those which define our AGN

model, including a normalisation factor for the AGN

template (normAGN ) and a nuclear reddening term fol-

lowing the SMC law (Prevot et al. 1984) which applies

only to the AGN template (E(B−V )AGN ). For our pure

stellar population model (denoted as the SP model) this

corresponds to 5 free parameters, while for our com-

bined stellar and AGNmodel (denoted as the AGN+SP

model) this gives us a total of 7 free parameters. Ad-

ditionally, our model includes IGM absorption following

Madau (1995).

In order to determine our best fit model parame-

ters we use three steps in sequence. First the param-

eter space is explored by an optimizer, namely Non-

Linear Least-Squares Minimization and Curve-Fitting

for Python, or lmfit (Newville et al. 2016). The re-

sults of this fit are then used to initialize a Markov

chain Monte Carlo Ensemble sampler, namely emcee

(Foreman-Mackey et al. 2013) to estimate the posterior
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Parameter Range

IMF Kroupa (2001)

ti [Myr], i = 1, 2..., 100 ti = tmin · (tmax/tmin)
(i−1)/(100−1); tmin = 1, tmax = 104

τ [Myr] 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000

Metallicity [Z⊙] 0.1, 0.2, 0.5, 1, 2

Ionization Parameter, log U −2.5

Table 2. Parameter space defined to generate the set of stellar spectra with bagpipes which were used to make the model grid
for our bespoke SED fitting code.

distributions of our model parameters. Finally, since

we expect there to be multiple modes in the posterior

distribution and to prevent the scenario where the walk-

ers miss the actual location of the maximum likelihood

(corresponding to the “best fit” model) we use the re-

sults from the MCMC fit to inform a final run of lmfit

in order to allocate the best fit model parameters to

those which minimize the residual of our model. Nu-

merous tests showed that the final fits were significantly

improved (i.e., the χ2 was significantly reduced) when

this additional run of lmfit was implemented. This fi-

nal model output is used as our best fit model for each

run.

Operating under the baseline assumption that all of

the sources in our sample vary in brightness between

epochs due to the presence of an AGN, we test what

fraction of these AGNs can be recovered from SED fit-

ting alone. We therefore model the same set of photom-

etry for each source with a pure stellar component and

for a combine stellar + AGN model. We then compare

the pure stellar population (SP) model and the com-

bined (AGN + SP) model for each source to identify

those sources which have photometry that is better re-

produced by including the AGN templates into our SED

fitting. To test this, we define two criteria. Firstly, we

calculate the Akaike information criterion (AIC) from:

AIC = 2k − 2log(L), (1)

where k is the number of free parameters and L is the

maximum likelihood. The AIC penalizes models with

additional free parameters, meaning we can use it to

compare our combined model and pure stellar model to

determine which set of parameters provides an improved

fit to the data. We consider a fit to be statistically

improved by including an AGN component if the AIC

decreases by at least 6 for the combined model compared

to the pure stellar model. This corresponds to a relative

uncertainty of

exp

(
AICAGN+SP −AICSP

2

)
= exp(−6/2) = 0.0497,

(2)

suggesting the combined model is ∼ 0.95 times more

likely to minimize the information loss from the “true”

model compared to the pure stellar population model

(Burnham & Anderson 2002).

Additionally, we employ a second criterion denoted

by AGNfrac which is also determined from our best fit

AGN + SP model. AGNfrac is used to estimate the

maximal contribution of the best fit AGN template to

the total flux of the SED in each filter. We convolve

the best fit AGN spectrum with each filter transmission

function to determine an “AGN SED” which we divide

by the best fit model SED for the total flux (i.e., AGN

+ SP) in each filter and take the maximal result from all

26 filters to be AGNfrac. We then apply the condition

that, in order to be successfully retrieved as an AGN via

SED fitting, the source must have an AGNfrac > 20% to

complement the fact that we demand our sources have

S/N > 5 in at least 8 filters.

Figure 2 and Figure 3 show the fitting results for two

sources. In particular, Figure 2 presents both the best fit

pure stellar population model and the best fit combined

model. We can see that while the total χ2 is smaller

when the AGN template is included, the AIC condition

is not met by this source. We would therefore not con-

sider that the AGN nature of this source is retrieved by

the SED fitter in this case. However, in Figure 3 the

AIC is drastically reduced for the combined model. In

this instance, a reasonable fit is recovered using a pure

stellar model, but when an AGN is included in the fit it

almost entirely replaces the stellar SED, and the source

shows only an excess of starlight at the blue end. In this

case, we consider the AGN nature of the source success-

fully retrieved by SED fitting.

3.4. Parameter Estimation

In the previous subsection we discuss determining the

best fit model and using statistics from this fit to iden-

tify whether our pure stellar model or our combined

model best reproduces the observed photometry for our

sources. We note that since our posteriors are expected

to be quite complex in seven dimensions, the use of the

final lmfit result is essential as optimizing the poste-

rior (as is done with the minimizer) is not equivalent
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Figure 2. SED fitting results for source 316 at z= 4.61 for the pure stellar population (SP) model (left) and the combined
(AGN + SP) model (right). These fits are performed on the same set of photometry for this source, namely in both cases,
the WFC3/IR epochs are selected where the variable AGN is in the bright state. The stellar population is shown in blue, the
AGN contribution in pink and the combined stellar + AGN in purple. The observed data points are plotted in navy and the
corresponding best fit SED data are represented by the black points. Below we show the residuals between the best fit SED
points and data for each model in two ways, the black points are the residuals divided by the error in the data, whereas the
white points are the residuals divided by the data values. Here we can see that the AIC resulting from the pure stellar fit
(AICSP ) is less than the AIC for the combined fit AICAGN+SP meaning the SED fitting was not successful in retrieving the
AGN nature of this source.
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Figure 3. The same as Figure 2 except for source 1807 at z ≃ 3.19. This source, however, has an AIC for the combined model
which is less than the AIC for the pure stellar population model and the difference between these AIC values is > 6, meaning
that it is possible to retrieve the AGN nature of this source using our SED fitting. Additionally, this source is a confirmed broad
line emitter from NIRISS spectroscopy presented in Hayes et al. (2024) (see also Pirzkal et al. (2024)). This provides additional
evidence that the SED fitter is able to accurately retrieve AGN contributions to the flux when spectroscopic AGN features are
observed. It is also clear that his source has a significant contribution to the flux from the AGN template, reaching 95% in at
least one filter. Therefore, this source also meets our AGNfrac condition.

to sampling the posterior (as is the case for the MCMC

method) when the posterior distributions are not narrow

(Hogg & Foreman-Mackey 2018). However, the shape of

the posterior becomes important to properly determine

the confidence intervals (i.e., the upper and lower lim-

its) on the model parameters of our fits. Therefore, we
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use the MCMC results for parameter estimation. This

means for each source we have both a best fit model

which we use to determine the AIC and AGNfrac con-

ditions and a most probable model which we use to esti-

mate the values of our free parameters. Namely, for each

of our (maximally) seven free parameters, we take the

median of the posterior distribution to be the most prob-

able solution and determine the errors from the 16th and

84th percentiles. These values are used to determine the

stellar masses (M∗) and reddening parameters for each

of our sources. We also use the resulting parameters

from the MCMC fits to generate an AGN spectrum and

measure L5100 to estimate MBH for each source.

We note that the model parameters may vary be-

tween the results from the minimizer and those from

the MCMC sampler. However, the final values calcu-

lated using both sets of parameters (i.e., MBH and M∗)

typically agree within errors between both fit results for

a given source.

4. RESULTS

4.1. Determining AGN contribution from SED fitting

A summary of the stellar masses which result from

fitting our full set of 121 variable sources with both a

purely stellar population (MSP
∗ ) as well as our combined

model featuring both a best AGN template and a stellar

population model (MAGN+SP
∗ ) is depicted in Figure 4.

The right panel of Figure 4 also shows the stellar mass

from our combined model as a function of redshift. Gen-

erally, the two sets of models result in stellar masses that

agree well between runs of the SED fitter.

The colourbar in Figure 4 is a proxy for the vari-

ability of the source and is determined by taking the

largest change in AB magnitude between two epochs

in any of the WFC3/IR filters. The evolution of this

variability measurement with stellar mass and redshift

is a reflection of the source selection procedure. Here,

bright sources which result in larger stellar masses at

lower redshifts required a smaller change in flux between

epochs to be considered a significant variable in Cam-

melli et al. (2025). For sources approaching the limit-

ing magnitudes of the images (resulting in correspond-

ingly lower stellar masses) the difference in flux between

epochs needed to be larger to account for the additional

uncertainty in the measured flux. The shape of this

distribution reflects the completeness of our source se-

lection and represents our ability to probe lower masses

near z = 0 than at high redshift for a given magnitude

limit.

We present ∆AIC as a function of AGNfrac in Figure

5. The horizontal dotted line indicates where ∆AIC =

6 meaning sources above this dashed line have a statis-

ID RA Dec. z ztype

2199 53.179405 -27.781833 0.22 p

116 53.163439 -27.799619 0.6649 s

1059 53.157257 -27.785336 0.6676 s

458 53.172081 -27.797478 0.71 p

3902 53.165592 -27.763133 0.8274 s

3976 53.165344 -27.762849 1.03 p

222 53.156769 -27.795656 1.0966 s

1441 53.160980 -27.786578 1.1348 s

3404 53.166354 -27.768660 1.2954 s

1975 53.184353 -27.783443 1.3458 s

1013 53.160445 -27.790442 1.6098 s

3752 53.164102 -27.765497 1.76 p

2156 53.155676 -27.779348 1.8391 s

3005 53.159608 -27.774646 1.9 p

1775 53.174344 -27.782600 1.9982 s

446 53.166077 -27.798129 2.01 p

2460 53.144954 -27.779554 2.68 p

1540 53.180808 -27.786333 2.6900 s

2810 53.183466 -27.776658 2.6933 s

2774 53.183386 -27.776454 2.6933 s

2810 53.183466 -27.776658 2.6933 s

2774 53.183386 -27.776454 2.6933 s

45 53.161165 -27.806155 2.9928 s

1807 53.178511 -27.784108 3.1905 s

3384 53.166094 -27.771261 3.6040 s

258 53.152758 -27.800964 3.72 p

316 53.151454 -27.799838 4.61 p

1511 53.161944 -27.787065 6.74 p

Table 3. A summary of the variable sources meeting our
AGNfrac condition. Here, ztype indicates whether the source
has an available spectrscopic redshift (s) or if only a photo-
metric redshift (p) is available.

tically improved SED fit when using the AGN + stellar

population model. All sources with an AGNfrac > 20%

are located rightward of the vertical grey dashed line in

Figure 5. We present the sources meeting our AGNfrac

criterion in Table 4.1.

In total, 37/121 variables meet our AIC criterion,

26/121 meet the AGNfrac criterion and 11/121 meet

both criteria. Sources which do not meet our AIC cri-

terion are not necessarily misidentified as AGN in our

sample selection. This instead reflects the well-known

challenge of identifying AGN purely from their SEDs:

in these instances we simply cannot demonstrate statis-

tical evidence for the presence of an AGN from the SED

data alone.

In the following analysis we determine BH properties

for the sources which meet the AGNfrac criterion. Due
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Figure 4. The output stellar mass from the SED fitter when using our combined model, MAGN+SP
∗ , vs. the stellar mass

when a pure stellar population is used, MSP
∗ , (left) and redshift (right). The points are coloured by the largest change in AB

magnitude between the WFC3/IR epochs in either F105W, F140W or F160W, abs(∆magbest). M
AGN+SP
∗ = MSP

∗ is given by
the black dashed line and shows that the stellar masses typically agree well between runs of the SED fitter.
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Figure 5. The difference between the Akaike information
criterion (AIC) calculated for the best fit SED modeled with
a pure stellar population vs. our combined model with a stel-
lar and AGN component (∆AIC = AICSP −AICAGN+SP) as
a function of AGNfrac. The horizontal grey dotted line in-
dicates the ∆AIC = 6 criterion used to define which sources
have SEDs which are statistically improved by including an
AGN template in the model. The vertical grey dashed line
indicates the AGNfrac = 0.2 line, the sources to the right of
which meet our AGNfrac criterion. We calculate MBH for
the sources with AGNfrac > 0.2 since these are the sources
which have a contribution to the total flux from the best fit
AGN template exceeding 20% in at least one filter. In total,
37/121 variables meet our AIC criterion, 26/121 meet the
AGNfrac criterion and 11/121 meet both criteria.

to the fact that we are assuming all of our 2.5 σ variables

are, indeed, varying due to the presence of an AGN, we

selected the sample which meet the AGNfrac criterion

as the SED fitter was able to successfully retrieve a sig-

nificant AGN contribution to the total flux for these

sources.

4.2. Black hole mass estimation

Due to the decomposition of our total SED into sep-

arate stellar and AGN contributions, we are able to use

the MCMC results to reconstruct our model AGN spec-

trum to determine L5100 by taking the median flux be-

tween 4850 and 5350 Å. The calculated L5100 can then

be used with the relation defined in Kaspi et al. (2000)

for black hole mass as a function of 5100Å luminosity. To

our knowledge this is the first time that photometric de-

composition of stellar and AGN contributions has been

leveraged to estimate SMBH masses, and is facilitated in

this case by the exquisite wide bandwidth, 26-filter pho-

tometry in the HUDF. Kaspi et al. (2000) define this

relation by fitting the mass estimates from reverbera-

tion mapping (RM) analysis for the mean spectra of a

sample of 34 AGN. This gives:

MBH = 5.71 × 107
(

L5100

1044 ergs s−1

)0.545

M⊙. (3)

To estimate the errors onMBH we use the 16th and 84th

percentiles from the MCMC results for the normagn pa-

rameter since the luminosity we measure from the model

spectrum will be proportional to its normalization. We

do not include the intrinsic scatter of the relation in our

error propagation. The tabulated results for the vari-

ous AGN criteria, L5100, MBH and M∗ are presented in

Table 4.3.

4.3. Source 1511
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2.5  Variables & AGN_frac > 0.2
AIC > 6

Dwarf Galaxy IMBH Candidate
Literature
Maiolino+24, 4 < z < 11

JADES cand. merging BH
Harikane+23, 4 < z < 7
Übler+23, z= 5.55
Zhang+26, 3.9 < z < 5.6
MBH = M

Reines+Volonteri 15
Greene+20 (early)
Greene+20 (all, limits)
Greene+20 (late,limits)

Figure 6. Black hole masses calculated from the Kaspi et al. (2000) relation utilising the luminosity at 5100Å in the AGN
spectrum resulting from the parameters determined from the MCMC SED fit as a function of stellar mass for each variable
meeting the AGNfrac condition. Sources which also meet our ∆AIC condition are outlined by purple circles. Sources are
coloured by redshift and the L5100 values used to calculate MBH are determined from spectra which have undergone a reddening
correction calculated from the MCMC results for E(B − V )diffuse and E(B − V )AGN as well as IGM absorption along the line
of sight. The scaling relation between black hole mass and stellar mass determined from a sample of 262 z < 0.055 BL-AGN
from Reines & Volonteri (2015) is shown as the pink dashed line as well as similar scaling relations from Greene et al. (2020)
in shades of green. The 1:1 line for MBH and M∗ is plotted as the dashed-dotted black line. Low-redshift objects with values
for black hole mass and stellar mass from the literature are included from the table compiled by Zaw et al. (2020). These are
marked by the lilac “x” symbols. Finally, we offer a direct comparison to black hole masses determined from fitting broad Hα
emission lines from Maiolino et al. (2024a) (pink triangles), Harikane et al. (2023) (pink squares), Übler et al. (2023) (pink
diamonds) and Zhang et al. (2025) (pink crosses). Our two IMBH candidates identified in dwarf galaxies are marked by the
pink boxes.

Our highest redshift variable source meeting our

AGNfrac condition has been previously studied in mul-

tiple works and in this section we will discuss our results

in the context of previous literature.

Source 1511 was originally presented in Hayes et al.

(2024) as source 1052123. It has a photometric red-

shift of 6.74 and interestingly, our SED fitter finds that

the photometry from this source is consistent with a

contribution almost entirely dominated by a best fit

Temple et al. (2021) AGN template. DeCoursey et al.

(2025) report a spectrum from DDT Program 6541 (PI:

E. Egami) for this source that they claim is not well
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Figure 7. Left: The difference in MBH resulting from the SED model AGN spectra when corrected for reddening and
IGM absorption (MBH, Intrinsic) and the MBH resulting from the uncorrected spectra (MBH, Observed) as a function of M∗.
The sources which have large deviations from the black MBH, Intrinsic = MBH, Observed line demonstrate the importance of
accurately correcting for reddening when determining MBH . Right: The difference in the MBH calculated when we run our SED
fitter on the set of photometry containing WFC3/IR fluxes from the epochs where the AGN is bright (MBH, Bright) and the
MBH resulting from the SED run when the faint WFC3/IR epochs are used (MBH, Faint) as a function of M∗. Large deviations
from the MBH, Bright = MBH, Faint line show that the intrinsic variability of the AGN can have a significant impact on the
estimated MBH .

matched by any supernova, galaxy or AGN template at

5 < z < 7, and is instead fit best by a late-type star at

z ∼ 0. Our SED fitting results and photometry from 26

filters does appear to be consistent with an AGN tem-

plate, so we do not remove this source from our sample.

Using this best fit results, we retrieve an AGNfrac = 1.

This is slightly lower when we instead consider our

MCMC results, from which we derive a lower limit on

the black hole mass of log10(MBH/M⊙) > 7.36. The

stellar mass is not well constrained by the SED fitter and

we again provide a lower limit of log10(M∗/M⊙) > 8.15.

This source is likely best described by a bright AGN

with very little contribution to its total flux from any

stellar population. Given that we do not include indi-

vidual stellar templates in our suite of SED models and

that the errors on the resulting MCMC parameters re-

main large, we cannot rule out the stellar classification

from DeCoursey et al. (2025), however, we treat 1511 as

a zphot ≃ 6.74 AGN candidate in the remainder of the

analysis in this work.

5. DISCUSSION

5.1. Mass calculations with L5100

As shown in Figure 6 and summarized in Table 4.3,

our modeling recovers black hole masses which range

from the intermediate mass regime at∼ 105 M⊙ through

to the supermassive at ≳ 108 M⊙.

Kaspi et al. (2000) detail many caveats that enter

into the determination of MBH using the scaling rela-

tions presented therein, including the assumptions that

are necessary for deriving physical parameters from the

properties of Balmer emission lines. However, additional

considerations are also relevant when applying this re-

lation to our sample specifically. Firstly, the popula-

tion studied here is not representative of the sample for

which the relation was derived. In particular, we probe

sources with systematically fainter L5100 than Kaspi

et al. (2000). Our median value is ∼ 1042.9 erg s−1, and

we probe down to L5100 ∼ 1039 erg s−1 versus a median
of ∼ 1044.2 erg s−1 from Kaspi et al. (2000) where the

source with the lowest L5100 ∼ 1041 erg s−1. Kaspi et al.

(2000) does warn that using the relations dependent on

luminosity determinations for fainter sources would lead

to increased contributions from the host galaxy light.

However, to first order this effect should be mitigated

by our approach of decomposing the stellar and AGN

light in the SED modeling. Additionally, many sources

in our sample are also at significantly higher redshift

than the z < 1 sample from Kaspi et al. (2000). It is

not yet known whether the relations that can be used to

determine black hole masses at low redshift are accurate

also at high redshift (Übler et al. 2023; Maiolino et al.

2024a). Further, although it was found that MBH and

L5100 had a Pearson linear correlation coefficient of 0.646

at a significance level of 3.7× 10−5, Eq. 3 is determined
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from a low-number sample featuring significant scatter.

Kormendy & Ho (2013) also emphasise that all mass

determinaitons based on virialised motion in the BLR

depend on the scaling of masses such that they obey

the robust MBH − σ∗ relation. This is a shortcoming of

this method as the MBH − σ∗ relations used were de-

rived incorporating sources featuring both classical and

pseudobulges, despite MBH not correlating with pseu-

dobulges (Kormendy & Ho 2013). Depending on the

galaxy sample used to define the MBH −σ∗ sample, this

can introduce an uncertainty up to a factor of two (Ho &

Kim 2016; Greene et al. 2020). Finally, we are applying

this function to a model spectrum resulting from photo-

metric SED analysis, rather than an observed spectrum.

With this in mind, the resulting black hole mass esti-

mates for our variable sources are consistent with those

determined in other works at similar redshifts which

utilise the luminosity and FWHM of the broad compo-

nent of Hα (see comparison to JWST high-z BL-AGN

masses in Figure 6).

The black hole masses estimated here are also con-

sistent with the trend towards overmassive BHs with
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increasing redshift frequently observed with JWST de-

tected high-z SMBHs. This is despite the fact we use

a different method to determine the black hole mass

which, in this case, is independent of Balmer emission

line profiles.

Additionally, we are able to directly compare the black

hole mass calculated using L5100 to that using the lu-

minosity and FWHM of Hβ for one source, namely

source 1807. The best fit SED for this source is shown

in the right panel of Figure 3 and it is identified as

a BL-AGN in a NIRISS spectrum (Hayes et al. 2024,

see also Pirzkal et al. 2024). We find an Hβ luminos-

ity (LHβ) of 9.5×1041 erg s−1 with a S/N ∼ 8 and a

FWHM (FWHMHβ) of ≃ 3600 ± 500 km s−1. With

these measurements, we apply the relation from Greene

& Ho (2005) which is given as:

MBH = 2.4× 106
(

LHβ

1042 erg s−1

)0.59

×
(
FWHMHβ

103km/s

)2

M⊙.

(4)

Using this relation we find log10(MBH/M⊙) = 7.48 ±
0.13 if we consider the uncertainties in our measured

Hβ line properties, but excluding the intrinsic scatter

from the scaling relation. This is compared to the value

we retrieve using L5100 which gives log10(MBH/M⊙) =

8.06+0.02
−0.03. This means that the MBH calculated for this

source using these two methods agree by a factor of

∼ 3.5. Differences in calculated MBH are expected be-

tween alternate methods (Korista & Goad 2004; Abuter

et al. 2024; Dalla Bontà et al. 2025). Dalla Bontà et al.

(2025) examined the comparison between single epoch

methods to determine MBH and compared them to the

results using interferometry to spatially resolved the ro-

tation of broad line regions using the GRAVITY in-
strument on the ESO VLTI (e.g., Gravity Collabora-

tion et al. (2018)). The level of agreement between our

method using L5100 and the line properties of Hβ are

at a similar level to the agreement in MBH calculated

for the quasar 3C 273 using the luminosity and FWHM

of Hβ which gave log10(MBH/M⊙) = 9.383 ± 0.372

(Kaspi et al. 2000) and that determined from GRAV-

ITY, log10(MBH/M⊙) = 8.41 ± 0.18 (Gravity Collabo-

ration et al. 2018) when the errors on the measurements

are considered. The two masses calculated for 1807 also

show a similar level of agreement as was found for 3C

273 when comparing the masses retrieved using Hβ and

Hα (log10(MBH,Hα/M⊙) = 9.403 ± 0.328, from Kaspi

et al. (2000)).

Although we can only make this comparison for a sin-

gle source, the agreement found between the MBH de-

termined using these separate methods for source 1807

suggests that masses calculated from the L5100 relation

in Kaspi et al. (2000) can be used to provide reliable es-

timates for the black hole masses of our variable sources.

5.2. The MBH −M∗ relation

We plot the 26 sources meeting our AGNfrac con-

dition in the MBH − M∗ plane in Figure 6. Sources

from this work are compared to the corresponding BH

and stellar masses determined for low-z AGN from the

catalogue compiled by Zaw et al. (2020) as well as the

masses calculated for the BL-AGN at 4 < z < 7 from re-

cent studies utilising data from JWST (Maiolino et al.

2024a; Harikane et al. 2023; Übler et al. 2023; Zhang

et al. 2025). The scaling relation derived from local

BL-AGN at z < 0.055 from Reines & Volonteri (2015)

as well as those from Greene et al. (2020) are also in-

cluded. It is clear that our sources agree with the trends

observed by other recent studies probing high redshift

SMBH masses showing that black holes appear to be-

come overmassive with respect to the stellar mass of

their host galaxies at z ≳ 4 (e.g., Übler et al. (2023);

Maiolino et al. (2024a); Harikane et al. (2023); Zhang

et al. (2025)). The agreement of trends in SMBH masses

determined in this work and those from recent works

utilising JWST observations is additionally interesting

due to the fact that we have used a method independent

of those used in other studies. The other works all utilise

single epoch spectroscopy to derive black hole masses

based on the width of broad lines, whereas our method

uniquely relies on the decomposition of our SEDs into

their component parts, allowing us to use only the lumi-

nosity at 5100 Å determined from our SED model AGN

spectra. The works utilising the properties of broad lines

typically utilise the scaling relations originally derived in

Greene & Ho (2005) which translates the virial mass sys-

tem from Kaspi et al. (2000) derived using reverberation

mapping into a system that depends only on observa-

tions of broad Hα. These results are often compared

to the scaling relations derived from Reines & Volonteri

(2015) which follows the approach outlined in Greene &

Ho (2005) to define a relation for their sample of SDSS

broad Hα emitters. All of which, therefore, assume the

BLR is in virial equilibrium and that the relations for

MBH which appear to hold at low redshift are also ap-

plicable at high redshift (Übler et al. 2023; Maiolino

et al. 2024a). These are also assumptions intrinsic to

the scaling relation with L5100 from Kaspi et al. (2000)

since the masses originally used to produce this scaling

relation were calculated from broad emission lines. Pre-

vious studies have reported systematic uncertainties in

the relations used to determine MBH from single epoch

measurements leading to mass disparities up to factors
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of ∼ 1.5−2.25 (Fonseca Alvarez et al. 2020; Abuter et al.

2024; Dalla Bontà et al. 2025).

As mentioned by previous works, black hole masses at

higher redshifts being more overmassive than those at

low redshift could imply more rapid growth of central

SMBHs at early cosmological times. We examine the

implication this could have on seeding mechanisms for

black holes in the early universe further in Section 5.4.

5.2.1. The effects of reddening on black hole mass

Due to the nature of our SED fitting code which works

on the premise of spectral decomposition, we are able

to fit two extinction parameters. One applies globally

to the stellar population and the central AGN, E(B −
V )diffuse and the other which is a nuclear reddening

term that is only applied to the AGN spectrum, E(B −
V )AGN . This means we are able to accurately correct for

the reddening at each wavelength of our AGN spectrum

using these reddening values and the Calzetti (Calzetti

et al. 2000) and SMC (Prevot et al. 1984) extinction

laws, respectively.

In the left panel of Figure 7 we plot the difference

between the logarithm of the black hole masses we esti-

mate when the AGN spectra have been corrected for

reddening and IGM absorption (MBH, Intrinsic) and

the masses calculated from the un-corrected spectra

(MBH, Observed). Our results show that when estimat-

ing the mass from the uncorrected luminosity at 5100Å

the masses can be underestimated by factors of up to 10,

with a standard deviation on the difference between esti-

mates of∼ 0.36. This indicates the potential importance

of applying accurate reddening corrections in order to es-

timate black hole masses. An additional consideration

is that the relations derived by Kaspi et al. (2000) use

spectrophotometry that was not corrected for redden-

ing, and it is unlikely that all of their RM sources are

dust-free. This obscuration is a possible contributor to

the large scatter that is seen on single-epoch luminosity–

MBH calibrations, which we here estimate to be on the

order of a factor of ≃ 3, albeit in a sample much fainter

than those used to derive the calibrations.

5.2.2. The effects of variability on black hole mass

As well as running two different sets of models for

each source we also test two sets of photometry. Since

we have three WFC3/IR filters each with two epochs

we construct two sets of photometric catalogues. The

first contains F105W/F140W/F160W fluxes from the

epochs where each source is detected to be faint, while

the second includes the fluxes from the epochs where the

sources are bright.

By comparing the estimated black hole masses for our

sample using the SED fits performed on the two sets of

photometry we can examine the effects of variability on

our SED fitting results. Of course, the black hole masses

between epochs must, in reality, be almost entirely un-

changed due to the small time lapse between observa-

tions. Thus, changes observed in the calculated masses

reflect the ability of SED modeling to retrieve an AGN

contribution to the total flux when the AGN is observed

in its faint state. We compare the difference inMBH cal-

culated from SED results performed on these two sets

of photometry in the right panel of Figure 7. In many

cases, it is observed that, without the bright epochs from

WFC3/IR, the recovered black hole masses are signifi-

cantly smaller, and the large error bars resulting from

adding the two MBH errors in quadrature indicate that

the black hole mass is not well constrained by the SED

fitting when the faint epoch photometry is used. This

suggests that the bright phase of the variability is nec-

essary for these sources to be recovered as AGN using

our AIC and AGNfrac conditions. Therefore, it can be

understood that it may be difficult to recover AGN via

SED fitting without considering variability and that if,

by chance, the AGN is observed only when it is in its

faint state the SED may falsely underestimate the AGN

contribution to the total flux. It also highlights the fact

that variability is an important tool for identifying AGN

as a significant fraction of the AGN identified via vari-

ability did not meet the requirements of our AIC and

AGNfrac conditions to be correctly identified as AGN

from SED fitting alone.

5.3. Dwarf galaxies with overmassive black holes

Dwarf galaxies hosting AGN offer a unique opportu-

nity to gain further information about the population of

BHs at low redshift overall. In particular, these lower

mass BHs are important for probing the overall number

density of BHs, understanding the BH occupation frac-

tion and can provide powerful constraints for the BH

mass function. All of which can inform models which

seek to predict the formation and co-evolution of BHs

in galaxies accross cosmic time.

Interestingly, two of our sources at z ≲ 1 occupy the

dwarf galaxy regime with M∗ < 3 × 109M⊙ and have

MBH < 106M⊙. We classify these objects as interme-

diate mass black hole (IMBH) candidates and see that

they are also overmassive BHs with respect to the cal-

culated stellar masses of their hosts. This is consis-

tent with literature which has found that black holes

residing in dwarf galaxies occupy a similar region of the

MBH − M∗ plane as the high-z SMBH discovered by

JWST (Burke et al. 2022; Mezcua et al. 2023; Siudek

et al. 2023; Übler et al. 2023).
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Our selection of dwarf galaxies have black hole masses

105 < MBH/M⊙ < 106. These black holes masses

are systematically lower than the black hole masses

computed for 25/155 dwarf galaxies exhibiting broad

Hα emission lines in Reines et al. (2013) which had

108.5 < MBH/M⊙ < 109.5 using the approach from

Greene & Ho (2005) to determine MBH from the prop-

erties of the Hα emission line. This suggests that vari-

ability is able to probe lower mass black holes in dwarf

galaxies and could be a unique and important approach

for identifying black holes in dwarf galaxies. This was

also suggested in the study by Kimbro et al. (2025)

which used bulge masses determined from a morpho-

logical study of photometrically variable dwarf galax-

ies to determine black hole masses. The masses de-

termined by Kimbro et al. (2025) were systematically

even lower than our dwarf galaxy black hole masses at

103 < MBH/M⊙ < 105.

Additionally, Wasleske & Baldassare (2023) found

that for their sample of 23 UV variable AGN candidates

in active low-mass galaxies, 11/23 featured X-ray excess

typical of AGNs. They further identified a sample of

sources which were both UV variable and X-ray bright

which did, however, not feature any spectroscopic signa-

tures typically found in the optical for active BHs. This

further indicates that variability could be an important

tool for probing the lower mass end of the black hole

mass function since it has been shown that BH indica-

tors which work for more massive galaxies often fail to

identify BHs in dwarf galaxies.

5.4. Implications for black hole seeding

From our sample of variables meeting the AGNfrac

condition a single source, namely source 1511, has

zphot > 6. We calculate a lower limit on

log10(MBH/M⊙) > 7.36 and plot this mass as a func-

tion of redshift along with masses from various z > 6

AGN from the literature in Figure 8 (Akins et al. 2025;

Furtak et al. 2024; Harikane et al. 2023; Kokorev et al.

2023; Larson et al. 2023; Lin et al. 2025; Maiolino et al.

2024b,a; Naidu et al. 2025; Tacchella et al. 2023; Taylor

et al. 2025; Tripodi et al. 2024). We reproduce Figure 6

from Taylor et al. (2025) by overplotting the evolution

of a light mass seed and heavy mass seed following a

simplified Eddington-limited black hole growth model.

Light seeds are formed at 102M⊙ and the bounds of

the lilac shaded region correspond to the evolution of a

light seed formed at z = 30 and z = 15. As in Tay-

lor et al. (2025), for both light seeds, formation is fol-

lowed by 100 Myr of no growth due to heating of the

surrounding gas by the stellar progenitor of the seed

(Yoshida 2006; Johnson & Bromm 2007) before imme-

diately accreting with fedd = 1. The bounds of the ma-

genta shaded region correspond to a heavy seed formed

at 104M⊙ between z = 25 and z = 15 which under-

goes accretion with fedd = 1 immediately. We note

that differences in the shaded regions from Taylor et al.

(2025) are due the slightly different cosmology used in

this work. As shown in Figure 8, the lower limit of the

mass for source 1511 is consistent with a light seed grow-

ing at constant Eddington limited accretion until z = 6

(Haiman & Loeb 2001; Madau & Rees 2001; Volonteri

et al. 2003; Li et al. 2007; Inayoshi et al. 2020). Ad-

ditionally, our source has a black hole mass consistent

with the other 6 < z < 7 SMBH from Maiolino et al.

(2024a); Harikane et al. (2023) and Lin et al. (2025) as

well as those with z < 7.5 from Furtak et al. (2024) and

Akins et al. (2025). This result would suggest that at

6 ≲ z ≲ 7.5 SMBH which appear to be overmassive in

the MBH − M∗ plane do not necessarily require heavy

seeds to reach the masses observed. This is consistent

with our understanding of Eddington limited accretion,

which predicts growth timescales of light SMBH seeds

(100M⊙) up to ∼ 109 to be approximately the age of the

universe at z ∼ 6 (with fduty ∼ 1) (Inayoshi et al. 2020).

However, this is a simplistic model and a more realistic

approach would invoke long periods of sub-Eddington

accretion followed by rapid bursts of super Eddington

accretion to better test if the masses observed can be

reached via the growth of light BH seeds formed in the

early Universe (Sanati et al. 2025).

6. CONCLUSION

In this work, we conduct SED fitting of 121 variable

AGN identified in the HUDF by Cammelli et al. (2025)

using 26 filters of PSF matched photometry from HST

and JWST. We designed a bespoke SED fitting code

to test whether each source has an SED which is bet-

ter modeled by either a pure stellar population using a

delayed-τ SFH or if the fit is statistically improved by in-

cluding an AGN template from Temple et al. (2021). We

designed two conditions which would indicate if our SED

fitting retrieved the AGN nature of the source, namely

the AIC condition, ∆AIC ≥ 6, and the AGNfrac condi-

tion, where the AGN template contributes at least 20%

to the total flux in at least one filter. In total, we identi-

fied 37 sources which meet the first condition, 26 sources

which meet the latter and 11 sources which meet both

conditions. For the 26 sources meeting the AGNfrac

condition, we use the model spectrum resulting from

the MCMC SED fitting to calculate L5100. We use this

luminosity in conjunction with the scaling relation from

Kaspi et al. (2000) to determine estimates for the black
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Figure 8. Adapted version of Figure 6 from Taylor et al. (2025) showing black hole mass as a function of redshift plotted for
our highest redshift variable source, 1511, marked here as the pink star. Spectroscopically confirmed BL-AGN from Akins et al.
(2025); Furtak et al. (2024); Harikane et al. (2023); Kokorev et al. (2023); Larson et al. (2023); Lin et al. (2025); Maiolino et al.
(2024a,b); Naidu et al. (2025); Tacchella et al. (2023); Taylor et al. (2025); Tripodi et al. (2024) are shown by the filled markers.
We note that GN-z11 is included in the analysis in Maiolino et al. (2024a), however, the parameters are determined in Tacchella
et al. (2023) and Maiolino et al. (2024b). We overplot the growth of light and heavy seeds following a simple Eddington growth
model as presented in Taylor et al. (2025). The bounds of the pink shaded region correspond to the growth of massive seeds
(104M⊙) formed at redshifts of 25 and 15 which then immediately begin to accrete mass at the Eddington limit. The bounds of
the blue shaded region show the mass evolution of light seeds (102M⊙) formed at redshifts of 30 and 15 which do not build up
mass for the first 100 Myr, at which point they start accreting at the Eddington limit. The lower limit on the black hole mass
for Source 1511 is consistent with sources at similar redshift from the literature and can be explained by both a heavy seeding
scenario and our simple model for the Eddington growth of a light seed.

hole masses of these objects. These mass estimates allow

us to conclude the following:

• Using the stellar masses from the SED fitting pro-

cedure we plot our sources on theMBH−M∗ plane

and see that our sources become increasingly over-

massive as a function of host redshift. This pro-

vides independent support for a systematic offset

from the local relations as observed for other high-

z BL-AGN detected with JWST. These overmas-

sive BHs are possibly explained by either heavy

seeding in the early universe or episodes of super

Eddington accretion, especially for those sources

in our sample with MBH ∼ M∗.

• Our SED fitting results allow us to correct both

our model stellar template and AGN template for

reddening. We find that neglecting this correction

can reduce the calculated black hole mass by fac-

tors of up to ≃ 10.

• We compare the black hole masses estimated for

each source when photometry from the WFC3/IR

epochs where the AGN is faint is used versus when
the AGN is bright and find this can have consider-

able impact on the resulting black hole mass by up

to ∼ 3 dex where bright epochs yield higher MBH .

• We identify two dwarf galaxies at z < 1 for which

an AGN contribution to the SED is statistically

preferred. The sources also exhibit black hole

masses which are overmassive with respect to the

stellar mass of their host galaxies which is consis-

tent with observations of other IMBHs in dwarf

galaxies (Burke et al. 2022; Mezcua et al. 2023;

Siudek et al. 2023). Our dwarf galaxies also host

black holes with masses that are systematically

lower than those identified from spectroscopic fea-

tures in Reines et al. (2013). This could indicate

that variability offers a unique probe for identify-
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ing lower mass BHs in dwarf galaxies which is con-

sistent with the results from Kimbro et al. (2025).

• Finally, our highest redshift variable for which we

calculate a black hole mass has an SED best ex-

plained by an AGNfrac ∼ 1. When compared to

simple models for the Eddington growth of heavy

seeds and light seeds as a function of redshift,

the black hole mass of 1511 is consistent with

both seeding scenarios within errors. However, the

value calculated as the lower limit for the black

hole mass can be explained by a light seed grow-

ing at the Eddington rate starting from 100 Myr

after its formation.

Our work highlights the important role variability can

play in identifying BHs and the effect this intrinsic phe-

nomena can have on the calculated mass of black holes.

It also offers confirmation of observed trends in the

MBH −M∗ plane which have been identified by JWST

BL-AGN at high-z. Additionally, it does so by estimat-

ing black hole masses using a method which is does not

require the measurement of broad line properties and

instead leverages the decomposition of the SEDs of our

sources into separate AGN and stellar components.

Spectroscopic follow-up for the sample of 2.5σ vari-

ables presented in Cammelli et al. (2025) and studied

here would allow us to better understand the intersec-

tion of different detection methods in identifying AGN.

This work would be similar to the studies conducted

by Pouliasis et al. (2019); Lyu et al. (2022), however,

spectra from JWST would allow us to probe the broad-

line emission of AGN to much higher redshifts than was

possible for the HUDF in these previous studies. This

would be complimented by the relatively longer time

baseline of our photometric variability study and the

depth of the WFC3/IR images which allow us to probe

faint, low-mass AGN as well as the broad photomet-

ric coverage leveraged in this work. Studies of this na-

ture are essential for determining how the properties of

host galaxies and their SMBHs are linked and how they

evolve through cosmic time.
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APPENDIX

A. DERIVING ERROR CORRECTIONS FOR SOURCE EXTRACTOR PHOTOMETRY

This appendix details the error correction applied to Source Extractor output photometry derived from the source

injections introduced in Section 2. The F480M PSF was used as the injection PSF and renormalized to fluxes corre-

sponding to an injection magnitude iteratively until 1000 sources had been injected at each magnitude in each filter

image (however, only 10 sources were injected into an image a time to avoid crowding). A segmentation map of the

HUDF was used as a mask and sources could only be injected into unmasked regions with a 50 pixel buffer to ensure

the PSF wings were not overlapping with true sources. Sources were injected with AB magnitudes from 26 to 31.5

with δmag = 0.5 for 26 ≤ mag ≤ 27 and δmag = 0.1 for 27 < mag ≤ 31.5. The exceptions were the UVIS filters for

which δmag = 0.1 for the full magnitude range of 25 ≤ mag ≤ 31.5.

Once sources were injected into the image with a given magnitude, Source Extractor was used to determine the

recovered magnitudes of each source. The injected sources and the recovered magnitudes were extracted from the

Source Extractor catalogues using the known positions assigned to the injected sources and a tolerance of 1.5 pixels

in x and y. For a given set of 1000 injected sources at a given magnitude, the retrieved magnitudes are plotted as a

histogram. Histograms of the retrieved magnitudes for a subsample of injected magnitudes for the F140W image in

shown in Figure 9. For each histogram, we calculate the standard deviation of the retrieved magnitudes to give the

1-sigma error for sources with a true magnitude corresponding to the injected magnitude. We then use these values to
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derive our Source Extractor error correction factor. The derivation of this correction factor is visualised in Figure

10 and we will refer to this figure as an example in the text that follows.

The standard deviations of each injected magnitude for a given filter image is then plotted, as represented by the

orange points in Figure 10. To compare to the errors provided by Source Extractor, the photometry from the

full catalogue of sources in the HUDF is sorted into the same magnitude bins described above and the mean error

reported from the Source Extractor output is determined for each magnitude bin. These values correspond to the

blue triangle data points in Figure 10. The offset between the orange and blue points then corresponds to the error

correction which must be applied to the photometric errors output from Source Extractor. To determine this offset,

second order polynomials are fit using np.polyfit to both the standard deviation in the retrieved magnitudes in all

magnitude bins (the best fit curve corresponding to the red line in Figure 10) as well as the mean error of the Source

Extractor data (the best fit curve corresponding to the navy line in Figure 10). These were fit from the brightest

magnitude bin until the magnitude bin corresponding to the last magnitude bin before the retrieved fraction of the

injected sources reached 90% (in Figure 10 this magnitude bin in marked by magenta outlines around the relevant

data point and corresponds to magAB = 29.7 for the F140W 2023 epoch image). We use this magnitude bin as

the limiting magnitude for each filter image. We do not fit the polynomials beyond this limiting magnitude due to

the fact that the number of retrieved sources is reduced such that the distribution of retrieved magnitudes suffers

from low number statistics. These low numbers result in artificially reduced standard deviations represented by the

inflection point in the orange points in Figure 10. The coefficients of these polynomials are determined and used to

calculate the correction for any source with a reported Source Extractor magnitude (MAG SE) and magnitude error

(MAGERR SE). For this, we calculate the value of the polynomial best fit to the injected source standard deviations

(using the polynomial coefficients corresponding to the red curve in Figure 10) for the Source Extractor magnitude

of a source (injected poly (MAG SE)) as well as the value of the polynomial best fit to the mean errors from the

HUDF catalogue (using the polynomial coefficients corresponding to the navy curve in Figure 10) for the same source

(data poly (MAG SE)). The correction factor (err corr) then becomes:

err corr =
injected poly (MAG SE)

data poly (MAG SE)
. (A1)

This allows for the calculation of the corrected error as MAGERR corr = MAGERR SE + err corr. This correction must

be applied to each source for the photometric measurement in each filter using the relevant polynomial coefficients

determined from source injections in each filter.

We also note that Figure 9 demonstrates that our correction factor additionally contains an aperture correction. In

these histograms, when the injected magnitude is brighter than the limiting magnitude the mean retrieved magnitude

is always fainter than the injected magnitude, even for bright source injections. This difference between the mean

retrieved magnitude and the injected magnitude captures the aperture correction since a reduced fraction of the flux

is captured for sources which are not point-like when aperture photometry is used.

B. ARTIFICIAL STAR INJECTIONS: TESTING THE SURPLUS OF DETECTED VARIABLES GETTING

BRIGHTER BETWEEN EPOCHS

We noticed that a surplus of variable sources in the HUDF appeared to get brighter between epochs when compared

to the number which appear to get fainter. To test whether there was a bias in our detection methods, a series of

tests were executed by inserting artificial sources into the difference images. This was done by iteratively inserting 10

artificial stars into the first epoch in the time series, subtracting the second epoch and performing photometry with

Source Extractor on the resulting difference image to determine the fraction of inserted sources retrieved at a given

magnitude. 50 images containing 10 artificial sources were generated in each magnitude bin. For each filter this is

performed twice such that the fraction of sources retrieved when the difference image is created by inserting artificial

stars into the first epoch can be tested against the number of sources retrieved when the difference image is instead

generated by inserting stars into the second epoch before subtraction. Stars were generated at a given magnitude

between 29.0 and 31.0 with a step size of 0.2 mag using the make gaussian sources image from the Photutils affiliated

package of Astropy. These sources are assigned a random position in the masked field which excludes areas of the

image which are less deep because of either pointing offsets (at the edge of the image) or persistence (and therefore

have fewer images contributing to the total stack in the respective area of the image). Source Extractor is then used

to perform source detection and photometry on the resulting difference image. The recovered source positions are then
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Figure 9. Histograms showing the magnitudes returned from Source Extractor for each retrieved source injected with a given
magnitude which is recorded in the subtitle of each plot. The red solid line shows in the injected magnitude, the burgundy
dash-dotted line indicates the mean of the retrieved magnitudes and the pink dashed lines show the one-sigma values of the
retrieved magnitude distribution. This represents a subset of the injected magnitudes for the F140W filter. Here, we can also see
that when the injected magnitude is brighter than the limiting magnitude the mean of the retrieved magnitudes is always fainter
than the injected magnitude, even for bright source injections. This difference between the mean of the retrieved magnitude
and the injected magnitude captures the aperture correction since a reduced fraction of the flux is captured for sources which
are not point-like when aperture photometry is used.

compared to the input positions of the artificial stars with a tolerance of 1.5 pixels in x and y as well as the recovered

magnitude of the source which must be with 0.5 mag of the input magnitude. The fraction of retrieved sources from

these tests for the F105W, F140W and F160W filters are presented in Figure 11. Within errors, the results show that

the artificial star tests are not affected by which epoch the artificial stars are inserted into. Physically, this would mean

that our results are not biased towards either variable objects which get brighter, nor variables which get fainter.
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Figure 10. Demonstration of how the Source Extractor error correction factor is determined for each filter, here shown for the
F140W filter. The grey curve represents the number of sources retrieved for each injected magnitude, this is our completeness
curve. When this curve drops below the 90% completeness limit, we consider the previous injected magnitude our limiting
magnitude. This limiting magnitude is represented by the magenta outlined points. The standard deviation of the retrieved
magnitudes for each injected magnitude are shown by the orange circular points. The blue triangles represent the mean Source

Extractor error for sources in our photometric catalogue with Source Extractor magnitudes in each magnitude bin. The best
fit second order polynomial for the orange points is shown as the red curve and the best fit curve for the blue points is given by
the navy curve. The difference between the polynomials represented by the red and blue curves are used to calculate the error
correction factor for each source in our catalogue. See text for details.
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Figure 11. Results from the artificial stars tests seeking to determine if there is a detection bias for variables which get brighter
between epochs. Plots show the fraction of injected sources retrieved from the total sample in each magnitude bin (N=500) for
the F105W, F140W and F160W filters. The different curves show the different results when difference images are generated
both by inserting the artificial sources into the early epoch and performing image subtraction in pink and by inserting the
sources into the late epoch and performing image subtraction in blue. Within errors, the two scenarios are consistent meaning
no significant bias exists in our photometry to select either preferentially dimming nor brightening sources.
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Übler, H., Maiolino, R., Curtis-Lake, E., et al. 2023, A&A,

677, A145, doi: 10.1051/0004-6361/202346137

Valiante, R., Schneider, R., Volonteri, M., & Omukai, K.

2016, Monthly Notices of the Royal Astronomical

Society, 457, 3356–3371, doi: 10.1093/mnras/stw225

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020,

Nature Methods, 17, 261, doi: 10.1038/s41592-019-0686-2

Volonteri, M. 2010, A&A Rv, 18, 279,

doi: 10.1007/s00159-010-0029-x

http://doi.org/10.48550/arXiv.2503.16596
https://arxiv.org/abs/2401.04944
http://doi.org/10.1086/160817
http://doi.org/10.1117/12.925230
http://doi.org/10.3847/1538-4357/ad429c
http://doi.org/10.1093/mnras/stz1483
http://doi.org/10.1088/0004-6256/150/1/31
http://doi.org/10.33232/001c.123239
http://doi.org/10.1088/0004-637X/775/2/116
http://doi.org/10.1088/0004-637x/813/2/82
http://doi.org/10.3847/1538-4365/acf44d
https://arxiv.org/abs/2507.02058
http://doi.org/10.1093/mnras/stad807
http://doi.org/10.1086/116901
http://doi.org/10.1086/316834
https://arxiv.org/abs/2411.03424
http://doi.org/10.1111/j.1365-2966.2009.15452.x
http://doi.org/10.1093/mnras/stad2346
http://doi.org/10.1093/mnras/stac3092
http://doi.org/10.3847/1538-4357/acdbc6
https://arxiv.org/abs/2505.04609
http://doi.org/10.1093/mnras/stab2586
http://doi.org/10.1088/0004-6256/146/6/159
http://doi.org/10.1093/mnras/stac062
http://doi.org/10.48550/arXiv.2412.04983
http://doi.org/10.1051/0004-6361/202346137
http://doi.org/10.1093/mnras/stw225
http://doi.org/10.1038/s41592-019-0686-2
http://doi.org/10.1007/s00159-010-0029-x


26 A. R. Young et al.

Volonteri, M., Haardt, F., & Madau, P. 2003, The

Astrophysical Journal, 582, 559–573, doi: 10.1086/344675

Volonteri, M., Habouzit, M., & Colpi, M. 2023, Monthly

Notices of the Royal Astronomical Society, 521, 241–250,

doi: 10.1093/mnras/stad499

Wang, B., de Graaff, A., Davies, R. L., et al. 2025, The

Astrophysical Journal, 984, 121,

doi: 10.3847/1538-4357/adc1ca

Wang, F., Yang, J., Fan, X., et al. 2018, ApJL, 869, L9,

doi: 10.3847/2041-8213/aaf1d2

Warren, S. J., Hewett, P. C., Irwin, M. J., McMahon,

R. G., & Bridgeland, M. T. 1987, Nature, 325, 131,

doi: 10.1038/325131a0

Wasleske, E. J., & Baldassare, V. F. 2023, AJ, 166, 64,

doi: 10.3847/1538-3881/ace16b

Weaver, J. R., Cutler, S. E., Pan, R., et al. 2024, ApJS,

270, 7, doi: 10.3847/1538-4365/ad07e0

Wiener, N. 1949, Extrapolation, Interpolation, and

Smoothing of Stationary Time Series: With Engineering

Applications (The MIT Press)

Williams, C. C., Tacchella, S., Maseda, M. V., et al. 2023,

ApJS, 268, 64, doi: 10.3847/1538-4365/acf130

Wise, J. H., Regan, J. A., O’Shea, B. W., et al. 2019,

Nature, 566, 85–88, doi: 10.1038/s41586-019-0873-4

Yang, J., Wang, F., Fan, X., et al. 2019, AJ, 157, 236,

doi: 10.3847/1538-3881/ab1be1

Yang, J., Wang, F., Fan, X., et al. 2020, The Astrophysical

Journal Letters, 897, L14, doi: 10.3847/2041-8213/ab9c26

Yoshida, N. 2006, NewAR, 50, 19,

doi: 10.1016/j.newar.2005.11.011

Zaw, I., Rosenthal, M. J., Katkov, I. Y., et al. 2020, ApJ,

897, 111, doi: 10.3847/1538-4357/ab9944

Zhang, J., Egami, E., Sun, F., et al. 2025, Abundant

Population of Broad Hα Emitters in the GOODS-N Field

Revealed by CONGRESS, FRESCO, and JADES.

http://ascl.net/2505.02895

http://doi.org/10.1086/344675
http://doi.org/10.1093/mnras/stad499
http://doi.org/10.3847/1538-4357/adc1ca
http://doi.org/10.3847/2041-8213/aaf1d2
http://doi.org/10.1038/325131a0
http://doi.org/10.3847/1538-3881/ace16b
http://doi.org/10.3847/1538-4365/ad07e0
http://doi.org/10.3847/1538-4365/acf130
http://doi.org/10.1038/s41586-019-0873-4
http://doi.org/10.3847/1538-3881/ab1be1
http://doi.org/10.3847/2041-8213/ab9c26
http://doi.org/10.1016/j.newar.2005.11.011
http://doi.org/10.3847/1538-4357/ab9944
http://ascl.net/2505.02895

	Introduction
	Observations and Data Reduction
	Processing WFC3/IR Epochs for Variable Detection
	PSF-Matched Photometry
	Defining a Photometric Catalogue

	Modeling
	Stellar Population Model
	AGN Model
	Minimization and Model Selection
	Parameter Estimation

	Results
	Determining AGN contribution from SED fitting
	Black hole mass estimation
	Source 1511

	Discussion
	Mass calculations with L5100
	The MBH-M* relation
	The effects of reddening on black hole mass
	The effects of variability on black hole mass

	Dwarf galaxies with overmassive black holes
	Implications for black hole seeding

	Conclusion
	Deriving error corrections for Source Extractor Photometry
	 Artificial Star Injections: testing the surplus of detected variables getting brighter between epochs

