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ABSTRACT

We present a comprehensive analysis of the MIRI Extremely Red Object Virgil, a Lyman-« emitter
at Zspee = 6.6379 £ 0.0035 with the photometric properties of a Little Red Dot. Leveraging new
JWST/MIRI imaging from the MIDIS and PAHSPECS programs, we confirm Virgil’s extraordinary
nature among galaxies in JADES/GOODS-South, exhibiting a strikingly red NIRCam-to-MIRI color
(F444W — F1500W = 2.84+0.04 mag). Deep NIRSpec/PRISM spectroscopy from the OASIS program
offers key insights into the host galaxy, revealing properties of an average star-forming galaxy during
Cosmic Reionization, such as a subsolar metallicity, low-to-moderate dust content, and a relatively
high ionization parameter and electron temperature. By estimating the star formation rate of Virgil
from UV and Hea, we find evidence that the galaxy is either entering or fading out of a bursty episode.
Although line-ratio diagnostics employed at high-z would classify Virgil as an Active Galactic Nucleus
(AGN), this classification becomes ambiguous once redshift evolution is considered. Nonetheless, Virgil
occupies the same parameter space as recently confirmed AGNs at similar redshifts. The new deep
MIRI data at 15 pum reinforce the AGN nature of Virgil, as inferred from multiple spectral energy
distribution (SED) fitting codes. Virgil’s rising infrared SED and UV excess resemble those of Dust-
Obscured Galaxies (DOGs) studied with Spitzer at Cosmic Noon, particularly blue-excess HotDOGs.
Our results highlight the need for a multi-wavelength approach incorporating MIRI to uncover such
extreme sources at z 2 6 and to shed light on the interplay between galaxy evolution and early black
hole growth during Cosmic Reionization.

Keywords: Active galactic nuclei(16); High-redshift galaxies (734); Galaxy evolution (594); Near in-

frared astronomy (1093); AGN host galaxies (2017); Galaxy formation (595); Photoioniza-
tion (2060); Spectral energy distribution (2129); Infrared astronomy (786); Galaxies (573);

Infrared photometry (792)

1. INTRODUCTION

Infrared (IR) astronomy has advanced dramatically
in recent decades. The Infrared Astronomical Satellite
(IRAS; Neugebauer et al. 1984) and the Infrared Space
Observatory (ISO; Helou & Kessler 1995) provided the
first all-sky IR surveys, laying the foundation for extra-
galactic studies. These efforts paved the way for the
Spitzer Space Telescope (Gehrz et al. 2007)—the last of
the Great Observatories'—and later, the Herschel Space
Observatory (Pilbratt et al. 2010). While Herschel ex-
tended coverage into the far-IR, Spitzer remained un-
matched in mid-IR sensitivity and resolution throughout
the pre-JWST era (Gardner et al. 2023).

With the Infrared Array Camera (IRAC; Fazio et al.
2004) and the Multiband Imaging Photometer (MIPS;
Rieke et al. 2004), Spitzer allowed us to advance our
understanding of galaxy evolution. It enabled robust
estimates of stellar mass (M, ), age, and star formation
rate (SFR) in high-redshift galaxies (e.g., Papovich et al.
2006; Yan et al. 2006; Bradac¢ 2020), uncovered massive
systems at z > 6, and observed some of the most dis-
tant sources known at the time—e.g., GN-z11 (Oesch

1 As described in Rieke (2006).

et al. 2014, 2016) and MACS0647-JD (Lam et al. 2019;
Strait et al. 2020). It also revealed strong nebular emis-
sion through photometric excesses (e.g., Huang et al.
2016), Balmer breaks, and early dust content (Papovich
et al. 2006). In parallel, it advanced studies of active
galactic nuclei (AGNs; Lacy & Sajina 2020) and clarified
the role of luminous and ultraluminous infrared galax-
ies (LIRGs/ULIRGS) in driving feedback between star-
bursts, black holes, and the interstellar medium (ISM;
Armus et al. 2020). Many of these phenomena—such
as early dust and strong emission lines—are now con-
firmed by JWST photometry and spectroscopy (Rinaldi
et al. 2023; Boyett et al. 2024; Kuruvanthodi et al. 2024;
Langeroodi et al. 2024).

In particular, Spitzer played a key role in advanc-
ing the study of Extremely Red Objects (EROs; El-
ston et al. 1988, 1989)—sources with very red mid-IR to
optical colors—triggering extensive investigations into
their nature (e.g., Wilson et al. 2004; Yan et al. 2004;
Stern et al. 2006; Wilson et al. 2007). Initially be-
lieved to be z & 10 sources (e.g., Mobasher et al. 2005),
EROs were later found to include Submillimeter Galax-
ies (SMGs; Blain et al. 2002) and Dust-Obscured Galax-
ies (DOGs; Dey et al. 2008). DOGs—categorized as
power-law or “bump” types (with a SED flattening at



long wavelengths) —likely trace a transition from dusty
star formation to AGN activity during gas-rich mergers,
with their red colors driven by heavy obscuration and
mid-IR re-emission. Additionally, EROs were found to
overlap with high-redshift galaxies (Bouwens et al. 2011)
selected via the Lyman break technique (Steidel et al.
1996), highlighting their heterogeneous nature.

Despite its breakthroughs, Spitzer was limited by its
spatial resolution. This limitation has now been over-
come by JWST, which combines unparalleled sensitivity,
angular resolution, and wavelength coverage with both
the Near-Infrared Camera (NIRCam, 0.7-4.8 pum; Rieke
et al. 2023a) and the Mid-Infrared Instrument (MIRI,
5.6-25.57 um; Wright et al. 2023). The launch of JWST
marks a significant leap forward compared to its pre-
decessors, including the Hubble Space Telescope (HST),
heralding a golden era of IR extragalactic astronomy.

Since its launch, JWST has pushed the boundaries
of the redshift frontier, with groundbreaking discover-
ies at very high redshift, such as GS-z12-0, GS-z13-0,
GS-z14-0, and GS-z14-1 (Curtis-Lake et al. 2023; Car-
niani et al. 2024a; Bunker et al. 2024) from the JWST
Advanced Deep Extragalactic Survey (JADES; Bunker
et al. 2020; Eisenstein et al. 2023a; Rieke et al. 2023b)
team, as well as other very high-z sources identified
by independent teams (e.g., Arrabal Haro et al. 2023;
Wang et al. 2023). These observations have offered un-
precedented insights into the very early Universe, with
the Near Infrared Spectrograph’s Micro-Shutter Assem-
bly (NIRSpec/MSA; Ferruit et al. 2022; Jakobsen et al.
2022) playing a crucial role in spectroscopically confirm-
ing galaxies at z > 10.

With JWST, the ERO “industry” is back in the spot-
light, unveiling even more compact and red sources
(Labbé et al. 2023), now known as “Little Red Dots”
(LRDs; Matthee et al. 2024). The study of these sources
and their nature has triggered a huge amount of litera-
ture in a very short time (e.g., Furtak et al. 2023; Killi
et al. 2023; Kokorev et al. 2023; Ubler et al. 2023; Akins
et al. 2024; Barro et al. 2024; Greene et al. 2024; Ko-
cevski et al. 2024; Kokorev et al. 2024; Hainline et al.
2024a; Pérez-Gonzalez et al. 2024a; Rinaldi et al. 2024a;
Williams et al. 2024).

Recent studies highlighted MIRI’s critical role in un-
covering EROs, revealing “exotic” objects undetectable
even in the deepest NIRCam surveys, such as JADES
(Eisenstein et al. 2023a; Rieke et al. 2023b), or showing
unexpected spectral energy distribution (SED) upturns
in objects that NIRCam would typically classify as star-

2 Here we refer to the MIRI imager. However, the MIRI Medium
Resolution Spectroscopy (MRS) extends up to ~ 27 pm.
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forming galaxies (SFGs). In this context, the MIRI Deep
Imaging Survey (MIDIS; Ostlin et al. 2024) has been
fundamental in identifying the first MIRI Extremely
Red Objects (MEROs): Cerberus (Pérez-Gonzéalez et al.
2024b) and Virgil (Iani et al. 2024a).

While the nature of Cerberus—a source uniquely de-
tected at 10 pm—remains entirely unknown because it is
so faint, Virgil offers a great opportunity for detailed in-
vestigation thanks to its detection across multiple facil-
ities, including HST, JWST (NIRCam and MIRI), and
VLT/MUSE (Bacon et al. 2023). As reported in Tani
et al. (2024a), Virgil is identified as a Lyman-a emitter
(LAE) at zgpec = 6.6312 £ 0.0019 (from VLT/MUSE)
located in GOODS-South (GOODS-S; Dickinson et al.
2003; Giavalisco et al. 2004). It exhibits very red colors
between NIRCam and MIRI bands (F444W — F1000W
> 2 mag; lani et al. 2024a), thus revealing that the MIRI
photometric information is crucial at z = 6 to identify
it and similar objects, as the strong upturn happens en-
tirely outside the wavelength range of NIRCam.

Tani et al. (2024a) concluded that Virgil could be ei-
ther a dusty starburst—similar to what has been pro-
posed for GN20 (e.g., Colina et al. 2023)—or a SFG
hosting a dust-obscured AGN. Recent JWST /NIRSpec
observations of GN20 reveal complex kinematics, ex-
tended Har emission, and signatures of AGN-driven feed-
back (Ubler et al. 2024a). However, unlike GN20, Vir-
gil is both much less massive and more compact, mak-
ing its extreme red colors and potential AGN activity
even more remarkable. In this case, no AGN coun-
terparts were identified in any of the existing multi-
wavelength catalogs of GOODS-S (Ranalli et al. 2013;
Luo et al. 2017; Lyu et al. 2022; Gillman et al. 2025),
including the most recent AGN catalog from Lyu et al.
(2024) with MIRI data, which is based on the System-
atic Mid-infrared Instrument Legacy Extragalactic Sur-
vey (SMILES; Alberts et al. 2024; Rieke et al. 2024). In
the latter case, this could be due to the limited depth
of the SMILES observations, which are not deep enough
to clearly detect (> 30) this object in the MIRI bands
above 7.7 pm.

Moreover, Tani et al. (2024a) demonstrated that Vir-
gil's SED closely resembles that of a typical LRD (see
their Figure 10). Although Virgil does not meet all
photometric color criteria for LRDs (e.g., Kokorev
et al. 2024), it satisfies the compactness criterion in
the F444W band, possibly making it one of the first
LRDs where the host galaxy is well-detected. Interest-
ingly, Tani et al. (2024a) highlight the peculiar ultra-
violet (UV) morphology of Virgil, consistent with the
findings of Rinaldi et al. (2024a), where nearly 30% of
the photometrically selected LRDs exhibit a complex
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UV morphology, suggesting that interactions may play
a significant role in triggering AGNs in LRDs.

In this paper, we take a step forward by performing
a detailed analysis of Virgil, leveraging the very recent
data collected by the MIDIS (PID: 6511, PI: Ostlin),
PAHSPECS (PID: 5279, PIs: Shivaei, Diaz-Santos, and
Boogaard), and OASIS (PID: 5997, PIs: Looser &
D’Eugenio) teams. These include exceptionally deep
MIRI imaging at 5.6, 7.7, 10, and 15 pm, and deep NIR-
Spec/PRISM data. The deep NIRSpec/PRISM data en-
able the most comprehensive analysis of a LRD to date,
providing critical insights into Virgil’s physical proper-
ties at UV and optical wavelengths, while the new MIRI
data at 15 pm further confirm its extreme nature, sug-
gesting a strong similarity to other EROs previously
studied in the Spitzer era.

This paper is structured as follows. In Section 2, we
describe the dataset used in this study, including HST
and JWST observations, with particular focus on the
MIRI data reduction. Section 3 presents a detailed anal-
ysis of the spectral properties of Virgil, based on NIR-
Spec data obtained by the OASIS team. Sections 4 and
5 present updated photometry and SED fitting, incor-
porating the newly acquired MIRI data from the MIDIS
and PAHSPECS teams. In Section 6, we discuss the na-
ture of Virgil, and in Section 7, we summarize our main
conclusions.

Throughout this paper, we consider a cosmology with
Hy =70 km s~ Mpc™!, Qu = 0.3, and Qy = 0.7. All
magnitudes are total and refer to the AB system (Oke
& Gunn 1983). A Kroupa (2001) initial mass function
(IMF) is assumed (0.1-100 Mg). Moreover, in Table 1,
we report the line ratios that will be adopted throughout
this work.

2. DATASET

In this work, we used data from HST and JWST,
which are available in GOODS-S. In particular, we will
briefly describe the data reduction for the MIDIS data
and the NIRSpec/PRISM data collected by OASIS.

2.1. HST

Regarding the HST data, we used the ACS/WFC and
WFC3/IR data from the Hubble Legacy Field (HLF)
observations that cover GOODS-S. The HLF provides
deep imaging in 9 HST bands covering a wide range of
wavelengths (0.4—1.6 pm), from the optical (ACS/WFC
F435W, F606W, F775W, F814W, and F850LP filters) to
the near-infrared (WFC3/IR F105W, F125W, F140W
and F160W filters). We refer the reader to Whitaker
et al. (2019) for a more detailed description of this
dataset.

Index Definition

R3 logyg (%)

032 log,o (m%)

R23 logw ([o 111])\>\4959,500;7;[o 11]AA3727,3729)
Ne302 logyg ([omplig%)
Ne302Hd  log, ([Ne'”]”86%[35”]”3727’3729)
O3Hg logy, (W&)

033 logo (%)

Table 1. Definitions of line ratios adopted in this work.
We use the 032 definition from Calabro et al. (2024a),
that has a fixed offset of logio(1.3) between our values and
the more common definition of 032 (= [O 111]A5007/[O 1] AX
3727,3729).

2.2. NIRCam

We made use of NIRCam data from JADES Data
Release 2 (JADES DR2 — PIDs: 1180, 1210; PIs.: D.
Eisenstein, N. Luetzgendorf; Eisenstein et al. 2023a,b),
which includes observations from the JWST Extragalac-
tic Medium-band Survey (JEMS — PID: 1963; PIs: C.
C. Williams, S. Tacchella, M. Maseda; Williams et al.
2023) and the First Reionization Epoch Spectroscop-
ically Complete Observations (FRESCO — PID: 1895;
PI: P. Oesch; Oesch et al. 2023).

The JADES/NIRCam data allowed us to cover a
wide range in wavelengths (= 1 — 5um) with the follow-
ing bands: F090W, F115W, F150W, F182M, F200W,
F210M, F277W, F335M, F356W, F430M, F444W,
F460M, F480M. The estimated 50 depth from 30.5
to 30.9 mag (depths are calculated using 0.2”-diameter
circular apertures assuming point-source morphologies;
see Hainline et al. 2024b for details).

2.3. MIRI

We utilized MIRI data from the MIDIS (PID: 6511,
PI: Ostlin), PAHSPECS (PID: 5279, PIs: Shivaei, Diaz-
Santos, and Boogaard), and SMILES (PID: 1207, PIL:
Rieke) programs, which allowed us to cover a wide range
of wavelengths (5.6 —25.5 ym). Specifically, MIDIS pro-
vides observations at 5.6, 7.7, and 10 um, PAHSPECS
enables photometry at 15 pum, and SMILES samples
12.8, 18, 21, and 25.5 ym. For SMILES, we relied on
publicly available images released by the SMILES team.
In contrast, we independently reduced the MIDIS data,
while the PAHSPECS team provided a 5" x 5" cutout
centered on Virgil. Details on the MIRI/F1500W data
reduction will be presented in Shivaei et al. (in prep.),



based on the procedures described in Pérez-Gonzélez
et al. (2024a) and Ostlin et al. (2024).

To process the MIDIS data, we employed our cus-
tom MIRI pipeline (already calibrated in Rinaldi et al.
2023; Tani et al. 2024b and further improved), built on
the latest jwst pipeline (1.17.1) with pmap_1321. We
used the default stage 1 and stage 2 steps of the just
pipeline to produce calibrated data (*_cal.fits). Ad-
ditionally, we implemented custom steps for creating
a master background, performing a super-background
subtraction and homogenization, and alignment to a
common world coordinate system (WCS) based on the
JADES DR2 catalog (Eisenstein et al. 2023a).

Our custom pipeline relies on a multi-tiered approach.
First, it combines the *_cal.fits files into an initial
mosaic using a custom drizzle algorithm based on the
official package provided by STScI®. This initial mo-
saic serves as the baseline for creating a source mask
to exclude sources in the individual *_cal.fits files.
To construct this mask, our pipeline uses SOURCE EX-
TRACTOR (Bertin & Arnouts 1996). A preliminary
master_background is then built by reprojecting this
preliminary source mask onto each exposure, stacking all
exposures into a 3D array, and computing the biweight
location along the z-axis. This method minimizes the
influence of outliers and provides a robust estimate of
the 2D background (i.e., master_background).

For each exposure, our pipeline iteratively estimates
a scale factor (A) to optimize the subtraction of the
master_background. The scale factor is recalculated
at each iteration using clipped data to ensure conver-
gence and minimize residuals between the corrected and
original images. Once the master_background is sub-
tracted, the pipeline filters each exposure along rows and
columns to remove residual patterns while masking out
the sources. This procedure is similar to the standard
approach used to mitigate wisp effects in NIRCam data,
as described by Bagley et al. (2024).

Then, the pipeline drizzles together all the single
exposures to produce a new mosaic, from which it
creates a master_source_mask. At this level, the
pipeline makes use of both SOURCEEXTRACTOR and
NoISECHISEL (Akhlaghi & Ichikawa 2017) to create the
master_source_mask: SOURCEEXTRACTOR effectively
identifies compact sources. In contrast NOISECHISEL
detects faint sources and extended regions around
bright objects. The master_source_mask is then re-
projected onto each single exposure to improve the
master_background and super-background subtraction

3 https://github.com /spacetelescope/drizzle.
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and homogenization, following a methodology similar to
the one outlined in Bagley et al. (2024).

After this step, the exposures are filtered again in rows
and columns and aligned to the JADES DR2 reference
catalog using a modified version of the tweakreg_step
within the jwst pipeline.

The final steps include running the outlier_step and
resampling_step, producing the final mosaic. This fi-
nal mosaic is then used to refine the master_source_mask
and iterate the entire procedure for further optimiza-
tion. Similar methodologies have already been widely
used when reducing MIRI data (e.g., Alberts et al. 2024;
Pérez-Gonzalez et al. 2024a; Ostlin et al. 2024).

Finally, we estimated the 50 depth in our reduced
MIRI images, which is 28.6, 28.3, 27.1, and 24.9 mag
at, respectively, 5.6, 7.7, 10, and 15 ym (r = 0.3").
The 50 depth for the SMILES images at 12.8, 18, 21,
and 25.5 pm is 24.4, 23.3, 22.8, and 20.8 mag (Alberts
et al. 2024; r = 0.4 — 0.7"). Depths are estimated using
circular apertures assuming point-source morphologies.

2.4. NIRSpec/PRISM

The OASIS program consists of two ultra-deep NIR-
Spec/MSA pointings, each with a total exposure time
of 28 hours, using the PRISM/CLEAR, configuration
to obtain low-resolution (R =~ 30-300) spectroscopy
over the 0.6 — 5.3 um range. The observations are exe-
cuted in multiple visits, with each pointing incorporat-
ing three nodding positions within the MSA to improve
background subtraction, and multiple dithered observa-
tions to mitigate detector artifacts. The MSA configu-
ration is designed to target a sample of 223 galaxies at
5 < z < 8. The NIRSpec observations are performed us-
ing the NRSRAIDG6 readout pattern with three groups
per integration and a total of six integrations per expo-
sure.

To reduce the NIRSpec/PRISM data, we made use
of the pipeline developed by the ESA NIRSpec Science
Operations Team (SOT) and the Guaranteed Time Ob-
servations (GTO) NIRSpec teams, with optimizations
aimed at improving background subtraction, rectifica-
tion, 1D extraction, and spectral combination. While
broadly consistent with the STScl pipeline used for gen-
erating archive products, these enhancements ensure
more accurate spectral calibration, particularly for com-
pact sources affected by spatial offsets within the slit. A
wavelength correction is applied to mitigate this bias,
which arises when sources are not perfectly centered
along the dispersion axis. For a more detailed descrip-
tion of the NIRSpec data reduction, we refer the reader
to Bunker et al. (2024) and D’Eugenio et al. (2024).


https://github.com/spacetelescope/drizzle
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A more detailed description of this dataset will be pre-
sented in Looser & D’Eugenio et al. (in prep.).

3. ON THE NATURE OF VIRGIL: INSIGHTS
FROM NIRSPEC/PRISM

In this section, we delve into the nature of Virgil based
on NIRSpec/PRISM data. Due to the extended nature
of Virgil in the NIRSpec wavelength range, we corrected
the flux following the method outlined in Carniani et al.
(2024b). We applied a first-order polynomial (g + )
to model the wavelength-dependent slit losses and cali-
brated the flux to match the NIRCam photometry. That
is, we focus on the rest-frame UV and optical spectral
regions. All the line fluxes and properties estimated in
this section are summarized in Table 2.

3.1. Redshift assessment of Virgil

We used MSAEXP (Brammer 2023; Heintz et al.
2025) to estimate the spectroscopic redshift. MSAEXP
fits the data using a combination of Gaussian con-
tinuum splines and emission line templates. We set
nsplines = 11 as an input parameter and searched for
the minimum reduced x? value within the redshift range
z = 6 — 7, based on the prior spectroscopic estimate
from VLT/MUSE (Bacon et al. 2023). As shown in the
2D spectrum (Figure 1), a faint Ly feature—possibly
blended with NVA1240—is visible, consistent with the
detection reported by Bacon et al. (2023). The line ap-
pears spatially offset, suggesting it may originate from
a distinct kinematic component, potentially explaining
the slight redshift discrepancy with the MUSE measure-
ment. Several other emission lines are detected, yield-
ing an unambiguous redshift of zgpec = 6.6379 £ 0.0035,
which is slightly higher than the VLT/MUSE estimate®
but still consistent to the second decimal place.

3.2. Virgil’s physical properties from its UV /optical
spectrum
3.2.1. Balmer Decrement and Dust Content

We estimated the color excess, E(B — V)45, by ana-
lyzing the Balmer decrement between HfS and Ha. We
measured an observed Balmer decrement of 3.70 +0.19.
However, since we cannot resolve [N IIJ]AN6548, 6583 in-
dividually, we applied the correction from Anders &
Fritze-v. Alvensleben (2003) for low-metallicity objects
(10 — 20% Z; see next section), where the corrected
Ha flux is & 91% of the observed (Ha + [NII]AA6548,
6583). After this correction, the Balmer decrement is

4 The redshift from VLT/MUSE is based on a single line iden-
tification.

Table 2. Emission Line Fluxes and Derived Prop-
erties for Virgil

Line Value Error
N1v] A1487 47.3 19.0
Cr1v A1549 28.3 18.7
C 11| A1906 48.4 16.4
[O11) AA3727,3729 67.4 5.4
[Ne111] A3867 34.6 5.5
He1 3889 20.9 5.5
[Ne111] A3968 22.9 4.5
Hé A102 20.5 4.2
Hvy A4340 324 4.9
[O111] A4363 16.5 4.7
HB \861 92.5 4.1
[O 111] A4959 206.0 5.2
[O 111] A5007 587.9 5.2
He1 A5877 15.5 4.2
Ha A6563* 304.9 6.6
Ha (narrow) A6563 219.9 12.5
Ha (broad) A6563 168.8 17.9

Galaxy Properties

FWHM (broad Ha) [km/s] 1750 575

E(B — V)gas [mag] 0.24 0.07
E(B — V)stars [mag] 0.10 0.03
Ay (Ha/HpB) [mag] 0.65 0.18
12-+log(O/H)** 778 0.18
T.(0%) [K] 14800 600

T.(0*%) [K] 18300 3200
log,o(U)** -2.03  0.08
ne*** [em ™3 < 500 -

EWo(Ha) [A] 422 20

EWo ([0 111]AN4959.5007) [A] 1514 18

SFR(Ha) [Mg yr~!] 6.10  0.93
SFR(UV) [Mgyr™] 2.96 1.02
YsrrHa) [Mo yrt kpc_2] 5.25 0.80
B 0.32  0.16
Myv [mag] -18.70 017
B -1.76  0.18
fese,Lyc 0.02 0.01
Eion [logyo(Hzerg™1)] 2491  0.18
Zspec 6.6379 0.0035

NoTE—Observed fluxes and errors (not corrected

for dust) are given in units of 107%° ergs™" cm™2.
We also show the Ha fluxes for the narrow and
broad components obtained by MSAEXP. De-
rived galaxy properties with associated uncer-
tainties are provided. * refers to Ha corrected
for the contribution from [N1]AA6548, 6583. **
refers to the estimated median quantities, while

*** refers to upper limits (20).
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Left panel: 2D MSA/PRISM spectrum produced by MSAEXP. We optimally scaled the trace to highlight

all of the significant line detections. We show the data in azure, while the uncertainty is highlighted in gray. Assuming the
best-fit MSAEXP zspec = 6.6379 £ 0.0035, we show the positions of the emission lines as dashed vertical lines. Right panel:
JWST/NIRCam RGB image (2.5” x2.5") along with the slit positions showed in white. We highlight Virgil and the foreground
LAE at z = 4.77 already studied in Matthee et al. (2022) with VLT /MUSE data.

3.30 £ 0.16. Assuming Case B recombination (Oster-
brock & Ferland 2006), and adopting an electron tem-
perature of 1.8 x 10* K (as derived in the next section)
and an electron density of 10? cm™3, we use PYNEB
(Luridiana et al. 2015) to compute an intrinsic Ha/HpB
ratio of 2.76. The measured ratio corresponds to E(B —
V)gas = 0.24£0.07 mag, assuming the Small Magellanic
Cloud (SMC) reddening law (Gordon et al. 2003), which
has been shown to reproduce well the dust attenuation
in high-redshift galaxies (e.g., Reddy et al. 2018) and
reddened quasars (e.g., Hopkins et al. 2004). This value
leads to an attenuation of Ay = 0.6540.18 mag, adopt-
ing Ry = 2.74 £ 0.13 (Gordon et al. 2003). It further
implies E(B — V)stars = 0.10 & 0.03 mag®.

To further assess the dust attenuation, we also com-
pared the Balmer decrement for HS with respect to Hry
and H¢ (expected theoretical ratios of 0.474 and 0.263,
respectively, under Case B recombination; Osterbrock &
Ferland 2006). The resulting E(B — V)gas values were
consistent with a low level or zero attenuation.

If Virgil instead hosted a Type 1 AGN (see Section
3.4), the broad component of Ha must be excluded when
computing the Balmer decrement. In this case, consid-
ering only the narrow component of Ha and treating
the detected broad HfB as a narrow line due to its low
significance, we would obtain a lower Balmer decrement

5 Assuming the differential dust attenuation, we adopt E(B —
V)stars = 0.44 X E(B — V) gas (Koyama et al. 2019; Shivaei et al.
2020).

of 2.38 £ 0.18, consistent with a dust-free scenario. Al-
ternatively, in this scenario, the Balmer decrement may
be intrinsically lower, as observed in some z ~ 4 — 7
galaxies with density-bounded regions or in low-mass
extreme emitters (Sandles et al. 2024; McClymont et al.
2024; Scarlata et al. 2024).

3.2.2. Gas-Phase Metallicity and Ionization State

Both MSAEXP and our internal routine successfully
deblended H~y and [O111]A4363. Additionally, we de-
tect the [O1]AN3727,3729 doublet. These lines, along
with [O 111]AA4959, 5007, enabled us to estimate the elec-
tron temperatures (7.) of OF and O?T and the gas-
phase metallicity (e.g., Izotov et al. 2006; Curti et al.
2024; Sanders et al. 2024). For this purpose, we em-
ployed a non-parametric approach based on Langeroodi
& Hjorth (2024a), utilizing the GENESIS-METALLICITY
tool®, which is built on PYNEB (Luridiana et al. 2015).
We derived T,(O%1) = (1.4840.06) x 10* K and T, (0?%)
= (1.834:0.32) x10* K (adopting the direct method). We
highlight that T,(O?") is higher than typical values ob-
served in galactic H 11 regions, but is consistent with the
temperatures measured in the most metal-poor galaxies
(e.g., Skillman et al. 2013).

Furthermore, the GENESIS-METALLICITY tool offers
the option to estimate gas-phase metallicity using ei-
ther the direct (T,) method or strong-line calibrations,

6 The tool is available at https://github.com/langeroodi/
genesis_metallicity /tree/main.


https://github.com/langeroodi/genesis_metallicity/tree/main
https://github.com/langeroodi/genesis_metallicity/tree/main

8 RINALDI ET AL.

] JWST literature, z=3-10 == Sanders+21, z=3
m— SDSS (z=0.8), Curti +20 Li+22, z=3

Astraeus m— Curti+24, z<6
FirstLight = Curti+24, z>6
Flares Curti+24, z=3-10
TNG50
9-0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8.5

12+1og(0/H)

~
(]

7.0\\I\\\\I\\\\I\\\\I\\\\
7 8 10 11

9
log (M. /M)

Figure 2. The stellar mass-gas-phase metallicity relation.
Virgil is shown as a red filled circle. The stellar mass is
taken from Iani et al. (2024a) (median value), with an er-
ror bar reflecting the uncertainty in the estimate, consistent
with the results obtained in this paper (see Section 5). Filled
squares represent recent JWST measurements at z ~ 3-10,
including galaxies from the JADES field (Curti et al. 2024),
the CEERS field (Nakajima et al. 2023), and the SMACS
J0723.3-7327 sample (Curti et al. 2023). For comparison,
we show MZR determinations at lower redshifts from Curti
et al. (2020) (Sloan Digital Sky Survey; SDSS) and Sanders
et al. (2021) (MOSDEF at z =~ 2-3). Additionally, we in-
clude the best-fit of the low-mass end of the MZR at z ~ 3
from Li et al. (2023), based on JWST /NIRISS slitless spec-
troscopy. Finally, we also show theoretical predictions at
high redshift from ASTRAEUS (Ucci et al. 2023), FIRSTLIGHT
(Langan et al. 2020), the First Light and Reionisation Epoch
Simulations (FLARES; Lovell et al. 2021), and TN G50 sim-
ulations (Nelson et al. 2019).

depending on the available line fluxes. Both approaches
yielded consistently low metallicities for Virgil, with
12 +1og(O/H) = 7.70 £ 0.14 for the direct method, and
12 +1log(O/H) = 7.91 £+ 0.04 for the strong-line method.
Based on the commonly accepted solar oxygen abun-
dance (12 + log(O/H) = 8.69; Asplund et al. 2009), this
gives us Z/Zg ~ 0.11 — 0.18.

In the recent literature, other emission lines have been
proposed to trace the gas-phase metallicity (mostly from
UV), such as C1v| A1548 and C111]A1907 (see Mingozzi
et al. 2022). Based on their Equation 7, which exploits

the equivalent width (EW) of C11jA1907,09, we esti-
mated that 12 + log(O/H) = 7.78 £ 0.21 (in agreement
with our previous measurements). As shown in the
mass-metallicity relation (MZR; Figure 2), Virgil is in
good agreement with the relation recently reported by
Curti et al. (2024) for galaxies at z 2 6 by leveraging
the JADES sample as well as the recent literature from
JWST.

We further investigate the ionization state of Virgil's
gas by examining the ionization parameter, logio(Uf), a
key ISM property that reflects the intensity and hard-
ness of the ionizing radiation, gas density, and the ge-
ometry of gas relative to ionizing sources. The 032
index, a well-established tracer of logio(U), yields a
value of —2.03 + 0.08 based on the empirical calibra-
tion from Papovich et al. (2022) (their Equation 4),
which was derived from galaxies at 1.1 < z < 2.3 in the
CLEAR survey (Simous et al. 2023). Notably, this value
is consistent with the estimate from UV-based trac-
ers identified by Mingozzi et al. (2022), who calibrated
log(C1]/011]), log(C1v/C)), log(EW(O111])), and
log(EW(C1v)) against O32. Applying their Equations
8 and 10, we find an average logio(Uf) = —1.99 £ 0.15,
confirming a high level of ionization in agreement with
the O32-based result. Alternatively, using the relation
between logio(U) and the Ne302 index from Witstok
et al. (2021) (their Equation 3), we derive logio(U) =
—2.33£0.07. While slightly lower than the previous es-
timates, this value remains indicative of a highly ionized
ISM, which is in line with the average galaxy population
during EoR.

We were also able to fit the [SII]AN6717,6731 doublet,
although with a low SNR (= 20). Following the theoret-
ical framework of Kewley et al. (2019), we estimated an
upper limit on the electron density, n. ~ 500 cm ™3, con-
sidering its weak dependence on T, (Zhang 2024). How-
ever, the low spectral resolution of NIRSpec/PRISM”
prevents deblending the [O 11]AA3727, 3729 doublet, lim-
iting further constraints on n.. Recently, Topping et al.
(2025) analyzed deep JWST /NIRSpec spectra of SFGs
at z &2 1.4 —10 as part of the AURORA survey (Shapley
et al. 2024), focusing on the [SI]AN6717,6731 doublet
(detected up to z = 6.8), its evolution over cosmic time,
and its correlation with various parameters (e.g., line
ratios, star formation rate). Notably, our upper limit
aligns with the average n. expected at z ~ 6.5, and it is
consistent with the estimate obtained using their rela-
tion with the star formation rate (SFR; their Equation
2) and Ne302 (their Equation 3).

7 R = 30-420, depending on the observed wavelength.



As a final note, we report the detection of the
N1V]A1487 emission line, while N11]A1750 is detected
at a significance well below 20. Additionally, MSAEXP
identifies a possible N vA1240 feature, although it may
be blended with Ly« due to the low resolution of NIR-
Spec/PRISM. The presence of N1v]\1487 has been pro-
posed as a signature of low-luminosity quasars (Glik-
man et al. 2007; Bunker et al. 2023; Cameron et al.
2023). However, we note that NIRSpec spectra often
exhibit spurious oscillations in this wavelength range,
and higher-resolution, deeper observations will be nec-
essary to confirm the reality of these lines. For this
reason, we do not discuss this further.

3.2.3. UV-B slope, Burstiness, and Ionizing Photon
Production Efficiency

We modified the official MSAEXP code to enable esti-
mation of the UV § slope (in the rest-frame wavelength
range A ~ 1500 — 2500 A) by fitting a linear relation
(log1o(fr) = BlogipA + q) using non-linear least squares
optimization via curve_fit (SCIPY). We also employed
a Monte Carlo approach, performing 1000 linear fits to
spectral realizations with randomly perturbed fluxes and
adopting the median and standard deviation of the re-
sulting 8 values. We retrieved § = —1.76 + 0.18.

To investigate the potential role of Virgil during EoR,
we estimated its ionizing photon production efficiency,
&ion- Following the method outlined in Rinaldi et al.
(2024Db), we first derived the Lyman continuum escape
fraction (fesc, Lyc) from the observed UV § slope using
the prescription of Chisholm et al. (2022). We then com-
puted &on based on its dependence on (1 — fese, Lyc) ™!
(Equation 2 in Rinaldi et al. 2024b). We find fese.nyc =
0.02 + 0.01% and log,o(&on/Hz erg™!) = 24.91 £ 0.18.
The latter is below the canonical value (25.2 £+ 0.1;
Robertson et al. 2013), but still in agreement with the
average high-z population at z ~ 6 — 7 (Matthee et al.
2017; Rinaldi et al. 2024b; Simmonds et al. 2024a). This
result is not a surprise, as the rest-frame equivalent
width (EW,) for He is about 422+ 20 A, and very high
&ion s often associated with very strong line emitters
(i.e., large EW((Ha); see Figure 5 from Rinaldi et al.
2024b).

Following the work presented in Atek et al. (2022)
and Navarro-Carrera et al. (2024), high-z galaxies are
expected to grow through bursty episodes of star for-
mation, driven by large temporal fluctuations in their

8 Although the systematic uncertainty reported by Chisholm
et al. (2022) is on the order of 0.05, the lower bound of our estimate
makes fesc,Lyc consistent with 0%. Nonetheless, the resulting
&ion would not differ significantly from the reported value.

9

SFR—a trend recently suggested also by Langeroodi &
Hjorth (2024b).

The NIRSpec/PRISM spectrum enabled us to esti-
mate the star formation rate (SFR)? directly from emis-
sion lines, specifically Ha, using the calibration from
Kennicutt & Evans (2012) based on a Kroupa IMF. In
particular, we adopt:

log;, <Z\4zl:;r{—1) =logyo (Lua/(ergs™")) —41.64, (1)
where the coefficient 41.64 corresponds to the calibra-
tion at sub-solar metallicity (10—20% Zg; Theios et al.
2019).

We find that log;o(SFR(Ha)/(Mg yr—1t)) = 0.79 +
0.07. Based on the estimate from Iani et al. (2024a)
for the effective radius (reg ~ 0.43 pkpc), we retrieve
YSFR(Ha) = SFR(Ha)/27r2; = 5.2540.80 Mg yr—! kpe ™2,
which is in line with recent results from Calabro et al.
(2024b) at z = 6.5.

The detection of Ha allowed us to estimate an-
other key parameter: the burstiness, defined as B =
log,o(SFR(Ha)/SFR(UV)) (Atek et al. 2022). We
derived SFR(UV) at 1500 A using the calibration
from Kennicutt & Evans (2012), adapted for sub-solar
metallicity following Theios et al. (2019), obtaining
logyo (SFR(UV)/Mg yr~!) = 0.47 & 0.15. This yields a
burstiness parameter of B = 0.32£0.16, indicating that
the source is currently forming stars at a rate more than
two times higher than its recent past average.

The timescales of Ha and UV emission provide further
insights. Following the discussion presented in Faisst
et al. (2019), Tani et al. (2024b), and Navarro-Carrera
et al. (2024)1°) after a star formation episode, Ha is
initially enhanced due to newly formed O and B stars,
while the UV luminosity is still rising. This results in
SFR(Ha)/SFR(UV) > 1, which has been suggested as
a signature of a bursty star formation phase (Atek et al.
2022). As massive stars rapidly evolve and die, Ha emis-
sion declines, while longer-lived UV-emitting stars sus-
tain the UV luminosity, leading to SFR(Ha)/SFR(UV)
< 1. As these UV-bright stars also fade, the ratio even-
tually returns to unity.

Our findings suggest that Virgil likely experienced a
previous burst of star formation well before the most
recent one (i.e., the one currently producing He), which

9 Both SFR(Ha) and SFR(UV) are corrected for dust attenua-
tion.

10 See Figure 12 in Faisst et al. 2019 based on different SFHs,
Figure 15 in Iani et al. (2024b) based on STARBURST99, and Fig-
ure 7 in Navarro-Carrera et al. 2024 based on FIRSTLIGHT
simulations.
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explains its SFR(UV) and likely placed its B below unity.
We now measure B = 0.32 £ 0.16, indicating that the
source is either entering a new bursty phase or fading
out of one. Notably, this is consistent with its position in
the SFR-M, plane (Rinaldi et al. 2022, 2024c), where it
overlaps with the separation line for the starburst cloud
proposed by Caputi et al. (2017, 2021). This suggests
we may be observing Virgil at a transitional stage in its
star formation history.

3.3. The ISM Conditions of Virgil: Excitation vs.
Tonization

Since the NIRSpec/PRISM spectrum provides ac-
cess to [O11]AN3727,3729, [Ne1m|A3869, Hoé, HS, and
[0 111]AN4959,5007 at z A 6.64, we investigated the in-
terstellar medium (ISM) conditions of Virgil by lever-
aging the following line ratios: 032, R23, Ne302, and
Ne30O2Hd. To fully explore the complexity of the ISM
in this source, we closely followed the methodology de-
scribed in Calabro et al. (2023) and Calabro et al.
(2024a), running pYCLOUDY (v0.9.15) with CLOUDY
version 17.01 (Ferland et al. 2017). We adopted their
setup (see Calabro et al. 2024a, Section 2.3) to generate
line predictions for direct comparison with our results.

Briefly, we modeled SFGs with a spherically symmet-
ric, radiation-bounded shell of gas surrounding a pop-
ulation of young (O- and B-type) stars, adopting the
incident radiation field from BPASS stellar population
models (with an IMF extending up to 100 M, and a
continuous star formation in the past 30 Myr; Eldridge
et al. 2017). Following Calabro et al. (2024a), we con-
sidered the metallicity range from 0.05 to 1 times solar
(ie., 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.7, 1), with the
solar reference consistent with Asplund et al. (2009). In
all cases, we derived predictions for four different ioniza-
tion parameters log1o(U) = —3, —2.5, —2, and —1.5 and
for three gas density values (102, 103, and 10* cm™3).

Given the low metallicity we inferred for this object,
we decided to follow the approach adopted in Calabro
et al. (2024a) also for the dust depletion, where the met-
als are depleted in the beginning of our CLOUDY calcu-
lations, and we considered that this depletion is metal-
licity dependent, as discussed in Calabro et al. (2023)
(see their Table 2).

Finally, we explored the density-bounded scenario
for the nebula by varying the stopping criterion in
CLOUDY from a Lyman continuum (LyC) optical
depth = 10 (fully ionization bounded case) to 0.1
(fully density-bounded case). This would correspond
to an escape fraction of ionizing photons going from
0% to 100%. A density-bounded scenario typically en-
hances the flux of high-ionization species relative to

low-ionization species. That is, this would increase the
032 and Ne302 indices, mimicking the effect of a high
ionization parameter. However, as previously found,
Virgil has a very low fese.ryc (= 2%), so the increase in
032 and Ne302 would be very minimal (< 0.05 dex),
thus not impacting our conclusions. We refer the reader
to Calabro et al. (2023) and Calabro et al. (2024a) for a
more detailed description of the models adopted in this
work.

Asreported by Calabro et al. (2024a), the ionization of
the ISM increases with redshift, as seen in the R23—032
diagram (Figure 3, left panel) from the local Universe
(SDSS) to high redshifts (see redshift bins from z =~ 4 to
z ~ 12 in Calabro et al. 2024a). For comparison, we in-
clude recent high-redshift (z ~ 4 — 12) NIRSpec results
from Cameron et al. (2023); Mascia et al. (2023); Naka-
jima et al. (2023); Boyett et al. (2024); Calabro et al.
(2024a,b); Roberts-Borsani et al. (2024), along with the
low-redshift sample from the Sloan Digital Sky Survey
(SDSS; York et al. 2000; Kauffmann et al. 2003). Addi-
tionally, we include metal-poor and high-ionization sys-
tems selected in the local Universe to approximate the
properties of high-redshift galaxies (Bian et al. 2018).

Virgil lies in the upper region of this diagram, but
it is not as extreme as, for instance, GHZ2 at z =~
12, analyzed by Calabro et al. (2024a) and first re-
ported by Zavala et al. (2025). Overall, its behavior
aligns with other high-z galaxies observed during the
Epoch of Reionization (EoR). Comparing its position
with photoionization models for SFGs, Virgil overlaps
with a wide range of models, from high-ionization sys-
tems (logio(U) = —1.5) with nearly solar metallicity to
lower-ionization (logio(U) = —2.5) metal-poor environ-
ments, spanning a variety of electron densities (102-10%
ecm ™). This degeneracy complicates its interpretation.
However, independent measurements (see Section 3.2.2)
suggest logio(U) ~ —2 and a metal-poor composition
(= 10 — 20% Zg), help to constrain its nature. Taken
together, these results suggest that Virgil shares prop-
erties with the average SFG population during EoR.

We also investigated the Ne30O2Hd—Ne302 diagram
(Figure 3, right panel). As with R23—032, we in-
clude SDSS galaxies from the local Universe and high-z
analogs from Bian et al. (2018). Virgil falls within the
region occupied by other high-z galaxies (e.g., Heintz
et al. 2025) and lies along the evolutionary sequence re-
ported by Calabro et al. (2024b) at z &~ 4-12. Compared
to R23—032, this diagram exhibits less degeneracy with
photoionization models. However, model predictions in
this case would suggest a lower logio (i) for metal-poor
solutions, but still within the range inferred for this ob-
ject when using different tracers.
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Figure 3. Left Panel: 032—R23. Right Panel: Ne30O2Hd—Ne302. Virgil is shown as a red filled circle, with higher opacity
representing the case without dust correction and lower opacity indicating the dust-corrected one. In both panels, we show the
photionization models from CLOUDY with the following setup: n. (102, 10*, and 10* cm™?; increasing thickness), logio (i)
(-3, -2.5, -2, -1.5; different shades of blue), and different metallicities (0.05 to solar; color-coded in viridis using “x” symbols). For
comparison, we show low-z SF galaxies from SDSS (York et al. 2000; Kauffmann et al. 2003) and local high-z analogues from
Bian et al. (2018). To put our results in context, we also show recent observations at high-z from Bunker et al. (2023); Cameron
et al. (2023); Mascia et al. (2023); Nakajima et al. (2023); Boyett et al. (2024); Calabro et al. (2024a,b); Roberts-Borsani et al.

(2024); Heintz et al. (2025) at z = 4 — 12.

Without the prior assumption that Virgil may host
an AGN, as proposed in Tani et al. (2024a), these two
diagrams, together with the previously derived phys-
ical properties, indicate that Virgil has a hard ion-
izing radiation field and ionization properties consis-
tent with the average SFG population observed during
EoR. However, its exceptionally high equivalent width
for [O 111]AN4959, 5007 (1514 + 18 A), combined with its
low metallicity (10 — 20% Zg) and relatively low M,
(logyo(My/Mg) = 8.5 from Iani et al. 2024a), suggest
that Virgil is a relatively low-M, extreme line emit-
ter, consistent with the sample studied by Boyett et al.
(2024), which spans similar redshifts.

Interestingly, following the discussion in Rhoads et al.
(2023) and the spectral properties analyzed so far, Vir-
gil could resemble a typical Green Pea (GP; Cardamone
et al. 2009; Jaskot & Oey 2013; Henry et al. 2015; Izotov
et al. 2016; Brunker et al. 2020, among others) or a Blue-
berry (BB; e.g., Cameron et al. 2023; Langeroodi et al.
2023), which are often referred to as the best nearby
analogs to high-redshift galaxies.

3.4. Does the spectrum indicate that Virgil is an AGN?

Tani et al. (2024a) modeled Virgil across all available
photometric bands (from HST and JWST), performing

SED fitting using multiple codes, and concluded that
it contains an AGN. We will re-examine this approach
with improved data in Section 4. To investigate this
possibility further, we exploit NIRSpec/PRISM data to
search for spectral signatures indicative of an AGN.

3.4.1. Searching for Broadening in the Balmer Lines

In Tani et al. (2024a), we found that Virgil's SED
resembles that of a LRD, which often exhibits broad
Balmer lines (e.g., Furtak et al. 2023; Kokorev et al.
2023; Matthee et al. 2024; Rinaldi et al. 2024a). Using
MSAEXP, we modeled the NIRSpec/PRISM data with
and without a broad component for the Balmer lines
(Ho and HP), closely examining the residuals. Figure 4
presents the results in two panels. To take into account
the effects of the line-spread function, we additionally
convolve our model with a Gaussian of variable resolu-
tion (Isobe et al. 2023; de Graaff et al. 2024). On the
left, we show the fit to the Ha + [NII| complex without
a broad-Ha component, while on the right, we show the
fit with the broad-Ha component. In the latter case,
the broad component is detected at the level of approx-
imately 200 and exhibits a full width at half maximum
(FWHM) of 1750 & 575 km/s.
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Figure 5. Left panel: The derived M, as a function of Lp,;, assuming Virgil has a broad component in Ha. We also show
other recent findings from the literature (with some of them selected as LRDs, Rinaldi et al. 2024a): Matsuoka et al. (2019);
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presented in Pacucci et al. (2023).



To assess the quality of these fits, we computed the
Bayesian Information Criterion (BIC; Liddle 2007) for
both scenarios. The model, including the broad com-
ponent, achieved the lowest BIC, indicating the best
balance between goodness-of-fit and model complexity.
However, the ABIC is not large enough to definitively
conclude that Virgilis a Type-1 AGN (ABIC < 2). We
also observe a tentative detection of a broad component
in HB, but its significance falls below 20, leaving its
presence uncertain. We want to highlight that these re-
sults may be affected by the source’s position within the
slit (Figure 1, right panel): the slit only partially covers
the galaxy, with the red knot located near the edge—or
possibly even in the gap between shutters—potentially
limiting our sensitivity to broad-line emission.

Nonetheless, under the assumption that Virgil exhibits
Ha with a broad component, we estimated the central
black hole mass (M,). Assuming the gas in the broad
line region (BLR) is virialized, M, was derived from
the spectral properties of the Hoe BLR region using the
calibration proposed by Reines et al. (2013):

Mgy Lo broad
1 VB _ g 1 _ “Hobroad _
0810 ( Mo ) a +logy(g) + Blogy, (1 X 10%2 crg /s

FWHMbroad
710810 { TS 705 ks )

where a = 6.57, § = 047, and v = 2.06, and € is
the scaling factor which depends on the structure, kine-
matics, and orientation of the BLR. Different studies
report € ranging from 0.75 to 1.4 (e.g., Reines et al.
2013). Following Reines & Volonteri (2015), for our
M,, we adopted ¢ = 1.075 + 0.325. We retrieved
log10(Me/Mg) = 6.98+0.35, which is in agreement with
the estimate provided by Tani et al. (2024a) (based on
photometry). We estimated the bolometric luminosity
(Lpot) by using Equation 6 in Stern & Laor (2012), find-
ing that log1o(Lpor/(erg s71)) = 44.03 £ 0.43. We also
adopted Equation 1 from Netzer (2009) from which we
derive logio (L /(erg s71)) = 45.17 £ 0.02, which likely
represents an upper limit. Also in this case, these es-
timates are in agreement with lani et al. (2024a). In
Figure 5 we show our measurements of M, for Virgil in
the context of the recent literature.

Based on the derived M, from the Ha BLR, we
also derived the Eddington luminosity. We found that
logio(Lgaa/(erg s71) = 4nGMemyc/or = 45.07 £ 0.35,
where G is the gravitational constant, m, the proton
mass, ¢ the speed of light, and o7 the Thomson scatter-
ing cross-section. Finally, we estimated the Eddington
ratio as Agaq = Lpoi/Lrda- Depending on the choice of
Lyor, the Eddington ratio (Agdqq) ranges from =~ 0.1 to
1.23, consistent with the typical values found for LRDs

(2)
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Table 3. Black Hole Properties

Property Value
FWHM™ [km/s] 1750 £ 575
logio(Mae/Mg) 6.98 £0.35

logio(Lpor/(erg s71))**  44.03 +0.43 — 45.17 4+ 0.02
logio(Lgaa/(erg s™1)) 45.07 +0.35
AEdd 0.1 -1.23

NoTE—These measurements rely on the assumption that
the broadening of Ha is real. Nonetheless, these values
are in agreement with previous estimates from photom-
etry presented in lani et al. (2024a). * refers to the
broad component of Ha. ** refers to the two values es-
timated by using both Stern & Laor (2012) and Netzer
(2009) formulas.

(e.g., Noboriguchi et al. 2023). We show our results in
Figure 5 and summarize these measurements in Table 3.

3.4.2. Searching for AGN Signatures with Line Ratio
Diagnostics

Disentangling SFGs from AGNs at high redshift is
particularly challenging. Classical diagnostics, such as
the Baldwin, Phillips & Terlevich (BPT; Baldwin et al.
1981) diagram, were calibrated for low-redshift galaxies
and strongly depend on metallicity, making them less
reliable in the early Universe. At high redshift, galax-
ies are typically more metal-poor (e.g., Topping et al.
2024), with younger stellar populations and higher ion-
ization parameters. These conditions shift SFGs toward
the AGN locus in BPT-like diagrams, while AGN Nar-
row Line Regions (NLRs) often overlap with the SFG
sequence. As a result, traditional line-ratio diagnos-
tics become increasingly ambiguous, as also predicted
by theoretical models (Nakajima & Maiolino 2022).

Although we are not able to resolve [N 11]A6548 from
Ha and both [O1]A6302 and the [S1]AN6717,6731 dou-
blet have SNR < 2, it is important to stress that classical
BPT-like diagrams may not reliably determine whether
Virgil hosts an AGN. Even when these lines are avail-
able, recent studies have shown that AGNs can occupy
the same region as SFGs in BPT diagrams. For exam-
ple, the z =~ 5.55 galaxy GS_ 3073 shows clear AGN sig-
natures through broad Ha and Hf emission, yet it lies
within the SFG region in the BPT diagram (Ubler et al.
2023). Like Virgil, GS_3073 is extremely metal-poor
(12 + log(O/H) = 8.02), underscoring how low metal-
licity can blur the distinction between star formation-
and AGN-dominated galaxies at high redshift. Similar
conclusions have been reported by Scholtz et al. (2023)
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Figure 6. The “OHNO” diagram, displaying the following ratios: [OIII]A5007/HS vs. [NellI|]A3870/[O11]3727,3728. Virgil
is shown as a red filled circle, with higher opacity representing the case without dust correction and lower opacity indicating
the dust-corrected one. We also show the recent literature at z 2 4 from Killi et al. (2023); Kocevski et al. (2023); Kokorev
et al. (2023); Larson et al. (2023); Trump et al. (2023); Ubler et al. (2024b); Calabro et al. (2024a); Rinaldi et al. (2024a). In
particular, sources from Rinaldi et al. (2024a) have been photometrically selected as LRDs, with some of them clearly showing
broad components in their Balmer lines from NIRSpec data. For comparison, we also show SDSS (SFGs and AGNs) at low-z
(z = 0) from York et al. (2000); Kauffmann et al. (2003). The separation line comes from Backhaus et al. (2022) at z ~ 1.5.
We also show an extrapolation at z = 6.5 (increased thickness), based on Backhaus et al. (2024). For comparison, theoretical
predictions (for both SFGs and AGNs; dashdot and dashed respectively) are shown with the following settings: n. (102, 10?,
and 10* cm™3; increasing thickness), logio(i) (-3, -2.5, -2, -1.5; different shades of blue), and different metallicities (0.05 to
solar; color-coded in viridis using “x” symbols).

and Kocevski et al. (2023), in agreement with photoion-
ization models from Nakajima & Maiolino (2022), which
predict significant overlap between low-metallicity SFGs
and AGNs in classical diagnostics.

Since the launch of JWST, the limitations of classical
diagnostics have led to renewed efforts to develop al-
ternative line-ratio diagrams optimized for high-redshift
galaxies (e.g., Hirschmann et al. 2023; Mazzolari et al.
2024; Shapley et al. 2024; Backhaus et al. 2025). In the
following, we employ a set of diagnostic diagrams that
have been extensively used to distinguish AGNs from
SFGs at high redshifts.

The “OHNO” diagram —One widely used high-redshift
diagnostic is the “OHNO” diagram (Trouille et al. 2011;
Zeimann et al. 2015; Backhaus et al. 2022, 2023; Cleri
et al. 2023; Trump et al. 2023; Feuillet et al. 2024),
which is based on Ne302 and R3 and has proven to be
a robust ionization diagnostic for high-redshift galax-
ies. Ne302 is particularly useful as it involves emission
lines with similar ionization energies and closely spaced
wavelengths, minimizing dust attenuation effects. As
with the R23-032 and Ne3O2Hd-Ne302 diagrams, we
also included photoionization models, following the con-
figuration adopted by Calabro et al. (2024a). For AGN
models, we adopted the default CLOUDY prescription,
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Figure 7. Left Panel: 032 vs. O3Hg. Middle Panel: Ne302 vs. O3Hg. Right Panel: 033 vs. O3Hg. Virgil is shown
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from SFGs. The contour areas correspond to the SDSS sample in the local Universe (Abazajian et al. 2009) for comparison.
Filled circles represent pre-JWST literature data for SFGs and AGNs (mostly at low redshift; Seyfert 1943; Izotov et al. 2006;
Berg et al. 2012; Amorin et al. 2015; Perna et al. 2017; Yang et al. 2017a,b; Izotov et al. 2018; Dors et al. 2020; Armah et al.
2021; Pustilnik et al. 2021). For comparison with recent JWST-based studies, we include results from Harikane et al. (2023);
Nakajima et al. (2023); Scholtz et al. (2023); Ubler et al. (2024b); Juodzbalis et al. (2024); Rinaldi et al. (2024a) (with some of
them having both SFGs and AGNs). In particular, the sample from Rinaldi et al. (2024a) consists of photometrically selected
LRDs in GOODS-S, some exhibiting clear broadening in the Balmer lines. The gray dashed line in the middle panel represents
the separation criterion at z = 4 recently proposed by Backhaus et al. (2025) to distinguish BLAGNs from non-BLAGNS.

assuming a multi-component power-law continuum with
a “blue bump” temperature of 10° K and spectral energy
indices of ayy = —0.5, ax = —1.35, and apx = —1.4
(Groves et al. 2004) for the UV, X-ray, and optical-to-
X-ray ranges, respectively. We used the same grid of
metallicities (0.05 to 1 solar) as for the models for SFGs.
We refer the reader to Calabro et al. (2023) and Calabro
et al. (2024a) for a more detailed discussion of these
models.

It is worth noting that the OHNO diagram may be
affected by its dependence on metallicity (Tripodi et al.
2024), where metal-poor objects, such as Virgil, can ap-
pear as outliers (Scholtz et al. 2023).

In Figure 6, we show the “OHNQO” diagram with Virgil
as well as the recent literature on other high-z sources
(Killi et al. 2023; Kocevski et al. 2023; Kokorev et al.
2023; Larson et al. 2023; Trump et al. 2023; Scholtz et al.
2023; Ubler et al. 2024b; Calabro et al. 2024a; Rinaldi
et al. 2024a; with some of them identified as Type 1 and
Type 2 AGNs) and, for comparison, the sample of SFGs

and AGNs at z = 0 from York et al. (2000); Kauffmann
et al. (2003).

Virgil exhibits moderately high Ne302 and R3 ratios'!
and it lies well above the separation line proposed by
Backhaus et al. (2022) at z ~ 1.5. Thus, it is consis-
tent with AGN model predictions at subsolar metallic-
ities (Zgas/Zo S 0.2), moderate ionization parameters
(log1o(U) ~ —3), and n. ~ 10> — 10* cm™3. However,
Virgil is also consistent with SF models, overlapping
with the parameter space expected for H1I regions with
high n. (~ 10* — 10* cm~2), high ionization parameter
(logyo(U) = —2), and wide range of metallicities.

Interestingly, Virgil occupies a region of the parameter
space consistently populated by LRDs (some of which
exhibit clear broadening in their Balmer lines; Rinaldi
et al. 2024a), as well as other recently discovered AGNs
(including Type 2; e.g., Kocevski et al. 2023; Koko-

11 We show our measurements before and after applying dust
corrections.
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rev et al. 2023; Larson et al. 2023; Scholtz et al. 2023;
Ubler et al. 2024b). However, as shown in Calabro et al.
(2024a) and supported by CLOUDY model predictions,
this region of parameter space is also consistently pop-
ulated by SFGs with a different set of properties.

We then utilized the recent results of Backhaus et al.
(2022, 2025) to extrapolate the separation line up to
z = 6.5 (thick gray line), relying on the proposed red-
shift evolution of R3 and N302. In this scenario, Virgil,
along with sources from Killi et al. (2023), Scholtz et al.
(2023), Trump et al. (2023), as well as LRDs from Ri-
naldi et al. (2024a), and the BL AGN from Kokorev
et al. (2024), would fall below the extrapolated separa-
tion line, placing Virgil within the SFG region—or at
least blurring the net distinction that would otherwise
arise using the relation at z ~ 1.5.

We emphasize that this is only a test to explore the
implications of shifting the separation line to higher red-
shifts, based on the evolutionary trends proposed by
Backhaus et al. (2022, 2025), and should not be inter-
preted as a definitive redefinition. Nonetheless, applying
diagnostic diagrams calibrated at lower redshifts compli-
cates the classification of Virgil and could provide mis-
leading results in general.

Considering the degeneracies revealed by CLOUDY
models in the region of the parameter space occupied
by Virgil and the possible redshift evolution of R3 and
Ne302, both the SFG and AGN scenarios (or a mixed
nature) remain plausible for this source.

The [O 111]A4363 diagrams—Mazzolari et al. (2024)
proposed new separation lines for three diagnostic dia-
grams based on [O 111]A4363, which has been linked to
AGN activity (Brinchmann 2023) with higher ISM tem-
peratures driven by AGN ionizing radiation (Ubler et al.
2024b):

1. 032 vs. O3Hg
2. Ne302 vs. O3Hg

3. 033 vs. O3Hg

From a theoretical point of view, enhanced [O 111]A4363
emission could hint at the presence of an AGN, as the
ionizing photons produced by an AGN are typically
more energetic than those from star formation, thus
leading to significantly more efficient gas heating. No-
tably, it has been proposed that strong [O 111]A\4363-
emitting regions may coincide with high-ionization nu-
clear emission-line regions (HINERs; Binette 1985),
and that an enhanced [O 11]A4363/[O 111]A5007 ratio
(Rjorrn) would imply a strong connection with AGN
activity. For Virgil we find that Rjorry = 0.032 £ 0.01,

which is similar to what has been observed in other
Seyfert 2s: ESO 138-GO01, Mrk 1210, and NGC 4507,
for which Binette et al. (2024) concluded that a high-
density NLR component is likely present. In particular,
the combination of such high Riorry and relatively
high R3 would imply that their plasma is much hotter
(= 18000 — 20000 K), possibly as a result of fast shocks
(e.g., Binette et al. 1985). Following this line, Nagao
et al. (2001) found, for a sample of low-z objects, that
a high Rjosry ratio correlates with objects exhibiting
hotter MIR colors.

Below, we briefly overview each diagnostic diagram
(already presented in Mazzolari et al. 2024).

We want to highlight that dust reddening can sig-
nificantly affect the line ratios, particularly for the
032—03Hg diagram, due to the wavelength separation
between the adopted lines. This effect can cause AGNs
to shift toward the SFG+AGN locus when there is sub-
stantial reddening. Nonetheless, the inverse scenario
does not hold, as SFGs would not populate the AGN
locus under any circumstances. The Ne302—03Hg dia-
gram, instead, is very similar to the “OHNO” diagram,
but it is more stable as the separation between SFG and
AGN is mainly based on a different gas temperature.

For 032—03Hg, Mazzolari et al. (2024) showed that
high-z sources are generally distributed toward the up-
per region of the diagram compared to local samples
(SDSS, contour area). Moreover, they point out that a
non-negligible fraction of high-z sources not classified as
AGNs falls within the region occupied by local AGNs.
In contrast, some high-z AGNs overlap with the area
covered by their local analogs. Following the discus-
sion in Mazzolari et al. (2024) and their photoionization
models, SFGs should occupy a well-constrained region
of the O32—03Hg diagram, with their upper boundary
closely matching the distribution of SDSS SFGs and lo-
cal analogs. In contrast, AGNs are expected to pop-
ulate both the SFG region and the area occupied by
local AGN samples. They show that SFG models do
not extend into the AGN-dominated region. However,
AGN models can reach the SFG region for some local
and high-z AGNs. They also conclude that these trends
remain unchanged even when considering the entire grid
of SFG models from Feltre et al. (2016), reinforcing the
idea that AGN-driven photoionization can produce sig-
nificantly higher [O 111]A4363 /H~ ratios than ionization
from hot stars. This is likely due to the higher-energy
ionizing photons in AGNs, which heat the gas more ef-
ficiently at a given ionization parameter.

As with the 032—03Hg diagram, normal SFGs and
local analogs primarily occupy the lower region of the
Ne302—03Hg parameter space, while AGNs are now



distributed across a broader area, including the upper-
left region, which is not reached by any of the SFG mod-
els that Mazzolari et al. (2024) tested or by observed
SFG samples. Notably, they also find that sources
classified as AGNs in the 032—03Hg diagram remain
above the SFG distribution in this diagnostic. Like-
wise, sources not explicitly identified as AGNs but found
within the AGN region of the first diagnostic continue to
occupy the same region in the Ne302—03Hg diagram.

The third diagnostic compares O33 and O3Hg. The
overlap between local SFGs and AGNs is significantly
larger than in the previous diagnostics. However, a
distinct region characterized by high [O111]A\4363/H~y
and high [O111]A5007/[O 111]A 4363 remains populated
exclusively by local AGNs. As noted by Mazzolari
et al. (2024), very few high-z galaxies fall within the
AGN-only region, with most shifting toward lower
[O 111]A5007 /[0 111] A4363 values. They also show that
current photoionization models do not cover this region.

According to Mazzolari et al. (2024), the distribution
of SFG models closely follows that of local galaxies, par-
ticularly at the boundary with the AGN-only region. In
contrast, AGN models extend across both the SFG and
AGN regions. They also noted that when considering
the full parameter grid of Feltre et al. (2016), SFG and
AGN models would overlap entirely.

In the case of Virgil'2, we find that it consistently lies
above or on the separation lines proposed by Mazzolari
et al. (2024) (Figure 7), overlapping with AGNs and
LRDs identified in recent studies based on JWST (e.g.,
Kokorev et al. 2023; Nakajima et al. 2023; Scholtz et al.
2023; Ubler et al. 2023; Juodzbalis et al. 2024; Rinaldi
et al. 2024a).

Nonetheless, one should note that [O111]A4363 could
be contaminated by [Fe11]A4360. However, Curti et al.
(2017) showed that such contamination primarily oc-
curs in galaxies with an enriched ISM, whereas Virgil
is metal-poor. Additionally, Mazzolari et al. (2024),
by using CLOUDY models over a wide range of
metallicities (=2 < log(Z/Zg) < 0.5) and ioniza-
tion parameters (—4 < log;o(U) < —1), found that
the [Fe11|A4288/[Fe11]A\4360 ratio is roughly constant
(= 1.25). Therefore, they searched for [Fe11]A4288 in
their sample populating the “AGN-only” region and
found no evidence of its presence, concluding that any
possible contamination from [Fe11]A4360 can be consid-
ered negligible.

12 For Virgil, [O 111174363 and H~ were successfully deblended,
with both lines detected at SNR > 5.
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As with the “OHNQO” diagram, we also explored the
potential redshift evolution of key line ratio diagnostics.
Specifically, we examined the Ne302 versus O3Hg plane
(Figure 7, middle panel), based on the empirical evolu-
tion recently proposed by Backhaus et al. (2025). We
display their separation lines at z ~ 0 and z =~ 6.5 (gray
lines, with increased thickness). Under this redshift evo-
lution, Virgil would fall in the SFG/AGN region, sug-
gesting a mixed nature.

We want to highlight that Backhaus et al. (2025),
based on photoionization models, found that only AGN-
dominated sources populate the region above the sepa-
ration line proposed by Mazzolari et al. (2024) in this
diagram. Indeed, taken at face value, these line ratio di-
agnostics would clearly place Virgil in the AGN regime
along with other claimed AGNs at similar redshifts. A
similar argument can be made for the 032 and 033 di-
agnostics shown in the other two panels.

Altogether, this again underscores the complex-
ity of distinguishing AGNs from SFGs at high red-
shift—especially when accounting for redshift evolu-
tion—as illustrated by Virgil’s position in a region in-
dicative of a mixed nature.

Being in the “AGN” zone in the adopted diagnostic
diagrams is a condicio sine qua non for being an AGN,
as shown in Figures 6 and 7, although some galaxies
in these regions have substantial star formation. If in-
terpreted with no redshift correction, the two sets of
diagnostic diagrams analyzed in this section would indi-
cate that Virgil may host an AGN: (1) its position in the
“OHNQO” diagram aligns with regions typically occupied
by AGNs and LRDs; while (2) in the [O 111]\4363-based
diagrams from Mazzolari et al. (2024), Virgil occupies a
region predominantly populated by recently discovered
AGNs at high-z. However, this classification strongly
depends on the assumption that the criteria to separate
SFGs and AGNs remain unchanged with redshift. If the
redshift evolution of the relevant line ratios is consid-
ered—particularly in light of recent findings (e.g., Back-
haus et al. 2025)—the classification of Virgil becomes
more ambiguous, potentially suggesting a mixed nature
or even a galaxy dominated by star formation.

In summary, we have conducted a detailed analysis
of Virgil based on its emission-line spectrum. At first
glance, Virgil appears to be a typical galaxy for its red-
shift, with low-to-moderate attenuation in its emission
lines and low but representative metallicity. While its
emission-line ratios could suggest AGN activity, this
classification becomes ambiguous when accounting for
the redshift evolution of diagnostic diagrams. Had it not
been identified through its pronounced spectral steepen-
ing in the MIRI bands (Iani et al. 2024a), Virgil could
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Figure 8. Illustrative example of the modeling and subtrac-
tion procedure applied to the foreground LAE at z ~ 4.77
located near Virgil. Each row corresponds to a different
MIRI filter: F560W (top), F770W (middle), and F1000W
(bottom). The three columns show, from left to right, the
original data, the best-fit model of the LAE, and the residual
after model subtraction (data”model). No modeling was ap-
plied to Virgil, which is visible in all panels and highlighted
in the F560W stamp. Note that the displayed scales are op-
timized independently for each panel for visual clarity and
are not uniform across filters.

easily be misclassified as an ordinary high-z SFG, shar-
ing many properties with the bulk of the galaxy popu-
lation during the EoR.

4. PHOTOMETRY AND SPECTRAL ENERGY
DISTRIBUTION OF VIRGIL

The nature of Virgil remains ambiguous when relying
solely on data below 5 pm, even when rest-frame optical
emission lines are considered, but changes significantly
with the addition of longer wavelength observations. We
leveraged these observations to perform updated pho-
tometry and SED fitting since deeper MIRI data are
now available at 7.7, 10, and 15 pm from the MIDIS
and PAHSPECS teams. We build on the SED fitting
presented in Tani et al. (2024a), now incorporating the
latest MIRI data. As the derived physical properties re-
main essentially unchanged, we refer the reader to Iani
et al. (2024a) for a detailed description of the modeling
and results. Here, we focus on a more interpretative dis-
cussion in light of the spectral analysis presented in this
work.

4.1. Forward Modeling and Photometry of Virgil

We performed a set of customized photometric mea-
surements using the PHOTUTILS package (Bradley et al.
2022). Object centroids were computed using the “win-
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Figure 9. The color-magnitude diagram shows F444W
along x-axis and F444W—-F1000W along y-axis, including
Virgil, data from SMILES and JADES (hexagons), and a
sample of LRDs in GOODS-S at z = 4-8 previously reported
by Kokorev et al. (2024), Pérez-Gonzalez et al. (2024b), and
Rinaldi et al. (2024a) with MIRI detection in the SMILES
catalog in GOODS-S.

dowed positions” method implemented in Source Ex-
tractor (Bertin & Arnouts 1996). Depending on the
filter, we employed a combination of Kron apertures
(Kron 1980) with a Kron parameter of 2.5 and cir-
cular apertures. This approach was crucial as Virgil
appears elongated, particularly at shorter wavelengths
(NIRCam short channel), as noted in Tani et al. (2024a).
In Figure 9, we show Virgil’s color F444W—F1000W
(2.50 + 0.02 mag) with respect to the SMILES sam-
ple in GOODS-S as well as a sample of LRDs at z ~
4 — 8 already reported in Kokorev et al. (2024), Pérez-
Gonzalez et al. (2024b), and Rinaldi et al. (2024a). In-
terestingly, at 15 um, Virgil shows F444W—-F1500W
= 2.87 + 0.04 mag, which highlights how extreme this
source is at the MIRI wavelengths. An overview of Vir-
gil's appearance is presented in Figure 10.

For circular aperture photometry, we adopted filter-
dependent radii, with apertures as large as 0.4—0.5" in
the MIRI bands. In each case, we measured the back-
ground in a close region around Virgil and calculated the
noise using nonadjacent pixels (5 pixels apart) to take
into account noise correlation, as explained in Pérez-
Gonzalez et al. (2023). We corrected the photometry to
total flux using aperture corrections from JADES (for
HST and NIRCam) and SMILES (for MIRI). We vali-
dated our new measurements by comparing them with
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Figure 10. Cutouts (2.5"” x 2.5”) centered on Virgil, showing imaging from HST (from F775W only), NIRCam, and MIRI, each
displayed at their native pixel scales (30 mas for HST and NIRCam, 60 mas for MIRI), and color-coded in blue, orange, and
red, respectively. Virgil is highlighted in F356W and F560W. Its elongated morphology, featuring two distinct knots, is clearly
visible in the NIRCam bands thanks to their superior resolution. F560W, F770W, and F1000W are from MIDIS; F1500W is
from PAHSPECS, while the remaining MIRI bands are from SMILES. Each postage stamp is displayed using its intensity scale
centered around the median pixel value to enhance visual contrast across filters.

those reported in Iani et al. (2024a), finding good agree-
ment.

We used FORCEPHO to model and subtract the nearby
LAE (zspec = 4.77) to avoid light contamination during
the photometric measurements. The LAE and Virgil
were modeled using Sérsic (1968) profiles, with one Sér-
sic profile representing the extended flux of the LAE
and four additional compact Sérsic profiles modeling
its stellar clumps. We observed that Virgil consists of
two knots, one of which likely drives the strong upturn
in the SED at MIRI wavelengths, leading us to model
these knots separately with two Sérsic profiles. We uti-
lized FORCEPHO to sample all model parameters using

NIRCam and HST images, employing the Hamiltonian
Monte Carlo Markov Chain method. Each galaxy was
then forward-modeled in the MIRI images by fitting the
flux of each component using non-negative least squares
regression, incorporating effective point-spread-function
(ePSF) models provided by Libralato et al. (2024). Fig-
ure 8 presents the LAE-subtracted image using the best-
estimated model, with minimal residuals at the LAE’s
location, demonstrating the quality of our modeling. Al-
though we obtained a model flux of Virgil during the
process, we do not adopt it as fiducial, as the complex
morphology of Virgil is not well represented by two Sér-
sic profiles. Nevertheless, we find good agreement be-
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tween the model flux and the photometry results from
the LAE-subtracted images.

4.2. Virgil is a Little Red Dot

First, we examined the photometric criteria for LRDs.
Tani et al. (2024a) demonstrated that Virgil satisfies
most of the commonly used color criteria for LRDs,
except for a relatively blue F277W—-F444W (Kokorev
et al. 2024; Rinaldi et al. 2024a), which explains why
it was not selected in recent LRD studies in GOODS-
S (Kokorev et al. 2024; Pérez-Gonzélez et al. 2024a;
Rinaldi et al. 2024a). To further characterize Vir-
gil, we adopted the methodology of Kocevski et al.
(2024) and estimated the continuum slope (fy = M)
between two continuum bands to identify a V-shaped
SED. Specifically, following Lin et al. (2024), we ap-
plied the criteria Byy < —0.37 and Bope > 0, where
B = —0.4((m1 — ma)/log1g(A1/A2)) — 2. Using F430M
and F444W, we obtained f,,;: ~ 0.87, while for Syv,
we found fyy =~ —0.68 by relying on F115W and
F150W. This places Virgil within the locus of V-shaped
SED galaxies, reinforcing its classification as a LRD.
These findings underscore the complexity of LRD selec-
tion (Hainline et al. 2024a) and suggest that refining
color criteria, potentially incorporating MIRI photome-
try when available, may be necessary to select Virgil-like
sources during EoR. Finally, as highlighted in Iani et al.
(2024a), we found that Virgil satisfies the compactness
criterion, showing craqaw (= F(0.5”)/F(0.25")) = 1.5.

5. STELLAR PROPERTIES OF VIRGIL
5.1. SED fitting

We followed the approach adopted in Iani et al.
(2024a) and employed multiple SED-fitting codes to
estimate the stellar properties of Virgil. While lani
et al. (2024a) present a detailed SED fitting analysis,
we focused on deriving key stellar parameters to contex-
tualize our spectral results and investigate the nature of
this object. Specifically, we use BAGPIPES (Carnall et al.
2019), CIGALE (Boquien et al. 2019), PROSPECTOR
(Johnson et al. 2021), and SYNTHESIZER-AGN (Pérez-
Gonzélez et al. 2003, 2008, 2024a). As demonstrated
and largely discussed in Tani et al. (2024a), Virgil is well
described only when an AGN component is included,
except for SYNTHESIZER-AGN, which tends to prefer
a two-population solution. With respect to Iani et al.
(2024a), we expanded the two-population scenario also
to BAGPIPES.

For BAGPIPES, we adopt the same setup as in Rinaldi
et al. (2024a) for LRDs, utilizing synthetic templates
from Bruzual & Charlot (2003) with a Kroupa IMF,
a stellar mass cut-off of 100 My, and nebular emission

modeled with CLouDY (Ferland et al. 2013). We em-
ploy a continuity non-parametric SFH model (Leja et al.
2019), defining age bin edges (in look-back time) based
on Virgil's spectroscopic redshift, following a logarith-
mic distribution from z = 30 to the cosmic time at that
redshift. The same approach is applied to the age pa-
rameter.

We let stellar masses range from 10° to 10'3 M, (uni-
form prior in log). We adopt a Calzetti reddening law
(Calzetti et al. 2000), allowing Ay to vary between 0
and 6, while metallicity (Z/Zg) spans 0 to 2.5. The
ionization parameter is constrained between —4 and
0.001. For the AGN contribution, we follow Carnall
et al. (2023) (see their Table 1), adopting broad, flat
(uniform) priors for all parameters.

For the two-population scenario, we adopt a delayed
SFH with 7 ranging from 0.1 to 13 Gyr. Each population
follows the same metallicity, age, and dust constraints
as the AGN-included run.

For CIGALE, we assume a delayed exponentially de-
clining SFH (delayed-7 model) with two stellar popula-
tions. We adopt Bruzual & Charlot (2003) stellar popu-
lation models with both solar and sub-solar metallicity
(Z = 0.2Zg) and a Chabrier IMF. Nebular continuum
and emission lines are included, assuming solar and sub-
solar metallicity, and allowing electron density and ion-
ization parameter values of n, = 10,102,102 cm~3 and
logqo(U) = —3,—2, -1, respectively. For dust attenua-
tion, we adopt Calzetti et al. (2000), while far-IR emis-
sion is modeled with Draine et al. (2014). AGN emission
is incorporated using the SKIRTOR models (Stalevski
et al. 2012, 2016), following initial parameters from Yang
et al. (2023) but allowing for both Type 1 (unobscured)
and Type 2 (obscured) AGN.

For SYNTHESIZER-AGN, the SED is modeled as a
composite stellar population (Pérez-Gonzalez et al.
2003, 2008) with AGN emission from the accretion disk
and dusty torus (Pérez-Gonzalez et al. 2024a). Stellar
emission consists of a young and an older star formation
event, each described by a delayed exponential function
with 7 between 1 Myr and 1 Gyr, and ages up to the
cosmic time at the Virgil's redshift. Each stellar pop-
ulation experiences independent attenuation following
Calzetti et al. (2000), with Ay ranging from 0 to 10
mag. The stellar component is modeled with Bruzual
& Charlot (2003) templates, assuming a Chabrier IMF
with stellar masses between 0.1 and 100 Mg, includ-
ing nebular emission (Pérez-Gonzalez et al. 2003). The
AGN emission follows a QSO average spectrum (Van-
den Berk et al. 2001; Glikman et al. 2006), while its
dust component is modeled using self-consistent AGN
torus templates from Siebenmorgen et al. (2015).



Finally, for PROSPECTOR, we used a modified version
built on the standard implementation, which incorpo-
rates the Flexible Stellar Population Synthesis (FSPS;
Conroy & Gunn 2010) model for the stellar component.
We assumed a Kroupa (2001) initial mass function and
a delayed-7 star formation history. Nebular line and
continuum emission were included, as pre-configured in
FSPS (Byler et al. 2017). We adopted the Calzetti at-
tenuation curve with a flexible slope, following Kriek
& Conroy (2013). For galaxy dust emission, given that
Virgil has z = 6.64, we used the empirical IR SED model
of Haro 11, a low-metallicity, starbursting dwarf galaxy
believed to exhibit typical features of first-generation
galaxies in the early Universe (Lyu et al. 2016; De Rossi
et al. 2018).

This code employs a set of semi-empirical AGN SED
models optimized for AGN identification and character-
ization (Lyu et al. 2022, 2024). We adopted a model
configuration similar to that in Lyu et al. (2024) for the
SMILES+JADES AGN identification. The AGN com-
ponent includes both the AGN-powered continuum from
the UV to the far-IR and the narrow and broad emission
lines from the UV to the NIR, derived from empirical ob-
servations. The continuum shape and line strengths of
the AGN SED can be adjusted using a hybrid attenua-
tion model, featuring an SMC-like curve for the typical
UV-optical attenuation in Type-1 AGNs and an empir-
ical attenuation law for IR obscuration. We refer the
reader to Lyu et al. (2024) for further details.

5.2. Results from SED fitting

We now discuss the results of the SED fitting.
Tani et al. (2024a) showed that most SED fitting
codes struggle to reproduce the MIRI fluxes unless
an AGN component is included, with the exception
of SYNTHESIZER-AGN. This is mainly because, by de-
sign, SYNTHESIZER-AGN always fits two independent
stellar populations—regardless of the inclusion or not
of an AGN—providing greater flexibility to account for
complex SED shapes.

We first fit Virgil’s photometry without including an
AGN component, adopting a model with two stellar
populations. As shown in Iani et al. (2024a), only
SYNTHESIZER-AGN (used here without including an
AGN component) was originally capable of such a fit
due to its design. Here, we introduced this flexibil-
ity in BAGPIPES as well'?. In both cases, the inferred
total M, is significantly higher than in AGN-inclusive
models (see next paragraph), with log,,(M, /M) rang-

13 This flexibility was implemented in BAaGpiPES only for the
model without the AGN contribution.
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ing from 9.80 to 10.50. The older population consis-
tently exhibits Ay =~ 2 — 4. However, the solutions
from BAGPIPES and SYNTHESIZER-AGN differ: the
latter yields two very young populations (ftage < 50
Myr) with distinet extinctions (Ay = 3.60 for the
most obscured), consistent with Iani et al. (2024a),
while BAGPIPES retrieves two markedly distinct popu-
lations—one extremely young (tage < 3 Myr), dust-free,
and low-mass (logo(M,/Mgy) =~ 7.24), and one older
(approaching the age of the Universe at z ~ 6.64), mas-
sive (logyo(Mi/Mg) ~ 10.48'%), and heavily obscured

When including an AGN component, both SYNTHESIZER-
AGN and PROSPECTOR consistently yield log,o(M,/Mg) =

9, although BAGPIPES retrieves a significantly lower stel-
lar mass by ~ 1 dex: log,o(M,/Mg) = 7.92. Similarly,
CIGALE finds log,y(M./Mg) = 8.50. Notably, BAG-
PIPES predicts a stellar age of t.ge = 400f§28 Myr, con-
sistent with both CIGALE and PROSPECTOR within
the uncertainties (tage ~ 400 — 600 Myr). However, its
mass-weighted age, from BAGPIPES, is only 4:2) Myr,
indicating that a substantial fraction of the stellar mass
formed recently, which is consistent with a very recent
burst of star formation.

Interestingly, both SYNTHESIZER-AGN and PROSPEC-
TOR, when invoking an AGN, predict Ay ~ 2 —4. In
particular, SYNTHESIZER-AGN predicts Ay &~ 0.74 mag
for the young population (taee ~ 10 Myr), in line
with our estimate from NIRSpec/PRISM data, and
Ay ~ 2.40 for the older population (tuge =~ 32 Myr).
Similarly, BAGpIPES and CIGALE yield Ay values
consistent with those inferred from Balmer lines tracing
the young population. Across all fits, the metallicity
remains consistent at 10-20%, Z, in agreement with
our spectroscopic constraints.

Overall, all models yield a reduced x? between 6 and
12, with BAGPIPES achieving the best x2 when including
an AGN, while SYNTHESIZER-AGN favors the model of
two stellar populations without an AGN. As discussed
in Tani et al. (2024a), fitting this object remains chal-
lenging, reflecting the well-known difficulty in modeling
LRDs in general. Nevertheless, most SED fitting codes
used in this work—as it was for Iani et al. (2024a)—favor
the (embedded) AGN interpretation. Interestingly, our
modified version of PROSPECTOR tailored for obscured
AGNs (Lyu et al. 2024) fails to reproduce the observed
SED of this object when the AGN component is ex-

14 Overlapping with the maximum M, expected from the stellar
mass—halo mass relation of Behroozi et al. (2020) at its redshift.
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cluded. We show the best-fit results in Figure 11 along
with other models from the literature (see next section).

6. HIDE AND SEEK: WHAT IS THE NATURE OF
VIRGIL?

6.1. Star forming properties

Tani et al. (2024a) introduced Virgil as the first LRD
with a clearly detected host galaxy and a peculiar ris-
ing SED between 4 and 10 pym. At that time, their
analysis was limited to photometric data from HST and
JWST (NIRCam and MIRI). Leveraging multiple SED-
fitting codes, we identified two plausible scenarios for
Virgil’s nature: either a dusty starburst galaxy or a SFG
hosting an obscured AGN. However, in the previous sec-
tions, we demonstrated that incorporating spectroscopic
data from NIRSpec/PRISM strengthens the interpreta-
tion of Virgil as a typical SFG during the EoR—or,
at the very least, that its AGN nature becomes less
clear when the redshift evolution of diagnostic diagrams
is taken into account. This is supported by its rela-
tively low M, metal-poor nature, and extreme EW for
[O 111]AN4959, 5007. Interestingly, Virgil shares similari-
ties with GPs and BBs, which are often considered the
best low-redshift analogs of high-z galaxies.

In general, when focusing on NIRSpec/PRISM data,
we find that Virgil appears to be a typical system at
z &~ 6 — 7 undergoing a bursty star formation episode.
At the time of observation, it is either experiencing or
fading out of a starburst, while also harboring an older
stellar population that dominates its M, with formation
dating back a few hundred million years, as inferred from
BAGPIPES, CIGALE, and PROSPECTOR fits. Virgil ex-
hibits extreme emission line ratios, including a high R3
index (= 0.8), consistent with other galaxies at similar
redshifts (e.g., Cameron et al. 2023; Tang et al. 2023).
This is likely driven by intense star formation, with a
surface SFR of Ygprma) ~ 5.25 Mg yrikpe™? at a
moderately low metallicity (Z ~ 0.1—-0.2 Zg). Whether
it contains an AGN remains ambiguous if the emission
line ratios are interpreted in the context of its redshift
and the evolution of these ratios, consistent with trends
observed in other LRDs by Rinaldi et al. (2024a). If this
interpretation holds, it may also apply to other claimed
Type 1 and Type 2 AGN in the literature (e.g., Kokorev
et al. 2023; Scholtz et al. 2023).

6.2. Virgil’'s AGN

However, multiple SED-fitting codes that incorporate
wavelengths beyond 5 pm suggest that this galaxy hosts
a deeply obscured AGN, a characteristic commonly ob-
served in many LRDs. Notably, Virgil’s infrared SED
rises even more steeply than those of typical LRDs, mak-

ing it one of the most extreme cases identified to date
at z =~ 6-7. While Virgil may appear exceptional, it
has lower-redshift analogs, such as the obscured AGNs
identified in the HUDF by Lyu et al. (2024).

Interestingly, Lin et al. (2024) recently identified a
subset of GP galaxies that exhibit the V-shaped SED
commonly found in high-z LRDs, along with broad emis-
sion lines, suggesting a possible evolutionary link be-
tween these two populations (see Figure 11).

Further exploring analogies with lower redshift sources
provides key insights into the nature of Virgil. Iani et al.
(2024a) measured a compactness of cpgqaw ~ 1.5 for
Virgil, consistent with the LRD criterion (cpqqaw < 2;
Kokorev et al. 2024). However, this threshold is some-
what arbitrary. If Virgil were at z ~ 3.5, for instance,
the angular scale would be = 7.3 kpc/arcsec instead of
5.4 kpc/arcsec at z = 6.64, and the 4.44 pm emission
would be even more dominated by the obscured AGN,
which would make Virgil appear even more compact.

Another intriguing analogy is with the very red
sources at z ~ 2 identified in Spitzer observations, com-
monly known as Dust Obscured Galaxies (DOGs) (e.g.,
Weedman et al. 2006; Bussmann et al. 2012). The most
extreme DOGs exhibit infrared SEDs that rise as steeply
as that of Virgil, such as SST24 J142648.9+332927
(Bussmann et al. 2012). DOGs are typically classified
into two subgroups based on their distinct SEDs: power
law (PL) DOGs, indicative of AGN dominance, and
“bump” DOGs, which show a flattening near rest-frame
1.6 pm, suggesting a significant contribution from a
stellar population (e.g., Dey et al. 2008). Therefore,
“bump” DOGs are considered to correspond to galaxies
in a star-forming phase (Bussmann et al. 2011), while
PL DOGs are associated with galaxies in an AGN phase
(e.g., Bussmann et al. 2009). Dey et al. (2008) showed
that the fraction of PL DOGs among all DOGs increases
with increasing MIR flux density, similar to the lumi-
nosity dependence of the AGN fraction in ultraluminous
infrared galaxies (ULIRGs; Sanders & Mirabel 1996;
Veilleux et al. 1999). Notably, some of these features
are commonly observed in LRDs as well (Pérez-Gonzalez
et al. 2024a; Williams et al. 2024).

Hence, Virgil is likely experiencing a transition phase
at the moment we observe it, allowing us to witness a
starburst event with an embedded AGN. As shown in
Tani et al. (2024a), the MIRI part of Virgil's SED cannot
be solely attributed to star-formation heated dust emis-
sion. Otherwise, the required dust temperature would
approach the typical sublimation temperature for the
dust (Tyup = 1500 — 2000 K, depending on dust com-
position; Temple et al. 2021), a scenario that would be
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Figure 11. The best-fit results for Virgil are shown, with photometric data indicated by black squares and 3o upper limits
by black inverted triangles. The reduced chi-squared values are also reported and computed consistently across the different
SED fitting codes to account for their varying treatments of upper limits. The red arrow highlights the IR excess relative to the
typical SFG template, which both NIRCam and NIRSpec data would bias the SED fitting toward. In contrast, the blue arrow
indicates the UV excess compared to the average LRD template proposed by Akins et al. (2024). For comparison, we include the
LRD model from Akins et al. (2024) and Virgil's SED, excluding the MIRI bands, as derived from BAGPIPES. Additionally, we
show the average BL GP SED (green circles) from Lin et al. (2024), considering only sources with M, similar to the estimated
value for Virgil. Finally, we compare it with the Blue-excess HotDOG (HSC J1202; red circles) from Noboriguchi et al. (2022).
RUBIES-BLAGN-1 model from Wang et al. (2024) is shown in blue. The vertical dashed red line marks the transition between
the NIRCam and MIRI domains. All models are normalized to F444W in the Virgil's reference system.

difficult to reconcile with “normal” star formation be-
havior (e.g., Sommovigo et al. 2020).

However, the DOG family is more diverse. For in-
stance, HotDOGs are among the most luminous objects
in the Universe, with bolometric luminosities often ex-
ceeding 101371 L, (see an example of HotDOG, HSC
J1202, in Figure 11). Discovered with the Wide-field
Infrared Survey Explorer (WISE; Wright 2010), they
exhibit extremely red MIR SEDs. Their emission is
dominated by hyperluminous, highly obscured AGNs
that power their intense mid-to-far infrared radiation
(e.g., Eisenhardt et al. 2012). Interestingly, X-ray stud-
ies indicate that their obscuration levels are exception-
ally high, often reaching or exceeding the Compton-thick
limit (Ng > 1.5x10%* cm?) (e.g., Ricci et al. 2017). Due
to this heavy obscuration, the host galaxy could domi-
nate the UV and optical wavelengths, rather than direct
AGN emission.

While most HotDOGs exhibit extreme dust obscura-
tion that suppresses UV emission, a subset displays sig-
nificant excess UV /optical light compared to the aver-
age population—these are known as Blue-excess Hot-
DOGs (BHDs; e.g., Assef et al. 2016; Noboriguchi et al.
2022). Assef et al. (2016) proposed several plausible
scenarios to explain this excess, including the possibil-
ity that a small fraction of AGN light leaks into our line
of sight via scattering by dust, gas, or both—a scenario
recently studied also by Stepney et al. (2024) in the case
of ULASJ2315+0143, a source around Cosmic Noon. In
this scenario, the intrinsic emission from the accretion
disk and broad-line region is largely absorbed, with only
< 1% scattered into view on larger spatial scales, where
dust grains efficiently reflect shorter-wavelength radia-
tion (Draine 2003).

A similar contrast between the UV and optical colors
has been already observed in LRDs (Noboriguchi et al.
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2023). While most LRDs exhibit extremely red optical-
to-NIR colors (0.4-1 pm), they show a blue excess in the
rest-frame UV (0.2-0.4 pm), reminiscent of Blue-Excess
HotDOGs found at z =~ 2 — 3. However, LRDs repre-
sent a less extreme manifestation of this phenomenon
compared to Blue-Excess HotDOGs, as they are found
at higher redshifts and exhibit lower M, and Eddington
ratios (Aggq =~ 0.1-1), suggesting they may be earlier-
stage counterparts.

Nonetheless, Virgil stands out as an even more ex-
treme case among LRDs, exhibiting both an exception-
ally steep SED between F444W and F1500W and an
enhanced UV excess. Indeed, Virgil's UV excess is more
pronounced compared to the average LRD template pro-
posed by Akins et al. (2024), suggesting a greater contri-
bution from either scattered AGN light or, more likely,
a strong star-forming component. At the same time, its
SED rises more steeply than seen in most LRDs at wave-
lengths beyond 0.6 pm (rest-frame), resembling the most
obscured DOGs. This dual nature—both an extreme red
excess in the MIRI regime and an unusually strong blue
excess in the UV—potentially places Virgil as a high-z
analog of Blue-excess HotDOGs, possibly with a strong
contribution at the UV regime from its host.

Noboriguchi et al. (2023) suggested that the connec-
tion between LRDs and Blue-excess HotDOGs reflects
an evolutionary sequence in which gas-rich mergers trig-
ger dusty starbursts, giving rise to heavily obscured
DOGs. Interestingly, when modeling Virgil with FOR-
CEPHO, it appears to be composed of two distinct knots
in the NIRCam wavelength range, suggesting a possi-
ble merger-driven scenario. As AGN feedback disperses
the surrounding dust, some of these systems develop a
blue excess, akin to what is observed in Blue-excess Hot-
DOGs. In this context, LRDs may represent an even
earlier stage in this process, where lower metallicities
and dust-to-gas ratios at high redshifts lead to a higher
fraction of such objects exhibiting blue excess. Yet, Vir-
gil appears even more extreme, with a UV excess likely
arising from a combination of AGN activity and star
formation, though primarily driven by the host galaxy,
while its obscured SMBH shapes an extreme near-IR
SED (rest-frame).

As a final analogy with sources at lower redshifts, in
Figure 11, we compared Virgil to another LRD at a much
lower redshift (zgpec = 3.1), RUBIES-BLAGN-1, studied
by Wang et al. (2024). RUBIES-BLAGN-1 closely fol-
lows Virgil's SED at wavelengths beyond 4.4 pm. While
both objects exhibit a similar trend at IR wavelengths,
they diverge significantly in the UV, further emphasizing
the striking UV excess observed in Virgil compared to

the average LRD populaton. This divergence highlights
once again the peculiar nature of Virgil.

7. SUMMARY AND CONCLUSIONS

In this paper, we extend the analysis of Virgil, first
presented in lani et al. (2024a), using recent data col-
lected by the MIDIS and PAHSPECS teams for MIRI,
and NIRSpec/PRISM data by the OASIS team. Vir-
gil is a LAE at zgpec = 6.6379 £ 0.003, detected with
VLT/MUSE (Bacon et al. 2023). It shares key photo-
metric properties with the LRD population, including
its compactness in F444W (cpgqaw =~ 1.5; Tani et al.
2024a), although it does not strictly meet all their color
selection criteria (Kokorev et al. 2024; Rinaldi et al.
2024a).

Our main findings can be summarized as follows:

o Virgil exhibits low to moderate dust attenuation
based on its Balmer decrement, assuming the SMC
reddening law from Gordon et al. (2003). Its
metallicity aligns with galaxies of similar M, at
z 2 6 (Figure 2). By comparing the UV- and
Ha-based SFRs, we find that Virgil may be transi-
tioning into—or fading out of—a bursty phase. Its
fese,Lyc and &;op indicate a limited role in Cosmic
Reionization, further supported by its moderate
EWy(Ha) compared to other emitters at similar
redshifts (e.g., Rinaldi et al. 2023, 2024b; Sim-
monds et al. 2024b). Overall, Virgil's spectral
properties align with the average galaxy popula-
tion during the EoR (e.g., Cameron et al. 2023).
A full summary of its spectral properties is pro-
vided in Table 2.

e The combination of NIRSpec/PRISM data with
extensive photometric coverage from HST and
JWST, including MIRI detections up to 15 um,
offers a unique opportunity to further investigate
Virgil's nature. Without an a priori assumption
that it could host an AGN— as previously sug-
gested by ITani et al. (2024a) and based solely on
photometry—we analyze its ISM properties us-
ing the R23 vs. 032 and Ne30O2Hd vs. Ne302
diagrams (Figure 3). By considering CLOUDY
models for SFGs (following the approach outlined
in Calabro et al. 2024a), we find that Virgil's
ISM does not significantly deviate from the typ-
ical high-z SFGs during the EoR. Interestingly,
its properties resemble well-studied GPs and BBs,
which are among the best local analogs of high-z
galaxies. Notably, despite its moderate EW((Ha),
Virgil exhibits a huge EWj for [O 111]AA4959, 5007
(1514 £+ 20 A), comparable to the Extreme Line



Emitters studied by Boyett et al. (2024) at similar
redshifts.

To assess the AGN nature suggested by Iani et al.
(2024a), we search for broad Balmer lines (a fea-
ture already found in other claimed LRDs), mod-
eling Ha with and without a broad component.
However, the NIRSpec/PRISM data do not pro-
vide a firm conclusion (Figure 4). We note that
the source’s position within the slit (Figure 1, right
panel)—with the red knot lying near the edge or
possibly in the shutter gap—may limit our sensi-
tivity to broad-line emission. Nonetheless, assum-
ing the broadening is real, the inferred M,, Lpo,
and Eddington ratio align with expectations for
LRDs (Figure 5) and with values already reported
in Tani et al. (2024a) by leveraging photometric
data only. We examine emission-line diagnostics
and find that while Virgil lies above the SFG-AGN
separation line in the “OHNO” diagram (Backhaus
et al. 2022), it falls below it when accounting for
redshift evolution. Similarly, O3Hg-based diagnos-
tics (Mazzolari et al. 2024) place it among AGNs
at high z (e.g., Nakajima et al. 2023; Scholtz et al.
2023), but when accounting for redshift evolution,
its classification becomes ambiguous (Figure 7).
Overall, while these high-z diagnostics would clas-
sify Virgil as an AGN, they do not provide a defini-
tive classification when the redshift evolution is
taken into account, instead pointing to a likely
mixed nature.

The newly acquired MIRI data from MIDIS and
PAHSPECS, including a clear 15 pum detection of
Virgil, enabled improved photometry and SED fit-
ting. Using FORCEPHO, we identified two dis-
tinct knots, reinforcing evidence of complex UV
morphology in LRDs (Rinaldi et al. 2024a), with
one component accounting for the MIRI excess.
Virgil appears even redder in F444W—-F1500W
color (=~ 2.84) than typical LRDs and, while it
does not meet all standard LRD color criteria
(Kokorev et al. 2024), it satisfies the V-shaped
SED selection from Kocevski et al. (2024), sug-
gesting that MIRI bands may be crucial for iden-
tifying extreme cases (Figure 9). To contextualize
its spectral properties, we applied multiple SED-
fitting codes (Figure 11), extending the analysis of
Iani et al. (2024a) by incorporating two indepen-
dent stellar populations in BAGPIPES and utilizing
an AGN-optimized version of PROSPECTOR (Lyu
et al. 2024). Interestingly, the tailored version of
PROSPECTOR fails to reproduce the observed SED
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when an AGN component is not included. While
modeling this source remains challenging, our re-
sults show that the fits consistently require the
presence of a dust-obscured AGN, consistent with
the findings of Tani et al. (2024a).

e Combining photometric and spectroscopic data,
we find Virgil to be among the most extreme LRDs
identified to date, with a steeply rising SED be-
yond 4.44 pm (observed-frame) and a pronounced
UV excess. Its SED closely resembles Cosmic
Noon objects observed with Spitzer, such as SST24
J142648.9+ 33292, a well-studied DOG, and shares
similarities with HotDOGs, whose IR properties
align with those of LRDs. Noboriguchi et al.
(2023) linked JWST/EROs to DOGs, particularly
Blue-Excess HotDOGs, which exhibit extreme IR
colors and a flat UV continuum. The UV excess
in Blue-Excess HotDOGs has been attributed to
AGN light (< 1%; Assef et al. 2016, 2020) scat-
tered by dust or gas, a scenario that could also
contribute to Virgil's properties. A similar finding
was also reported for ULASJ2315+014, a Cosmic
Noon source, by Stepney et al. (2024). However,
Virigil s SED and emission-line features suggest a
mix of AGN and star formation activity, with the
UV emission likely dominated by the host galaxy.
Finally, we compare Virgil to RUBIES-BLAGN-1
(2spec = 3.1) from Wang et al. (2024), noting that
their SEDs diverge at shorter wavelengths, with
Virgil exhibiting a stronger UV excess.

This study underscores the challenges of studying such
systems at high redshift and highlights the necessity of
a multi-wavelength approach to identify and character-
ize extreme sources during Cosmic Reionization. Deep
MIRI imaging at z > 6 is crucial for uncovering highly
dust-obscured AGNs that might otherwise be misclas-
sified as normal SFGs, especially in studies limited to
wavelengths below 5 pm. In such cases, both photomet-
ric and spectroscopic information can lead to ambigu-
ous classifications, particularly when redshift evolution
is taken into account. This reinforces the need to ex-
pand MIRI coverage to systematically identify more of
these extreme objects and refine our understanding of
early black hole growth.
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