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Abstract

Variability is a fundamental signature for active galactic nuclei (AGN) activity and serves as an unbiased indicator
for rapid instability happening near the center of supermassive black holes (SMBHs). Previous studies showed that
AGN variability does not have strong redshift evolution, and scales with their bolometric luminosity and BH mass,
making it a powerful probe to identify low-mass, low-luminosity AGNs at high redshift. JWST has discovered a
new population of high-redshift galaxies likely hosting moderate accreting BHs (>10°M_)—the little red dots
(LRDs; z ~ 4-10). In this Letter, we study the variability of a sample of 22 LRDs with V-shaped spectral energy
distributions in three JWST deep fields that also have reliable Hubble Space Telescope observations in closely
paired filters at 1-2 ym (rest-frame UV), with the time difference between 6 and 11 yr. This LRD sample covers a
redshift range of 3 < z < 8 with —21.3 < Myy < —18.4. Based on both photometry and imaging difference
analyses, we find a mean magnitude difference of ~0.15 £ 0.26 mag, with none of the LRDs showing photometric
variability at 30 significance. Extrapolation of Sloan Digital Sky Survey quasar variability predicts a magnitude
change of order 0.3 mag for our LRD sample. This suggests an upper limit of about ~30% AGN contribution to

the total observed UV light in our sample of LRDs.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Supermassive black holes (1663);

Quasars (1319)

1. Introduction

Early JWST observations have discovered a class of compact
galaxies showing “V-shaped” spectral energy distribution (SED)
with blue UV excess and rapidly raising red optical-to-IR
continuum—usually referred to as the little red dots (LRDs),
with strong indication of active galactic nuclei (AGN) activities,
especially for a subset of that exhibit rest-frame optical broad-
line (BL) emissions (>1000kms™', Mgy = 10° M., and
Lig ~ 10% erg s~'; Y. Harikane et al. 2023a; D. D. Kocevski
et al. 2023; J. E. Greene et al. 2024; R. Maiolino et al. 2024a;
J. Matthee et al. 2024; I. Labbe et al. 2025). Their clear BL
detection and compact red IR continuum emission are suggestive
of rapid accreting supermassive black hole (SMBH) activity;
however, their blue UV spectra are more consistent with star-
forming galaxies (M. Killi et al. 2024), with a potential small
contribution from AGN-scattered light (J. E. Greene et al. 2024;
J. Matthee et al. 2024). In addition, the absence of strong
detection in LRDs’ X-ray stacking analysis (M. Yue et al. 2024)
has questioned their AGN origin. Although several theories have
been proposed in attempt to explain the AGN signatures (e.g.,
R. Maiolino et al. 2024b; Z. Li et al. 2025), the majority of
LRDs have blue UV slope that is hardly consistent with purely
AGN radiation, with reported AGN flux fraction ranging from
40% to 80% through morphology and SED determinations
(Y. Harikane et al. 2023a; E. Durodola et al. 2024). An
independent test will further constrain the boundary of AGN
contribution.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

AGNSs are known to vary in brightness (>0.1 mag) with
timescales ranging from days to years. It is thought to originate
from the instability in the accretion disk close to the SMBH;
therefore, a hallmark of AGN phenomena. Extensive research
have been conducted for low-redshift quasar/AGN variability
in X-ray, UV, and optical wavelengths (e.g., T. J. Turner et al.
1999; D. E. Vanden Berk et al. 2004; C. L. MacLeod et al.
2012). The structure function (SF), a power spectrum density
measurement of AGN magnitude change over time, is well-
described with a time-series damped-random walk (DRW)
model, with a characteristic variability amplitude SF
and turnover timescale 7 (e.g., C. L. MacLeod et al. 2012;
S. Koztowski 2016). Given the anticorrelation of rest UV/
optical luminosity with variability amplitude (T. Simm et al.
2016), rest-frame UV-optical variability become a powerful
tool to discover and study high-redshift faint AGNs, which may
hold a key to constraining SMBH seeding models (K. Inayoshi
& K. Ichikawa 2024; J. Jeon et al. 2025), the AGN contribution
to reionization at cosmic dawn (S. L. Finkelstein et al. 2019;
P. Dayal et al. 2020; L. Y. A. Yung et al. 2021), and the early
coevolution of galaxies and SMBHs (M. Habouzit et al. 2022;
K. Inayoshi et al. 2022; F. Pacucci et al. 2023). If the rest-frame
UV radiation of LRDs is dominated by AGN emission, they are
expected to show strong variability at this wavelength.

However, the variability study of high-redshift, low-
luminosity AGNs is challenging due to a combination of time
dilation and their faintness in the rest-frame UV, which is now
redshifted into the red optical and near-infrared (NIR)
wavelengths. P. Sanchez et al. (2017) reported 10%—20%
NIR variable sources in 1.4 deg® COSMOS are AGNs
My < =22 at z = 1-3). Similar studies at z > 4 are not
feasible before the JWST launch. JWST and Hubble Space
Telescope (HST) have similar pairs of filters at 1-2, um,
allowing for the direct study of photometric variations between
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new JWST observations and previous HST observations of the
same field over a time span of 6-11 yr. This makes them ideal
for searching for variable AGNs at z > 3. As an example,
R. O’Brien et al. (2024) searched for transients using two
epochs high resolution HST imaging in the JWST time-domain
field, and found a dozen brown dwarfs and z < 3 variable AGN
candidates. M. J. Hayes et al. (2024) conducted a high-redshift
transients search in HUDF using two epochs of HST
photometric data and successfully identified two intermediate
redshift AGNs and two reionization era quasar candidates (but
see C. DeCoursey et al. (2025), which suggests that one of
them is likely a late type star).

In this Letter, we study the rest-frame UV variability of a
sample of LRDs identified in the JWST deep field observations
with existing HST observations in closely matched filter pairs.
We first introduce the methodology of the variable source
finder in Section 2. We describe the use of publicly available
images/catalogs, data preparation, and the LRD sample
definition in Section 2.1. In Section 3, we present the
constraints on photometric variabilities of LRDs and their
implications on the AGN nature of LRDs. We use AB
magnitude throughout this work. Errors are quoted within 68%
confidence interval, and assume a flat ACDM cosmology with
Hy=70kms 'Mpc', Q,, = 0.3, and Q) = 0.7.

2. Methodology
2.1. Imaging Data and Photometry

We study the variability of LRDs selected from three deep
fields with both HST and JWST observations: Extended Groth
Strip (EGS),” Great Observatories Origins Deep Survey South
(GOODS-S),“’5 and Abell 2744 (A2744). The basic properties
of these imaging data set are summarized in Table 1.

In order to carry out consistent photometric measurements and
image subtractions, all image mosaics have been registered to the
Gaia reference frame, and the HST mosaics have been resampled
to the common tangential plane as with the JWST image and
common pixel scales of 0.03 pixel ' For EGS and GOODS-S
images, we do point-spread function (PSF)-matching for JWST
images to HST/F160W because the latter has the broadest full
width at half-maximum (FWHM) in 1-2 ym, photometry
extraction and estimation are done on low-resolution HST and
JWST images. More details regarding data preparation can be
found in W. L. Tee et al. (2025, in preparation).

2.2. Photometry Calibration

Both HST and JWST have similar filter coverage over
1-2 pm, ie., F125W and F160W with HST’s Wide Field
Camera 3 (WFC3; 50 ~26-27 mag), and F115W and F150W
by JWST’s Near Infrared Camera (NIRCam; So ~28-29 mag).
Given the fact that JWST/NIRCam imaging depth is, in
general, 2 mag deeper than HST/WFC3, we can use the higher
quality JWST magnitudes to color calibrate the HST
magnitudes and account for the small filter differences. We
choose a simple color correction model for HST magnitude
using JWST magnitude and color,

must = B + mywst + o X (ME11sw — MEI50W)- (1)

3 doi: 10.17909/z7p0-8481 (S. Finkelstein et al. 2023).
* doi: 10.17909 /fsc4-dt61 (C. Williams et al. 2023).

> doi: 10.17909/8tdj-8n28 (M. Rieke et al. 2023).

Tee et al.

The calibrated HST photometry, mysr,,,, namely expected HST
photometry based on JWST observations, should compare with
the measured value myst. We choose to adopt aperture
photometry for the calibration since our goal is to study
variable AGNs, in which the brightness should only change at
the galactic centers. If a source is detected in JWST filters but
becomes significantly brighter or fainter in HST filters, it will
be classified as a potential variable AGN. We use a 0.5 aperture
size (0'48 in UNCOVER catalog) for aperture flux estimation,
about 2 times larger than HST/F160W PSF FWHM (NO’.’22;
W. L. Tee et al. 2025, in preparation; M. B. Bagley et al. 2023).
The photometric uncertainties are estimated by randomly
placing apertures within survey areas, masking out detected
sources. We construct a sample of field sources with good
photometry, size, and redshift measurements. We measure and
compare their observed HST magnitudes with JWST-calibrated
HST magnitudes to validate the robustness. The systematic
offset is <0.01 mag, with gy, = 0.05 (W. L. Tee et al. 2025,
in preparation), and the result does not change when we inspect
individual spectroscopically confirmed sources. We consider
this 5% calibration error as the uncertainty floor in the flux
error measurement in this work. The measured value of the
correction terms are (o, B)piasw = (0.0068, —0.278) and
(o, Br1eow = (0.0067, —0.014), respectively.

2.3. Variable Source Classification

We define f.s as measured HST band aperture flux, f, as
expected aperture flux measured by JWST in HST band, and
Oobs and 0Ogy, are aperture flux errors following a similar
definition. Photometric variability in the flux space, var,, is
characterized as

ngp _f(;bs

_
[ +2 2
Uexp + UObS

where p stands for photometry method, b=HST/F125W,
HST/F160W. A source is considered variable if var,, > 3.

Pure aperture photometry selection may include contamina-
tion from supernovae, which are off-centered, or moving
transients. We also construct a difference image to validate the
nature of variability. We create 20” x 20" JWST/FI115W,
HST/F125W, JWST/F150W, and HST/F160W cutouts for
each source, and scale the JWST cutout flux level to the HST
cutout. After preparation of the background-subtracted photo-
metry and astrometry aligned cutouts, we use the PyZOGY®
prescription (B. Zackay et al. 2016; D. Guevel et al. 2021),
which calculate the difference image D given input pair images
and corresponding PSFs, i.e., JWST/F115W, HST/F125W)
and (JWST/F150W, HST/F160W). We measure the flux
difference Afp within the aperture directly from difference
image D, and evaluate the imaging difference variability, varp,
as

@)

var, , =

Afpy,

s
2 2
Uexp + UObS

where b =HST/F125W,F160W, assuming no other dominant
noise component present. B. Zackay et al. (2016) showed that

3)

varp p =

6 https://github.com/dguevel /PyZOGY
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Table 1
Field Information Where LRDs Are Selected
5¢ Depth (d ~ 0.3) Overlapped
Field JWST HST JWST HST Tust TywsT Area Related References
F115W  F125W  FI50W  F160W (arcmin?) Surveys

EGS 27.3 27.0 27.0 27.1 2012.14  2022.82 188 HST /CANDELS N. A. Grogin et al. (2011), A. M. Koekemoer et al. (2011), M. B. Bagley et al.
JWST /CEERS (2023), and W. L. Tee et al. (2025, in preparation)

GOODS-S 29.3 27.9 29.3 27.6 201129  2023.19 159 HST /HLF G. Illingworth et al. (2016), K. E. Whitaker et al. (2019), D. J. Eisenstein et al.

JWST /JADES (2023), and W. L. Tee et al. (2025, in preparation)
A2744 28.2 27.1 28.2 26.5 2016.03  2023.21 148 HST /BUFFALO, HFF J. R. Weaver et al. (2024) and K. A. Suess et al. (2024)

JWST /UNCOVER, MegaScience

01 11dv 670z ‘(ddg) 97 T:€86 ‘SHALLAT TVNINO[ TVOISAHIOULSY TH]J,
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D image is a proper difference image, where the noise level is
dominated by white noise only given a reasonable fit to the flux
zero-points in pair images. We use both var,; and varp, to
justify the variable nature of variable sources.

2.4. LRD Sample Definition

V. Kokorev et al. (2024) constructed a sample of LRDs at
z = 4-9, selected by their JWST colors and compact sizes.
D. D. Kocevski et al. (2024) further characterized the LRD
selection by including Byy slope and o to select primarily
“V-shaped” SED, with or without broad Balmer line detections
in publicly available spectroscopic data. They reported a total
of 341 z ~ 2-11 LRDs in JWST public extragalactic surveys,
including CEERS (EGS), PRIMER (UDS and COSMOS),
JADES (GOODS-S/N), UNCOVER (A2744), and NGDEEP
(HUDF) programs. In this work, we focus our study on
NIRCam short wavelength (SW) data to characterize the high-
redshift LRDs rest-frame near-UV variability, using mainly
CEERS, JADES, and UNCOVER data, where public data are
officially released. The data preparation detail on EGS and
GOODS-S imaging and catalog products will be addressed in
W. L. Tee et al. (2025, in preparation). For A2744, we use the
images and catalog generated by the UNCOVER team for
variability analysis (R. Bezanson et al. 2024; K. A. Suess et al.
2024; J. R. Weaver et al. 2024).

The median JWST/F444W magnitude of LRDs is about
26 mag, but they are fainter in rest-frame UV to about
28.5mag, which is close to the detection limit in JWST/
F115W and JWST/F150W, 1-2mag deeper than the depth
typically of the available HST/F125W and HST/F160W
imaging. We use the following three selection criteria to create
a sample of LRDs suitable for variability studies: 1. The source
is 5o detected in JWST/F115W and JWST/F150W, and has
mutual image coverage in HST/F125W and HST/F160W. 2.
The color-calibrated f,, in the corresponding HST observa-
tions is 3 times above HST noise o,,s. This way, if the source is
not varying, it has been detected in either epoch. Thus, the
selection is not biased against high variable sources that are not
detected in HST imaging as a result of their variability. 3. We
limit the redshift z < 8 to avoid Lya drop out affecting the
calibration between JWST/F115S and HST/F125W bands.
The initial catalog consists of 143 LRDs in three fields, which
later reduces to 22 sources (15% of the original sample) for a
flux-limited sample spanning —21.23 < Myy < —18.47. This
sample includes eight BLAGNs (one without BH mass
measurements) identified in the literature (Y. Harikane et al.
2023a; J. E. Greene et al. 2024; D. D. Kocevski et al. 2024,
R. Maiolino et al. 2024a). We extract their photometry in low-
resolution PSF-matched images and calculate their expected
HST fluxes and flux errors. Next, we perform imaging
difference on photometrically and astrometrically aligned
images. Finally, we derive var, by calculating the significance
between expected flux and measured flux, varp by measuring
the flux residual significance in difference image D.

3. Result and Discussion

The redshift and luminosity distribution of all LRDs in the
parent sample are displayed in Figure 1, along with z > 5.5
faint quasars (X. Fan et al. 2023). We highlight the 22 LRDs/8
BLAGN in this study. Their photometry and variability
measurements are reported in Table 2. The majority of the

Tee et al.
_24 : ?’l' : Fan+23 quasars 46,0
Ao ) X
—234 I This work n:'\:‘ N 1 i -T—z-ceVSI(I:M LRDs
1 2 Tl 1 is worl
! $ 1 *  BLAGN | 455
—22- : X :
1 +* | @
-7 ! % 1 F45.0 5
I 1 5
3 1 + o+ * 1 -
S —204 1 * \ p
445
= 1 #+ F + 5 " *oa ‘2
1 1 )
-19+ ‘,* *
1 4 1 o
e * 4+ J*“t**i 1 4409
-189 Lot = *1";"—-*-——\\! o
- n .
- 43.5
-174 * .
*
-16 . T . : F43.0
4 6 8 10 12

Figure 1. Redshift and luminosity distribution of LRDs in the parent sample
(green square, N =143; D. D. Kocevski et al. 2024), broad-line AGN
subsample (magenta stars), and z > 5.5 quasars (blue circle; X. Fan et al. 2023).
We construct an unbiased flux-limited sample (Myy < —18) and show the 22
LRDs (8 BLAGNS) considered in this work with red pluses.

sources show <0.2 mag change, as shown in Figure 2. The
mean magnitude changes in HST/F125W and HST/F160W
are 0.15 + 0.26 and 0.11 £ 0.23 mag, respectively.

Several sources show >0.2 mag, noticeably CEERS_1670,
CEERS_1669, CEERS_941, CEERS_5208, CEERS_13318,
CEERS_24253, and UNCOVER_9497. We calculate their
magnitude errors through quadratic sum, ermp, =

Jerr? + errgxp, where individual magnitude error is derived
from the empirical noise function measured by placing fixed
radius apertures across random positions in the image
(W. L. Tee et al. 2025, in preparation), which already include
Ocaib- We find that the magnitude errors are dominated by
shallower HST observations, and none show >3¢ variability,
as shown in Table 2. Our result shows that ¢,,on_var at similar
redshift ranges are 0.17 and 0.19 for HST/F125W and HST/
F160W (W. L. Tee et al. 2025, in preparation). Comparing the
oLrp ~ 0.26 with o,0n_var ~ 0.19, we do not see significant
evidence that LRD are varying sources.

The LRDs in this work are selected via V-shaped SED,
among them, eight also show broad Ha lines and are hence
classified as BLAGN. 1. Labbe et al. (2025) show that SEDs of
LRDs suggest bolometric luminosities Lyo = 102 *ergs™, or
equivalently Mgy = 107° M. (J. E. Greene et al. 2024),
representing a class of low-medium luminosity AGN hosting
overmassive BH at the centers. M. Kokubo & Y. Harikane
(2024) reported no variability detected for five broad Ha
emitters in the GLASS survey, having a median Ly, =
10" ergs™', and a typical BH mass of Mgy ~ 10°M., a typical
LRD sample. To constrain the origin of rest-frame UV emission
of LRDs, we compare their asymptotic variability amplitude
SF ., with the expected value derived from literature studies of
vanable AGN light curves. Observational SF ., is calculated via

x/— \/m (C. L. MacLeod et al. 2010),

Where oobs is the observed magnitude variance, 2., ., is the
magnitude variance of nonvariable objects in the field with
similar time difference. C. L. MacLeod et al. (2010) first
determined the dependencies of optical SF, on several AGN
properties, including AGN luminosity, redshift, Mgy, etc.,
through modeling the Sloan Digital Sky Survey (SDSS) Stripe
82 quasar light curves as DRW (also see S. Koztowski 2016).
Structure function approaches the SF_, when the time difference
between two epochs is greater than the characteristic turnover



Table 2
Table on LRDs Photometry and Variability

ID R.A. Decl. Zbest Myv log,o(Mgn) ME150W Amgyosw varp pra2sw Amgigow varp rFreow BL BL and Mgy References
(mag) M) (mag) (mag) (mag) Detected
JADES_8083 03:32:31.88  —27:48:06.70  4.65 —18.67 7.25 27.68 £ 0.04 —0.14 £ 0.28 0.58 —0.02 £ 0.3 —0.22 Y R. Maiolino et al. (2024a)
JADES_4454 03:32:39.87  —27:46:19.35 6.34 —18.86 28.07 £ 0.07 0.02 £ 0.13 0.82 —0.17 £ 0.12 2.40 N
JADES_11125 03:32:16.24  —27:48:44.39  4.63 —20.25 26.28 + 0.03 —0.14 + 0.08 2.47 —0.19 £ 0.12 1.12 N
JADES_20532 03:32:29.94  —27:51:58.68  4.51 —18.84 26.27 £+ 0.03 0.06 + 0.09 —1.05 —0.16 + 0.12 1.26 N
JADES_21925 03:32:20.84  —27:52:23.00 3.1 —18.59 27.34 £ 0.03 0.02 £ 0.23 -0.35 0.02 £ 0.23 0.19 N
JADES_24052 03:32:17.79  —27:53:01.33 5.23 —18.51 27.43 £+ 0.09 —0.16 £ 0.4 0.55 0.01 £ 0.34 0.04 N
JADES_26901 03:32:23.41  —27:54:04.52  5.26 -19.6 26.44 £ 0.04 0.18 £ 0.15 1.94 —0.01 £ 0.27 —0.12 N
CEERS_397 14:19:20.69  +52:52:57.70 6.0 —21.23 7.0 26.03 + 0.04 0.12 + 0.1 0.22 —0.08 £ 0.11 0.83 Y Y. Harikane et al. (2023a)
CEERS_1236 14:20:34.87  +52:58:02.20 4.484 —19.61 7.26 26.91 £ 0.07 —0.01 £0.21 1.26 0.02 £ 0.18 —0.42 Y Y. Harikane et al. (2023a)
CEERS_1465 14:19:33.12  +52:53:17.70  5.274 —19.72 27.09 + 0.09 0.03 + 0.24 0.24 —0.05 + 0.29 0.17 N
CEERS_1670 14:19:17.63  +52:49:49.01 5.242 —19.5 7.62 26.63 £ 0.07 —-0.22 £ 0.27 1.40 —0.17 £ 0.19 0.95 Y Y. Harikane et al. (2023a)
CEERS_941 14:19:01.91  +52:50:22.94  7.42 —19.7 27.23 £ 0.11 —0.27 £ 048 0.65 —0.19 £ 0.31 0.60 N
CEERS_1669 14:19:16.25  +52:52:40.28  5.47 —20.21 26.88 £+ 0.08 —0.23 £ 0.32 0.85 0.08 £ 0.2 —0.43 N
CEERS_5208 14:19:42.54  +52:56:02.01 5.92 —19.6 27.26 + 0.11 0.02 + 0.32 0.65 —0.21 £ 0.33 0.64 N
CEERS_7902 14:19:55.93  +52:57:21.62  6.99 —20.14 9.19 26.71 £ 0.07 0.14 £ 0.26 —0.61 0.06 £ 0.17 —0.35 Y D. D. Kocevski et al. (2024)
CEERS_10444 14:19:34.14  +52:52:38.66  6.69 —19.84 9.11 27.11 £ 0.1 0.18 = 0.3 —0.25 —0.09 £+ 0.31 0.30 Y D. D. Kocevski et al. (2024)
CEERS_13318 14:19:10.89  +52:47:19.85 5.28 —18.9 8.88 26.93 £+ 0.08 0.31 £ 0.23 —1.23 —0.07 £ 0.19 0.45 Y D. D. Kocevski et al. (2024)
CEERS_19578 14:19:31.24  +52:48:45.22  5.29 —19.7 27.11 £ 0.1 —0.05 £ 0.35 0.03 —0.09 £ 0.29 —0.15 N
CEERS_24253 14:19:55.19  +52:51:39.88  6.23 —20.81 26.52 £ 0.06 0.22 £ 0.16 —1.88 0.06 £ 0.16 —0.42 N
UNCOVER_9497  00:14:19.16  —30:24:05.65 7.04 —18.72 7.3 27.96 + 0.14 —0.05 £ 0.26 —0.26 02 +0.2 —0.75 N J. E. Greene et al. (2024)
UNCOVER_9447  00:14:30.03  —30:24:05.10  3.25 —18.47 24.35 £ 0.02 —0.1 £0.18 -1.93 0.05 £ 0.06 —2.57 N
UNCOVER_3943  00:13:59.72  —30:21:10.60  4.75 —19.65 25.98 + 0.03 —0.1 +0.24 0.09 0.07 + 0.22 —0.20 N
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Figure 2. Magnitude change between HST and JWST epoch of time difference
6-11 yr. The mean magnitude changes in HST/F125W and HST/F160W are
~0.15 £ 0.26 mag.

timescale T, i.e., entering the white noise regime, which is found
to be approximately several hundred days (S. Koztowski 2016;
C. J. Burke et al. 2021). Based on the median 611 yr observed
time differences between past HST observations and the recent
JWST observations, we assume that SF_-derived values are
indeed the upper limit of the structure function. We adopt the
following relation to scale with the rest-frame wavelength (A\gp)
and AGN luminosity (M;) from C. L. MacLeod et al. (2010)
(without Mgy dependence, see below),

>\RF )
log SE, = —0.618 — 0.479log| —=2X— | 4+ 0.09(M; + 23),
g g (4000 A ( )
“4)

where M; is the absolute i-band magnitude K-corrected to z =2,
which is representative of AGN bolometric luminosity (L) as
shown in G. T. Richards et al. 2006). Here we have two options
to compute M;: 1. Adopt the Myy computed in D. D. Kocevski
et al. (2024) using rest-frame 1450 A and convert that to M;
using Equation (3) in G. T. Richards et al. (2006). 2. Following
Y. Shen et al. (2009), M; can be characterized with
M; = 90-2.5log Lyo/ergs™!, and assuming a fixed
Liol/Lgags M; is a Mgy dependent function. The first option
assumes a full contribution of UV light from AGN, while the
second option is an extrapolation to low-mass AGN from
SDSS quasars (C. J. Burke et al. 2023). Note that in our
sample, most of the LRDs do not have Mpy information,
except for the known BLAGNs (Figure 3). We choose to
calculate expected SF_, with LRDs median Mgy of 107 M
within our sample when Mgy are not available, and a fixed
Lyo1/Lgaa = 0.1. We find the expected SF, is >0.3-0.6 mag.
Based on what we measured above, a small sample of LRDs
gives SF_, ~ 0.25 mag, which is below the expected variability
amplitude.

Note that the first method postulates a model in which full
UV light is emitted by AGN (see discussion in J. E. Greene
et al. 2024), while the second method assumes a
Mgy-dependent function extrapolated from SDSS Stripe 82
quasars. Fainter, smaller LRDs are subject to having more
host galaxy light dilution, resulting in smaller SF.

Tee et al.

(C. J. Burke et al. 2023). Studies on host-diluted SF ., have
been conducted extensively, i.e., C. J. Burke et al. (2023, and
references therein). In order to obtain a first-order estimation
on host galaxy flux contribution, we assume the small flux
variation is entirely due to AGN and Afagn < fagn, and the

fact that SF %. We define the AGN fraction A,

_ fAGN _ SFocd
fAGN +fhost SFOC

where SF.4 and SF,, are the host-diluted and normal
variability amplitudes, respectively. In our case, observational
SF, are treated as SF 4. Here we intend to discuss the upper
limit of LRDs’ UV variability. We drop the magnitude scatter
of nonvariable sources and simply compute the upper limit of
SF o.a-

Following the two options to calculate AGN UV light
fraction, we compute the mean AGN fraction of the 22 sources
in our sample. SDSS quasars have Mgy that are 1-2 dex more
massive. The fact that SF., scales inversely with Mgy
(log SE, o< M; o< —log Ly o< Mpy) results in a lower limit if
extrapolated from the SDSS variability amplitude relation,
which we interpret as an upper limit in AGN fraction. Using
Mgy = 10° M, and Myy = —19.6, we find that the average
upper limit of AGN fraction in our sample is ~30%. In other
words, AGN can contribute at most one-third of the total fluxes
in the LRD rest-frame UV. We show the overall result in
Figure 3. Our result is, in general, lower than those reported in
the literature with SED analysis on faint AGNs and LRDs at a
similar redshift range. Y. Harikane et al. (2023b) reported a
contribution of ~50% using faint BLAGNSs, while E. Durodola
et al. (2024) measured 40%—-85% AGN contribution in LRDs
spectra. We emphasize that the low AGN UV contribution to
LRDs is not conclusive for all LRDs, as some LRDs show not
only tentative photometric variability (Z. Zhang et al. 2024),
and also significant equivalent width variation (L. J. Furtak
et al. 2025). Clearly, a larger sample with multiepoch deep
JWST data will benefit the variability studies and provide better
constraints on the AGN origin of LRDs’ rest-UV spectra, or a
non-AGN origin, such as tidal disruption events in runaway
collapsing clusters (J. Bellovary 2025). The upcoming JWST
GO programs, e.g., COSMOS-3D and NEXUS, provide an
excellent opportunity to investigate the LRDs’ variability soon.
COSMOS-3D (GO-5893) will provide one additional epoch of
JWST/F115W imaging on top of COSMOS-Web (GO-1727)
footprint in COSMOS field; NEXUS (GO-5105) will map
around the North Ecliptic Pole with wavelength coverage
0.9-12 um with three epochs. Both surveys will contribute a
total of ~0.4 deg” area, the largest JWST multiepoch data sets
exist for variable AGN studies. The methodology of this study
will extend in the future to include those surveys.

&)

4. Conclusion

In this study, we constrain the fraction of AGN contribution
in LRDs using rest-UV variability. Our sample consists of 22
bright LRDs selected from the public JWST extragalactic field
surveys, photometrically selected through V-shaped SEDs. Our
study uses both HST and JWST observations in the same field
coverage, taking advantage of a long time span to measure the
variability of LRDs. We find a ~0.15 £+ 0.26 magnitude
change spanning 6-11yr in the rest-frame UV. We find no
source with 30 variability using both direct photometry and
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Figure 3. SF_ as a function of Mgy (left) and AGN fraction as a function of Myy (right). The asymptotic variability amplitude is derived from the maximum
magnitude change between the HST and JWST epochs in HST/F125W and HST/F160W. The green line illustrates the asymptotic variability amplitude extrapolated
from the SDSS quasar relation from C. L. MacLeod et al. (2010). The AGN fraction is a first-order estimation of the AGN flux contribution to the magnitude change,

SFxo.d ,

A= SEy,

imaging difference techniques. We derive the expected
variability amplitude of LRDs by extrapolation from SDSS-
like luminous AGNs, and estimate the AGN fraction by
comparing the observed variability amplitude to the prediction.
Our result suggests that AGN contributes <30% in the total
UV light. Our results are consistent with the scenario that the
blue UV continuum is not dominated by the AGN
contributions.
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