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Abstract

Sgr A�, the 4 × 106 M⊙ supermassive black hole at the Galactic center, exhibits frequent flaring with X-ray
luminosities of LX ∼ 1035–1036 erg s−1, while its ultraviolet (UV) emission remains unconstrained due to extreme
extinction (AV ∼ 30 mag). We use JWST/MIRI time-resolved spectroscopy of the central 0 .3 region to search for
mid-infrared emission line variability driven by Sgr A� flares, comparing the results to CLOUDY photoionization
models spanning flare luminosities of LUV = 1032–1039 erg s−1. We detect no continuum-correlated variability in
any mid-infrared line, including [Fe II] (5.34 μm), [Ne II] (12.813 μm), [Fe II] (17.936 μm), and [S III]
(18.713 μm) over lags of ∼1–8 hr. Despite expectations of a flare-driven response, we show that the lack of
variability is consistent with the physical conditions in the spatially extended line-emitting gas, where light-
crossing timescales of ∼0.1–10 days and recombination and cooling timescales much longer than the variability
timescales suppress any observable response to individual flares. We further find that the modeled infrared spectra
are dominated by continuum emission rather than isolated line emission. The brightest predicted lines are
intrinsically weak (lower than 10−5 mJy), and their detectability is further reduced by the large kinematic
broadening expected at the CLOUDY-predicted emitting radii, reducing their contrast against the continuum.
Extending the analysis to higher-ionization mid-infrared and near-infrared lines does not improve sensitivity.
These results demonstrate that infrared emission lines trace a steady-state radiation field rather than individual
flaring events, and therefore infrared line diagnostics cannot be used to constrain the instantaneous UV flux of
Sgr A*.

Unified Astronomy Thesaurus concepts: Astrophysical black holes (98); Galactic center (565)

1. Introduction

At a distance of 8.15 kpc and with a mass of roughly
4.1× 106M⊙ (A. M. Ghez et al. 2008; GRAVITY Collabora-
tion et al. 2019), the supermassive black hole at the center of
the Milky Way, Sagittarius A� (Sgr A�), offers a unique
opportunity to investigate the physics of low-luminosity active
galactic nuclei (LLAGN) on spatial scales that cannot be
resolved in more distant systems. Despite being embedded
within a dense nuclear star cluster containing numerous mass-

losing stars and streams of molecular gas, Sgr A� does not
have a high accretion rate and is extraordinarily faint. Its
bolometric luminosity is Lbol ≲ 1036 erg s−1 (F. Yuan et al.
2003), corresponding to an Eddington ratio of ∼10−9, many
orders of magnitude below that expected from standard
radiatively efficient accretion disks (R. Narayan et al. 1998).
The faint end of the Palomar low-luminosity AGN sample
reaches nuclear Hα luminosities of LHα ∼ 1037erg s−1

(L. C. Ho 2008), already several orders of magnitude above
the quiescent X-ray luminosity of Sgr A�. This extreme
underluminosity is generally interpreted as evidence that the
accretion flow onto Sgr A� operates in a radiatively inefficient
regime. Current constraints favor a broader class of radiatively
inefficient accretion flows (RIAFs), in which the gas is hot,
optically thin, and geometrically thick, but where significant
mass loss occurs through outflows or winds (R. Narayan &
I. Yi 1994; R. Narayan et al. 1998; F. Yuan et al. 2003).
Measurements of linear polarization in the submillimeter
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(D. P. Marrone et al. 2006) and X-ray constraints on the
density profile (Q. D. Wang et al. 2013) limit the accretion rate
at small radii to M M10 yr7 1, implying that the majority
of the inflowing material does not reach the black hole.
Constructing a comprehensive broadband spectral energy
distribution (SED) for Sgr A� is therefore essential for
understanding the thermodynamic structure of the flow, the
efficiency of particle acceleration, and the mechanisms
responsible for the observed radiation (see, e.g., The Event
Horizon Telescope Collaboration 2022).

While Sgr A� spends most of its time in a quiescent, low-
luminosity state, it exhibits strong variability across multiple
wavelengths. X-ray flares reach factors of a few to ∼102–103

times the quiescent level, occurring on average ∼1 day−1 (see
Z. Sumners et al. 2026; J. Neilsen et al. 2013, and references
therein), while near-infrared (NIR) emission varies by factors
of a few up to ∼100, with typical rates of ∼4 events per day
(R. Schödel et al. 2011; T. Do et al. 2019). Long-term Chandra
monitoring has detected dozens of X-ray flares with peak
luminosities of LX ∼ 1035–1036 erg s−1 in the 2–10 keV band
and durations ranging from hundreds of seconds to several
kiloseconds (J. Neilsen et al. 2013; G. Ponti et al. 2015;
É. Bouffard et al. 2019), with the most extreme events
reaching a few ×1035 erg s−1 (D. Porquet et al. 2003;
D. Haggard et al. 2019). Recent systematic analyses further
show that flare properties are not self-similar: more luminous
flares exhibit harder spectra, increased morphological com-
plexity, and higher fluence for longer durations, implying more
efficient energy injection and evolving particle acceleration
conditions (Z. Sumners et al. 2026).

Multiwavelength observations show that the X-ray emission
traces only a fraction of the total radiative output during flares
(D. P. Marrone et al. 2008). Spectral modeling of the broadband
emission further supports this picture, indicating that the X-ray
band captures only a subset of the total energy budget
(S. Markoff et al. 2001; K. Dodds-Eden et al. 2009; H. Boyce
et al. 2019, 2022). Applying bolometric corrections of a factor
of a few to an order of magnitude therefore implies total flare
luminosities of Lbol ∼ 1036–1037 erg s−1 in millimeter-infrared
wavelengths. A complete understanding of Sgr A� flares
therefore requires knowledge of the full SED, particularly in
the poorly constrained ultraviolet (UV) regime where a
significant fraction of the radiative power may emerge in
accretion flow models. However, direct observations in the
UV are precluded by the extreme interstellar extinction toward
the Galactic center, with AV ∼ 30 mag (E. E. Becklin &
G. Neugebauer 1968; E. E. Becklin et al. 1978; G. H. Rieke &
M. J. Lebofsky 1985; T. K. Fritz et al. 2011; S. D. von Fellenberg
et al. 2025a), corresponding to optical depths that effectively
extinguish all UV and optical photons along the line of sight. This
creates a substantial observational gap between the NIR and
X-ray bands (F. Melia & H. Falcke 2001; S. Drappeau
et al. 2013).

Because the UV continuum from Sgr A� is inaccessible
along our line of sight, its luminosity must instead be
constrained indirectly through its impact on the surrounding
environment. Early studies used the absence of strong dust-
heating signatures and far-infrared dust reradiation to place
upper limits on the optical/UV luminosity of ∼104–105 L⊙
(H. Falcke & P. L. Biermann 1996; E. Serabyn et al. 1997).
Additional scenarios have explored the possibility that past
episodes of higher accretion may have left behind remnant

(“fossil”) disk structures in the Galactic center (S. Nayakshin
& F. Melia 1998). Additional constraints on Sgr A�’s past
history come from the lack of strong Compton reflection
features or bright X-ray echoes in molecular clouds close to
Sgr A�, which would be expected if the source sustained a
significantly higher UV/X-ray luminosity over extended
periods before fading to its current state (K. Koyama et al.
1996; G. Ponti et al. 2010; M. Clavel et al. 2013). Together,
these arguments indicate that despite energetic flaring, the
steady-state UV output of Sgr A� remains modest and must be
inferred through secondary tracers rather than direct detection.

A natural time-domain extension of this environmental
approach is to search for a delayed response of nearby gas to
the variable radiation field of Sgr A�. This is conceptually
related to reverberation mapping, in which continuum varia-
bility from an accreting black hole drives delayed emission-line
responses in surrounding gas, allowing light-travel times and
gas-response physics to be inferred from correlated variability
(see, e.g., R. D. Blandford & C. F. McKee 1982; M. C. Bentz
et al. 2009; E. M. Cackett et al. 2021). In classical AGN
reverberation mapping, the variable ionizing continuum and
broad emission-line response are both observed directly. In the
Galactic center, however, the experiment is adapted to a
different regime: the driving UV continuum cannot be observed
along our line of sight, and the potentially responding gas is
spatially extended, low-density, and embedded in a complex
foreground/background environment. A detectable mid-infrared
(MIR) line response therefore requires not only sufficient UV
flare luminosity, but also light-crossing, recombination, and
cooling timescales short enough to preserve variability on the
duration of individual flares.

Previous searches for line emission from the immediate
environment of Sgr A� have already demonstrated the
difficulty of using recombination lines to probe the accretion
flow. Motivated in part by reports of broad millimeter
hydrogen recombination-line emission from ionized gas within

0 .2–0 .3 of Sgr A� (E. M. Murchikova et al. 2019; F. Yus-
ef-Zadeh et al. 2020), A. Ciurlo et al. (2021) searched for a
NIR Brγ counterpart using 13 yr of Keck/OSIRIS data. They
found no broad Brγ emission associated with the accretion
flow and placed a stringent upper limit on the line flux, at least
a factor of 80 below the value expected from the reported
H30α emission. These results show that even hydrogen
recombination lines, which provide a natural tracer of ionized
gas, are strongly limited by source confusion, extended
foreground/background emission, and the intrinsic faintness
of any line component associated with Sgr A�.

In this work, we use the unprecedented sensitivity, spatial
resolution, and time-resolved spectroscopic capability of the
JWST Mid-Infrared Instrument (MIRI) to test whether nearby
mid-infrared emission lines respond to flaring activity from
Sgr A�. We first search for intrinsic variability in the observed
line light curves and compare the resulting limits with
time-dependent photoionization calculations using CLOUDY
(C. M. Gunasekera et al. 2025). Because this experiment is
conceptually related to reverberation mapping, we also perform
a complementary lagged cross-correlation and injection−recov-
ery analysis of the line and contemporaneous continuum light
curves; the methodology and full results are presented in the
Appendix. Together, these analyses test whether the surround-
ing gas can act as a responsive tracer of the otherwise
inaccessible UV radiation field of Sgr A�.
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In Section 2, we describe the construction of emission-line
and continuum light curves from the JWST/MIRI data and
outline the CLOUDY photoionization modeling framework. In
Section 3, we first show that no robust or physically
compelling continuum-correlated variability is detected in
the observed JWST/MIRI emission-line light curves. We then
use time-dependent CLOUDY simulations to show that both the
observed and prospective infrared lines are insensitive to hour-
timescale flaring from Sgr A�. In Section 4, we interpret these
results in the context of gas-response timescales and geometric
dilution. A complementary search for delayed, continuum-
correlated line variability using cross-correlation and injection
−recovery tests is presented in the Appendix. We summarize
our main conclusions in Section 5.

2. Methods

2.1. JWST Observations and Light Curves

JWST/MIRI observed Sgr A* as part of Program PID 4572
(D. Haggard et al. 2023; J. L. Hora et al. 2023) and Program PID
7532 (J. L. Hora et al. 2025), using the four SHORT gratings of
the MIRI Medium Resolution Spectrograph (M. Wells et al.
2015). The data can be found at doi:10.17909/580m-xg23. This
work uses all available data from these programs, which
provide simultaneous mid-infrared spectral coverage in four
channels: Ch 1 (4.90–5.74 μm), Ch 2 (7.51–8.77 μm), Ch 3
(11.55–13.47 μm), and Ch 4 (17.70–20.95 μm). Table 1 contains
information about the exposures used in the program. An
example Channel 1 image of the field is shown in Figure 1, which
illustrates the complex Galactic center environment and the 0.3
aperture used for our spectral extraction. We use notation for
identified objects from C. K. Dinh et al. (2024). The data were
processed using the MRS Light Curve Calibration Pipeline20

(S. D. von Fellenberg et al. 2025b; J. M. Michail et al. 2026),
which is built on version 2.0.0 of the JWST Calibration
Pipeline (H. Bushouse et al. 2026) using Calibration Reference

Data System PMAP jwst_1535. The calibrated products were
then reconstructed into time-resolved spectral cubes. We apply
mid-infrared extinction measurements (S. D. von Fellenberg
et al. 2025a) and staring-mode aperture corrections (see
Appendix A of J. M. Michail et al. 2026) to obtain absolute,
dereddened photometric light curves.

There are four detected lines sensitive to UV emission that
fall within the wavelength windows allowed by our time-series
data, the fine-structure lines: [Fe II] (5.34 μm; ionization
potential (IP) = 7.9 eV), [Ne II] (12.813 μm; IP = 22 eV),

Table 1
JWST/MIRI MRS Time-series Observations of Sgr A�

Obs. ID Prop. ID UT Date Nint Span Cadence
(minutes) (minutes)

jw04572003001 4572 2024 Apr 4 83 117.6 1.43
jw04572004001 4572 2024 Apr 4 83 117.6 1.43
jw04572005001 4572 2024 Apr 4 83 117.6 1.43
jw04572008001 4572 2024 Apr 6 83 117.6 1.43
jw04572009001 4572 2024 Apr 6 83 117.6 1.43
jw04572013001 4572 2024 Apr 8 83 117.6 1.43
jw04572014001 4572 2024 Apr 8 83 117.6 1.43
jw04572015001 4572 2024 Apr 8 83 117.6 1.43
jw04572019001 4572 2024 Apr 9 83 117.6 1.43
jw04572117001 4572 2024 Sep 6 83 117.6 1.43
jw04572120001 4572 2024 Sep 6 83 117.6 1.43
jw07532001001 7532 2025 Aug 5 293 418.6 1.43
jw07532002001 7532 2025 Aug 7 293 418.6 1.43
jw07532003001 7532 2025 Aug 9 293 418.6 1.43
jw07532004001 7532 2025 Aug 11 293 418.6 1.43

Note. Each row is one MIRI MRS time-series exposure of Sgr A*, yielding one light curve per spectral channel. Nint is the number of integrations retained after
discarding the first two settling integrations; the span is the elapsed time from the first to last retained integration; and the cadence is the mean integration-to-
integration sampling. All exposures use the full MRS wavelength coverage (Channels 1–4, ∼4.9–28 μm). Line and continuum light curves analyzed in this work are
extracted from these cubes as described in Section 2.

Figure 1. JWST/MIRI Channel 1 5.6 micron image of the Galactic center
field. Prominent sources are labeled in black. The position of Sgr A� is marked
by the yellow “X,” and the white circle indicates the 0.3 radius aperture used
for spectral extraction. The color scale shows the calibrated surface brightness
in units of MJy sr−1.

20 github.com/JoeMichail/MRS_LightCurve_Calibration_Pipeline
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[Fe II] (17.936 μm; IP = 7.9 eV), and [S III] (18.713 μm;
IP = 23 eV).

No separate blank-sky background field was subtracted. In
the central Galactic center, the MIRI field is dominated by
spatially structured astrophysical emission from stars, diffuse
gas, dust, and unresolved sources, so there is no source-free
local background region representative of the Sgr A� aperture.
We therefore use a differential approach in which we measure
line variability from continuum-subtracted light curves defined
relative to the local spectral continuum in each integration
rather than to an independent blank-sky field.

We extract emission-line and continuum light curves from
the JWST/MIRI MRS spectral cubes for each observing
epoch. The first step is to construct a one-dimensional
spectrum at each integration time step from a small aperture
centered on the WCS-derived position of Sgr A�. The
calibrated surface-brightness cubes are first converted from
MJy sr−1 to mJy pixel−1 using the FITS pixel solid angle. We
then rescale the small-aperture spectrum by the ratio of the
large-aperture to small-aperture flux, apply the wavelength-
dependent aperture correction, and correct for extinction.
Interstellar extinction toward Sgr A� is corrected at each
wavelength using the factor 10 A0.4 , where Aλ is interpolated
from the extinction law of S. D. von Fellenberg et al. (2025b),
with uncertainties estimated from the dispersion over the 105

posterior samples. The extinction correction is constant in time
for a given wavelength and therefore does not affect the
detection of relative variability within an individual line light
curve; it rescales the fluxes to their intrinsic values and
propagates an uncertainty in the absolute flux normalization.

The local continuum is estimated from the wings of the
spectral window surrounding each emission line and sub-
tracted using the median flux in these regions. This subtraction
is performed independently for each integration and removes
the local spectral continuum underlying the line, while
preserving temporal changes in the line flux. No temporal
detrending is applied to the line spectra before measuring the
line fluxes. The continuum-subtracted spectrum is then fit with
a Gaussian profile within a narrow interval centered on the line
wavelength using bounded nonlinear least-squares optim-
ization, and the integrated line flux is computed analytically
from the best-fit Gaussian amplitude and width. The first and
last three integrations are removed before constructing the final
line light curves and variability statistics to mitigate edge
effects.

Uncertainties on the integrated line flux are estimated using
four complementary methods. First, we propagate the
empirical scatter in the surrounding line-free spectral channels
into the integrated line flux. Second, we analytically propagate
the Gaussian fit-parameter covariance matrix to the integrated
line flux. Third, we draw Monte Carlo realizations of the
Gaussian line-profile parameters from the fit-covariance matrix
and recompute the integrated line flux for each draw. Fourth,
we perturb each spectrum using the pipeline-propagated
variance array, repeat the continuum subtraction and Gaussian
fitting, and use the resulting distribution of integrated fluxes as
a pipeline-based Monte Carlo uncertainty. For each observa-
tion and line, the representative uncertainty for each method is
taken as the median over the retained integrations. In addition,
we compute the temporal rms scatter of each measured line-
flux light curve about its median. The first four quantities
estimate the per-integration measurement uncertainty, while

the temporal rms characterizes the observed scatter of the time
series.

To test for intrinsic line variability, we compare the
measured temporal variance of each line light curve with the
variance expected from the per-integration measurement
uncertainties using the normalized excess variance,

¯=
S

F
,NXS

2
2

err
2

2

where S2 is the observed light-curve variance, err
2 is the

mean measurement-error variance, and F̄ is the mean line flux.
For each line and observation, we adopt the largest finite
representative uncertainty among the line-free, analytic fit
covariance, fit-covariance Monte Carlo, and pipeline Monte
Carlo estimates as a conservative per-point measurement
uncertainty. If the normalized excess variance is consistent
with zero, the light curve is consistent with measurement
scatter alone, and we report the corresponding upper limit on
the fractional variability where applicable. This fractional
upper limit is converted to an absolute variable line-flux limit
and then to a luminosity limit using d = 8.178 kpc. We also
compute the variability limit separately for each uncertainty
method and report the range of method-dependent luminosity
limits in Table 2.

We characterize the empirical photometric stability of each
epoch using the continuum light curves in line-free wavelength
regions. For each MIRI channel, we compute the standard
deviation of the baseline-subtracted, extinction-corrected
continuum light curve in mJy. This quantity is not a direct
measurement of the integrated emission-line uncertainty,
which is estimated separately using the methods described
above. Instead, it provides a continuum-based sensitivity scale
for detecting faint time-variable signals in each channel. The
measured scatter may include residual instrumental systema-
tics, calibration uncertainties, imperfect removal of spatially
structured Galactic center emission, and intrinsic nonflaring
continuum variability within the aperture; we therefore treat it
as an observed stability limit rather than as a purely
instrumental noise model. This scatter is converted to a
monochromatic luminosity via νLν = νσcorr × 10−26 × 4πd2,
where ν = c/λch and d = 8.178 kpc (GRAVITY Collaboration
et al. 2019).

2.2. CLOUDY Photoionization Models

We model the response of the circumnuclear gas surrounding
Sgr A� using CLOUDY (version c25.00; C. M. Gunasekera et al.
2025). The gas is represented as a set of 100 concentric,
logarithmically spaced 3D spherical shells spanning radii
r = 10Rg (2 × 10−6 pc; significantly smaller than the JWST
aperture) to 6 × 104Rg (0.012 pc; 0.3), where Rg = GM/c2 ≈
6.1 × 1011 cm for a black hole of mass 4.1 × 106M⊙
(GRAVITY Collaboration et al. 2019; A. M. Ghez et al. 2008).
The outer radius corresponds to the 0.3 extraction aperture used
for the JWST light curves. Each shell is treated independently,
with constant density and temperature evaluated at the
geometric mean radius of each shell.

The radial structure is prescribed to follow an RIAF profile.
The electron temperature scales as T(r) ∝ r−1, normalized to
T = 1010.3 K at 10Rg, while the density follows n(r) ∝ r−1,

4

The Astrophysical Journal, 1008:27 (15pp), 2026 September 1 Balakrishnan et al.



Table 2
Line Fluxes, Four-method Line-flux Uncertainties, and 3σ Variability Luminosity Upper Limits for Each Epoch and Line

Date Obs ID Line F σLF σfit σMC σpipe Lvar
3

(mJy μm) (mJy μm) (mJy μm) (mJy μm) (mJy μm) (erg s−1)

2024-04-04 04572003001 [Fe II] 5.34 0.334 0.00331 0.00157 0.00156 0.00218 8.35 × 1030

2024-04-04 04572004001 [Fe II] 5.34 0.328 0.00332 0.00153 0.00153 0.00211 8.39 × 1030

2024-04-04 04572005001 [Fe II] 5.34 0.335 0.00365 0.00157 0.00156 0.00219 9.22 × 1030

2024-04-06 04572008001 [Fe II] 5.34 0.337 0.00331 0.00156 0.00154 0.00218 8.35 × 1030

2024-04-06 04572009001 [Fe II] 5.34 0.333 0.00355 0.00151 0.00151 0.00208 8.95 × 1030

2024-04-08 04572013001 [Fe II] 5.34 0.334 0.00337 0.00152 0.00153 0.00211 8.51 × 1030

2024-04-08 04572014001 [Fe II] 5.34 0.334 0.00342 0.00155 0.00156 0.00212 8.63 × 1030

2024-04-08 04572015001 [Fe II] 5.34 0.34 0.0034 0.00157 0.00157 0.00213 8.57 × 1030

2024-04-09 04572019001 [Fe II] 5.34 0.34 0.00357 0.00158 0.00159 0.00219 9.01 × 1030

2024-09-06 04572117001 [Fe II] 5.34 0.332 0.00296 0.00148 0.00145 0.00205 7.46 × 1030

2024-09-06 04572120001 [Fe II] 5.34 0.333 0.00315 0.00148 0.00147 0.00206 7.94 × 1030

2025-08-05 07532001001 [Fe II] 5.34 0.334 0.0079 0.00141 0.00141 0.00239 1.99 × 1031

2025-08-07 07532002001 [Fe II] 5.34 0.333 0.00723 0.0014 0.0014 0.00229 1.82 × 1031

2025-08-09 07532003001 [Fe II] 5.34 0.334 0.00737 0.00141 0.00141 0.0023 1.86 × 1031

2025-08-11 07532004001 [Fe II] 5.34 0.336 0.0072 0.00141 0.00142 0.0023 1.82 × 1031

2024-04-04 04572003001 [Ne II] 12.81 20.7 2.48 0.0593 0.0587 0.0682 1.09 × 1033

2024-04-04 04572004001 [Ne II] 12.81 19.9 2.31 0.0562 0.0563 0.0651 1.01 × 1033

2024-04-04 04572005001 [Ne II] 12.81 20.4 2.46 0.0579 0.0579 0.0661 1.08 × 1033

2024-04-06 04572008001 [Ne II] 12.81 20.8 2.5 0.0595 0.0593 0.0688 1.10 × 1033

2024-04-06 04572009001 [Ne II] 12.81 19.9 2.35 0.0561 0.0561 0.0653 1.03 × 1033

2024-04-08 04572013001 [Ne II] 12.81 19.8 2.32 0.0553 0.0553 0.063 1.02 × 1033

2024-04-08 04572014001 [Ne II] 12.81 19.7 2.31 0.0551 0.0547 0.0622 1.01 × 1033

2024-04-08 04572015001 [Ne II] 12.81 20.7 2.49 0.0588 0.0593 0.0683 1.09 × 1033

2024-04-09 04572019001 [Ne II] 12.81 20.4 2.47 0.0574 0.0569 0.0662 1.08 × 1033

2024-09-06 04572117001 [Ne II] 12.81 21.4 2.49 0.0612 0.061 0.0679 1.09 × 1033

2024-09-06 04572120001 [Ne II] 12.81 21.4 2.5 0.0612 0.061 0.0678 1.10 × 1033

2025-08-05 07532001001 [Ne II] 12.81 20.1 2.43 0.0551 0.0552 0.0629 1.07 × 1033

2025-08-07 07532002001 [Ne II] 12.81 20.1 2.45 0.0554 0.0555 0.0636 1.07 × 1033

2025-08-09 07532003001 [Ne II] 12.81 20.1 2.46 0.0555 0.0554 0.0641 1.08 × 1033

2025-08-11 07532004001 [Ne II] 12.81 20.2 2.47 0.0556 0.0551 0.0639 1.08 × 1033

2024-04-04 04572003001 [Fe II] 17.94 0.807 0.0875 0.125 0.127 0.18 4.03 × 1031

2024-04-04 04572004001 [Fe II] 17.94 0.816 0.084 0.12 0.123 0.179 3.99 × 1031

2024-04-04 04572005001 [Fe II] 17.94 0.827 0.0864 0.127 0.128 0.193 4.32 × 1031

2024-04-06 04572008001 [Fe II] 17.94 0.783 0.0761 0.126 0.129 0.182 4.07 × 1031

2024-04-06 04572009001 [Fe II] 17.94 0.786 0.0862 0.121 0.123 0.175 3.91 × 1031

2024-04-08 04572013001 [Fe II] 17.94 0.782 0.0827 0.118 0.122 0.169 3.78 × 1031

2024-04-08 04572014001 [Fe II] 17.94 0.812 0.0711 0.122 0.124 0.177 3.96 × 1031

2024-04-08 04572015001 [Fe II] 17.94 0.799 0.0755 0.127 0.128 0.178 3.97 × 1031

2024-04-09 04572019001 [Fe II] 17.94 0.838 0.0633 0.127 0.128 0.185 4.14 × 1031

2024-09-06 04572117001 [Fe II] 17.94 0.683 0.0981 0.118 0.12 0.174 3.88 × 1031

2024-09-06 04572120001 [Fe II] 17.94 0.695 0.0881 0.119 0.122 0.171 3.84 × 1031

2025-08-05 07532001001 [Fe II] 17.94 0.78 0.102 0.135 0.138 0.187 4.18 × 1031

2025-08-07 07532002001 [Fe II] 17.94 0.78 0.0961 0.131 0.134 0.187 4.18 × 1031

2025-08-09 07532003001 [Fe II] 17.94 0.756 0.115 0.129 0.131 0.184 4.12 × 1031

2025-08-11 07532004001 [Fe II] 17.94 0.762 0.0932 0.13 0.132 0.182 4.08 × 1031

2024-04-04 04572003001 [S III] 18.71 16.4 0.789 0.261 0.266 0.353 1.62 × 1032

2024-04-04 04572004001 [S III] 18.71 15.9 0.643 0.26 0.259 0.362 1.32 × 1032

2024-04-04 04572005001 [S III] 18.71 16.4 0.761 0.269 0.271 0.373 1.56 × 1032

2024-04-06 04572008001 [S III] 18.71 15.3 0.228 0.395 0.529 0.681 1.40 × 1032

2024-04-06 04572009001 [S III] 18.71 14.7 0.18 1.38 1.96 0.638 4.02 × 1032

2024-04-08 04572013001 [S III] 18.71 14.8 0.102 1.13 1.6 0.685 3.28 × 1032

2024-04-08 04572014001 [S III] 18.71 14.3 0.155 0.598 0.844 0.664 1.73 × 1032

2024-04-08 04572015001 [S III] 18.71 15.2 0.584 0.252 0.261 0.438 1.20 × 1032

2024-04-09 04572019001 [S III] 18.71 16.3 0.641 0.272 0.273 0.381 1.32 × 1032

2024-09-06 04572117001 [S III] 18.71 14.5 0.669 0.238 0.243 0.366 1.37 × 1032

2024-09-06 04572120001 [S III] 18.71 14.8 0.697 0.243 0.247 0.379 1.43 × 1032

2025-08-05 07532001001 [S III] 18.71 15.9 0.726 0.271 0.315 0.353 1.49 × 1032

2025-08-07 07532002001 [S III] 18.71 15.9 1.37 0.267 0.266 0.418 2.82 × 1032

2025-08-09 07532003001 [S III] 18.71 15.9 1.42 0.268 0.268 0.419 2.92 × 1032

2025-08-11 07532004001 [S III] 18.71 15.8 1.4 0.27 0.271 0.423 2.88 × 1032

Note. Fluxes and uncertainties are integrated line quantities in mJy μm; Lvar
3 is in erg s−1. F is the continuum-subtracted, aperture- and extinction-corrected

integrated line flux from the bounded-Gaussian fit. The four uncertainty estimators are σLF, the empirical scatter in the line-free channels adjacent to the line; σfit,
analytic propagation of the Gaussian fit-covariance matrix; σMC, Monte Carlo resampling of the Gaussian parameters from the fit covariance; and σpipe, Monte Carlo
perturbation of the spectrum by the propagated pipeline errors followed by refitting. Each column gives the median over integrations. The 3σ variability luminosity
upper limit is =L 3var

3
adopted, where σadopted is the largest of the four estimators (converted to a luminosity at the Galactic center distance), adopted as a

conservative per-integration measurement uncertainty.
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normalized to n = 106.5 cm−3 at 10Rg (The Event Horizon
Telescope Collaboration 2022).

The temperature profile is motivated by the nearly virial
scaling expected for self-similar radiatively inefficient accre-
tion flows (R. Narayan & I. Yi 1994). The adopted normal-
ization gives a hot inner flow with T ∼ 1010.3 K at tens of
gravitational radii and temperatures of order 106–107 K near
the outer edge of the modeled aperture. The density normal-
ization is chosen to be consistent, to order of magnitude, with
independent constraints on the low-density, outflow-dominated
accretion environment around Sgr A�. Chandra observations of
the quiescent X-ray emission require a tenuous hot plasma
with substantial mass loss from the inflow (Q. D. Wang et al.
2013; M. Balakrishnan et al. 2024), while the G2 drag
measurement probes the density at intermediate radii and gives
n ∼ 4 × 103 cm−3 at ∼103 Schwarzschild radii (S. Gillessen
et al. 2019). Extrapolating our adopted n ∝ r−1 profile to this
radius gives densities within a factor of a few of that
constraint. The normalization is also broadly consistent with
stellar-wind-fed simulations of the Galactic center accretion
flow, which reproduce the diffuse Chandra thermal emission
and reach radii of a few hundred Rg (S. M. Ressler et al. 2018).
We adopt this fixed thermodynamic structure rather than
allowing CLOUDY to compute thermal equilibrium, as
equilibrium solutions produce temperatures up to ∼3 orders
of magnitude lower than expected for the inner RIAF.

We adopt gas-phase metal abundances of 2Z⊙ and exclude
dust grains using abundance ISM no grains, since dust is
not expected to survive in the hot plasma considered here,
whose minimum temperature is 106.4 K (L. R. Corrales et al.
2017; M. Balakrishnan et al. 2024). In our fiducial model, iron
is further depleted to 0.5Z⊙. This choice follows the abundance
prescription used in M. Balakrishnan et al. (2024) and is also
motivated by JWST/MIRI MRS modeling of the central-
parsec ionized gas, which favors an α-enhanced, Fe-depleted
abundance pattern (P. Vermot et al. 2025; N. M. Ford et al.
2026), with measurements of ∼0.7−2.5Z⊙. Our adopted
overall metallicity of 2Z⊙ therefore lies within the range
measured for the minispiral. The adopted metallicity is also
consistent with previous infrared fine-structure-line estimates
for the inner Galaxy and Galactic center (J. C. Shields &
G. J. Ferland 1994; U. Giveon et al. 2002), as well as stellar
α-element abundance measurements in the central clusters
(F. Najarro et al. 2009). Because the temperature structure in
our models is prescribed rather than solved self-consistently,
the adopted abundances primarily rescale the line emissivities
approximately linearly. As a result, our main conclusions
regarding the absence of detectable line variability are
insensitive to plausible abundance revisions at the order-of-
magnitude level; they are instead set by the recombination,
cooling, and light-crossing timescales of the emitting gas. All
results are derived from fully converged CLOUDY simulations
evaluated across the full luminosity grid.

The quiescent RIAF’s radiation field, the input incident
radiation field, is constructed from the multiwavelength SED
of F. Yuan et al. (2003), normalized to a quiescent bolometric
luminosity of Lbol = 1035.5 erg s−1. Because the bremsstrah-
lung component of this SED likely originates on larger spatial
scales than the synchrotron and inverse-Compton emission
relevant to the inner region (E. Quataert 2002; F. Yuan et al.
2003), we tested models excluding this component and found
no significant impact on the results presented in Section 3. To

model flaring activity, we introduce an additional transient
radiation component. Our fiducial model adopts a flare SED
motivated by NIR observations of Sgr A� (GRAVITY
Collaboration et al. 2021). The combined quiescent and flare
emission is treated as originating from a central point source
and propagated through the surrounding medium.

We emphasize that the incident flare spectrum is not fit
directly to the observed infrared continuum. Instead, we adopt
a range of physically motivated flare spectral energy distribu-
tions, normalized to match typical observed luminosities, and
use CLOUDY to compute the resulting line and continuum
emission. This approach allows us to test whether any
plausible radiation field consistent with the observations can
produce detectable infrared line variability.

Time-dependent simulations are performed by injecting a
one-hour flare as a top hat function at the beginning of the
calculation, followed by the flare undergoing a sharp drop in
luminosity (by ∼10 dex), and evolving the system for a total
duration of 10 hr. The outputs for each shell include time-
dependent line emissivities, continuum spectra, temperature
structure, and heating rates, enabling us to quantify the
contribution of different radial zones to the integrated line
response.

For each shell, we separate the gas response from the direct
incident radiation field using the CLOUDY (total-incident)
output. The resulting gas-response spectrum contains the
reprocessed continuum and line emission produced by the
shell, while excluding the directly incident central-source
continuum. When constructing a composite SED for compar-
ison to the observed broadband continuum, we sum the (total-
incident) spectra from all shells and add the incident spectrum
once. This composite SED is used only as an instantaneous
broadband comparison; it is not interpreted as a simultaneous
reverberation signal from gas at all radii. The line response and
variability analysis are based on the shell gas-response spectra,
for which light-travel delays and finite recombination/cooling
times must be considered separately.

The raw CLOUDY line emissivities should not be interpreted
as directly observed, unresolved line profiles. In our shell-by-
shell implementation, CLOUDY predicts the radial emissivity
distribution of each transition, but the kinematic broadening
associated with gas at those radii must be estimated separately.
For gas at r ∼ 103Rg, characteristic of several of the modeled
high-ionization lines, the Keplerian velocity scale is
v ∼ (GM/r)1/2 ∼ 103 km s−1. Emission from these radii
would therefore be spread over Δλ/λ ∼ v/c, reducing the
peak line contrast relative to the continuum. We therefore treat
velocity broadening as a model-inferred consequence of the
predicted emitting radii.

We emphasize that the CLOUDY calculations are not
intended to model the production of the infrared or X-ray
flare emission itself, but rather the response of the surrounding
circumnuclear gas to an assumed incident radiation field. The
flare SED is treated as an input, motivated by observational
constraints, and propagated through the ambient medium to
evaluate the resulting line and continuum emission. In
particular, the model does not attempt to reproduce the
observed (and often nonsimultaneous) relationship between
infrared and X-ray flares, which likely reflects multiple
emission mechanisms or parameter regimes. Instead, our goal
is to assess whether any plausible flare radiation field can
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produce detectable infrared line emission or variability in the
surrounding gas.

3. Results

In this section, we quantify the absence of variability in the
JWST/MIRI emission-line light curves and assess the
sensitivity of our observations to flare-driven signals. We first
show that no robust continuum-correlated variability is
detected (with a full cross-correlation analysis done in the
Appendix) in any mid-infrared line within the central 0 .3
region, and compare these results to time-dependent CLOUDY
simulations to determine whether such variability is expected.
We then extend the analysis to higher-ionization MIR and NIR
transitions, evaluating whether lines formed at smaller radii
provide improved sensitivity to the instantaneous radia-
tion field.

3.1. Limits on Observed Line Variability

We construct time-resolved light curves for all mid-infrared
emission lines available in the JWST/MIRI MRS dataset
within the central 0.3 aperture (see Figure 1), including [Fe II]
(5.34 μm), [Ne II] (12.813 μm), [Fe II] (17.936 μm), and [S III]
(18.713 μm). Representative emission-line and continuum
light curves are shown in Figure 2, corresponding to the flare
analyzed in S. D. von Fellenberg et al. (2025b) and
J. M. Michail et al. (2026). Emission-line light curves (blue)
and continuum light curves (orange) show no coherent
variability in response to the Sgr A� flare. We do not detect
statistically significant intrinsic variability in the emission-line
light curves over the duration of the observations. The line
fluctuations also show no visually coherent response to the
contemporaneous continuum flare. A quantitative search for
delayed continuum–line correlations is presented in the
Appendix. While individual integrations occasionally exhibit
deviations from the mean flux level, these excursions are not
temporally correlated, do not repeat across multiple integra-
tions, and are not observed consistently across different
emission lines. This behavior strongly suggests that they arise
from noise fluctuations rather than astrophysical variability.
We therefore conclude that the mid-infrared line emission
remains consistent with a steady-state signal over the duration
of the observations.

We quantify this nondetection using the multimethod line-
flux uncertainty analysis described in Section 2. The results are
summarized in Table 2, which reports the line flux, the four
per-integration uncertainty estimates, and the corresponding
luminosity upper limit on undetected variability. Specifically,
for each line and observing epoch, we compute uncertainties
from the empirical scatter in surrounding line-free spectral
channels, analytic propagation of the Gaussian fit-covariance
matrix, Monte Carlo sampling of the Gaussian-fit-covariance
matrix, and Monte Carlo perturbations using the pipeline-
propagated variance array followed by refitting. These four
quantities estimate the measurement uncertainty on the
integrated line flux, while the temporal rms characterizes the
observed point-to-point scatter of the time series.

For the variability test, we compute the normalized excess
variance (see Section 2.1). We evaluate the variability upper
limit separately for each of the four uncertainty prescriptions
and report Lvar,max, the largest 3σ luminosity upper limit
among these methods, as the most conservative limit on

undetected line variability. In all cases, the normalized excess
variance is consistent with zero within the uncertainties: the
observed point-to-point fluctuations are consistent with
measurement scatter rather than intrinsic line variability. The
resulting limits therefore indicate the maximum line luminos-
ity variation that could remain hidden in the data, rather than a
detected variable component.

We note that the representative light curves shown in
Figure 2 correspond to a 2024 epoch with approximately 1 hr
of postflare monitoring. The full dataset also includes 2025
epochs with longer temporal coverage, extending to approxi-
mately 8 hr after the flare. The 10 hr duration of the time-
dependent CLOUDY simulations was chosen to encompass this
longer observational baseline. Nevertheless, this timescale
remains shorter than the light-crossing time of the full 0.3
extraction aperture, whose outer radius corresponds to 0.012
pc, or ∼15 light days. Our observations therefore constrain
prompt to several-hour line responses, rather than the full
reverberation window of all gas enclosed by the aperture.

As an independent characterization of the continuum
stability, we also evaluate the scatter of the continuum light
curves in line-free wavelength regions (see Section 2). This
continuum-based scatter is not used as the direct uncertainty
on the integrated line fluxes, which are estimated separately
from the line-profile measurements. Instead, it provides an
empirical sensitivity scale for continuum-level variations in
each MIRI channel. We find an average uncorrected
continuum scatter corresponding to ∼3 × 1033 erg s−1,
increasing to 〈νLν〉 = (7.8 ± 0.8) × 1033 erg s−1 after
extinction correction (S. D. von Fellenberg et al. 2025b),
which is higher than most of the estimates derived from errors
on the line flux. Modest variations between time segments may
reflect a combination of residual instrumental systematics,
imperfect subtraction of spatially structured Galactic center
emission, and intrinsic nonflaring continuum variability within
the aperture.

3.2. Time-dependent CLOUDY Simulations

We perform fully time-dependent CLOUDY simulations in
which a 1 hr flare is injected and the subsequent evolution of
the gas emission is tracked. Across the full grid of flare
luminosities (ranging from 1032–1039erg s−1), the predicted
line emission for MIR fine-structure lines remains extremely
weak. Predicted emission from observed lines [Fe II], [Ne II],
and [S III] remains below the numerical sensitivity threshold
across all 100 shells even for the highest-luminosity model
( =L 10flare

39 erg s−1). Importantly, the CLOUDY models
reproduce the observed continuum normalization in the mid-
infrared, indicating that the adopted incident radiation fields
are broadly consistent with the measured flux levels.

Figure 3 compares the predicted broadband spectral energy
distributions at the flare peak from our CLOUDY models to the
observed JWST/MIRI MRS spectrum of the central 0 .3
region around Sgr A�. The MIRI spectrum (crimson and gray)
and its associated continuum-subtracted rms (dashed crimson)
span the ∼5–20 μm range, while the model SEDs extend from
the infrared to X-ray energies. The black curve shows the
adopted quiescent input SED (F. Yuan et al. 2003), and the
colored curves correspond to models with increasing flare
luminosity ( =Llog 32flare –39 erg s−1).

Across the MIRI wavelength range, the modeled spectra are
dominated by smooth continuum emission rather than by
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discrete line features. Even in the highest-luminosity model,
with =Llog 39flare , the predicted mid-infrared spectrum
remains relatively smooth and does not produce strong,
isolated emission lines. Increasing the flare luminosity
primarily raises the overall normalization of the SED, while
leaving the mid-infrared spectral shape broadly similar. In this
context, “continuum dominated” refers to the low contrast of
the predicted emission lines relative to the underlying
continuum. The composite SED includes the direct/trans-
mitted central-source spectrum, shown only for comparison, as
well as the gas-reprocessed continuum from the surrounding
hot plasma. The gas-reprocessed component is contained in the
(total-incident) shell output and is dominated by free–free
emission under the hot, dust-free conditions adopted here, with
other diffuse continuum processes included self-consistently
by CLOUDY. We therefore do not interpret the composite SED
as a simultaneous observation of the flare continuum and a
delayed line response. Instead, it illustrates that, even before
accounting for light-travel-time smearing or finite gas-
response timescales, the predicted infrared line contrast is
intrinsically low.

In comparison to the data, the models lie below the observed
MIRI spectrum at low flare luminosities and approach or
exceed it only at the highest luminosities. The dashed crimson
curves denote the continuum-subtracted rms of the MIRI data
and therefore the effective sensitivity of the observations. No
features in either the observed spectrum or its rms correspond

to any structure in the model spectra. This absence of
detectable line emission, combined with the continuum-
dominated nature of the models, indicates that for plausible
flare luminosities the circumnuclear gas does not produce
observable MIR line emission nor variability.

3.3. Extension to Unobserved Lines

The wavelength coverage of our time-series observations is
limited to the JWST/MIRI MRS short channels (subband A),
which provides spectral coverage in four channels spanning
4.90–5.74 μm (Ch1), 7.51–8.77 μm (Ch2), 11.55–13.47 μm
(Ch3), and 17.70–20.95 μm (Ch4), and primarily probes low-
and intermediate-ionization transitions. To evaluate whether
alternative diagnostics could provide improved sensitivity to
flare-driven variability from Sgr A�, we extend our CLOUDY
analysis to higher-IP lines in both the MIR and NIR. These
coronal transitions are expected to arise at smaller radii, where
the gas is more directly exposed to the accretion-powered
ionizing continuum and less impacted by the ambient
ultraviolet radiation field produced by the surrounding
population of massive stars (N. M. Ford et al. 2026), including
Wolf–Rayet stars in the central parsec (T. Paumard et al. 2006;
F. Martins et al. 2007; J. R. Lu et al. 2013).

To assess whether line variability should be detectable, it is
useful to compare the characteristic flare duration to the
relevant gas-response timescales. A necessary condition for
observable variability is that both the recombination timescale

Figure 2. Representative light curves for the 2024 observations showing the absence of correlated variability in both [S III] (18.713 μm) and [Ne II] (12.813 μm),
shown in blue, in response to the Sgr A� flare described in S. D. von Fellenberg et al. (2025b) and J. M. Michail et al. (2026). The corresponding continuum light
curve is plotted in orange. For the emission-line light curves, the error bars show the rms scatter of the measured line fluxes around their median value and are used as
an empirical visual estimate of the line-flux scatter. For the continuum light curves, the shaded bands show the photometric uncertainty propagated from the JWST
pipeline error array. A full uncertainty analysis and comparison is described in Section 3.1.
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(trec) and cooling timescale (tcool) be comparable to or shorter
than the flare duration (t 1flare hr), such that the ionization
state of the gas can adjust in response to changes in the
incident radiation field. In addition, the emitting region must
lie within the light-crossing radius (r c tflare), so that
different portions of the gas respond coherently rather than
being temporally smeared. If either t trec flare or t tcool flare,
the gas cannot respond on the timescale of the flare and instead
reflects a time-averaged radiation field. Similarly, if the bulk of

the emission arises from radii r c tflare, light-travel-time
effects further suppress coherent variability. As we show
below, both conditions are violated for all MIR and NIR
transitions considered here.

A separate requirement for detectability is that the absolute
line flux exceeds the instrumental sensitivity. This distinction
is central to the interpretation of Figure 4. Some modeled
transitions vary by factors of several to more than an order of
magnitude in a relative sense, but their absolute flux densities

Figure 3. Left: comparison of CLOUDY models to the observed JWST/MIRI spectrum of the central 0. 3 around Sgr A�. The crimson and gray curves show the MIRI
MRS spectra, dereddened and observed, respectively, during the flare window, and the dashed crimson curve shows the local continuum-subtracted rms. Colored
curves show the predicted flare-peak spectra for flare luminosities =L 10flare

32–1039 erg s−1. The black curve shows the quiescent input SED (F. Yuan et al. 2003).
For most flare models, the emission is continuum dominated, precluding the use of mid-infrared line emission to constrain the UV flux of Sgr A�. Right: zoom-in to
MIRI MRS wavelengths

Figure 4. Predicted time-dependent line fluxes for representative high-ionization MIR (left) and NIR (right) transitions at =Llog 39flare , computed with CLOUDY. The flare
is injected for the first hour of the simulation. Fluxes are shown as equivalent Gaussian peak flux densities assuming an FWHM of 1000 km s−1. The curves are shown in
absolute flux-density units to allow direct comparison with observational sensitivity limits and with the requirements for future infrared missions. Some transitions vary by
factors of several to more than an order of magnitude in a relative sense; however, their absolute flux densities remain extremely faint (≲10−5 mJy). For comparison,
representative JWST sensitivity levels are ∼0.1–1 mJy for MIRI/MRS and ∼10−3–10−2 mJy for favorable NIRSpec/NIRCam observations, depending on wavelength,
observing setup, source morphology, and background. For scale, converting representative flux-density sensitivities to integrated line-flux sensitivities for a 5000 km s−1

Gaussian gives ∼1.1 × 10−2–1.1 × 10−1 mJy μm near 6 μm for a ∼0.1–1 mJy MIRI/MRS threshold, and ∼4.4 × 10−5–4.4 × 10−4 mJy μm near 2.5 μm for a favorable
∼10−3–10−2 mJy NIR threshold. The predicted MIR lines remain many orders of magnitude below these values, while even the brightest NIR high-ionization lines remain at
least several hundred to several thousand times too faint. These results demonstrate that even high-ionization lines formed at small radii do not produce detectable variability
on hour timescales. The lack of detectable rapid variability reflects the fact that the recombination and cooling timescales of the gas exceed the ∼hour duration of the flare,
preventing the ionization state from responding impulsively to the injected radiation.
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remain extremely small. We therefore show the model light
curves in absolute flux-density units, rather than normalized
units, so that the predictions can be compared directly with the
sensitivity of JWST and with the requirements for future
infrared missions. Representative detectable flux-density levels
are of order 0.1–1 mJy for MIRI/MRS, depending on
wavelength, channel, integration time, source morphology,
and background, and of order 10−3–10−2 mJy for favorable
NIRSpec/NIRCam observations. These values are order-of-
magnitude benchmarks rather than exact limits for the Galactic
center field, but they show that the predicted lines remain far
below detectability even when they vary substantially in a
fractional sense.

We model these lines using the same time-dependent
CLOUDY framework described in Section 2.2, tracking both
the radius at which we see peak emission and the line’s
temporal response to an injected flare. For each transition, we
determine the radius of peak emission, local plasma condi-
tions, characteristic recombination (trec), and cooling time-
scales (tcool). The results are summarized in Table 3, which
provides a unified comparison across a broad range of
ionization potentials (∼50–300 eV) and wavelengths.

Table 3 highlights two key trends. First, higher-IP lines
systematically originate at smaller radii (r ∼ 102–103 Rg)
compared to the MIR low-IP lines (r ∼ 103–104 Rg), where
densities and temperatures are elevated relative to the outer
regions traced by the MIRI lines. Second, despite these more
extreme conditions, the recombination and cooling timescales
remain long, typically spanning days to years depending on the
transition, much longer than the characteristic variability
observed in Sgr A� of ∼1 hr.

3.3.1. High-ionization MIR Lines

High-IP MIR lines (e.g., [Ne VI], [MgVII], and [Si VII])
require ionization energies ≳50 eV and are therefore not
efficiently produced by stellar radiation (N. P. Abel & S. Satyapal
2008). In our models, these transitions arise at r ∼ 102–103Rg,
where electron densities reach ne ∼ 103–104 cm−3. While these
conditions reduce recombination timescales relative to the MIR-
emitting gas, the response remains slow compared to the flare
timescale.

The predicted light curves are shown in Figure 4. These
models do not imply that the intrinsic line flux is constant.
Indeed, some transitions exhibit substantial relative changes
following the injected flare. However, the absolute predicted
flux densities remain far below JWST sensitivity limits. The
high-ionization MIR and NIR light curves in Figure 4 are
plotted as Gaussian-equivalent peak flux densities assuming an
FWHM of 1000 km s−1. Even for the most extreme flare
luminosity considered ( =Llog 39flare ), the modeled MIR line-
flux densities remain ≲10−8–10−5 mJy, depending on the
transition and on the flux definition. This is several to many
orders of magnitude below representative MIRI/MRS detect-
ability levels of ∼0.1–1 mJy. Thus, even an order-of-
magnitude relative variation in these lines would remain
observationally inaccessible with JWST.

In addition, the dependence on flare luminosity is non-
monotonic. As L flare increases, line emissivities initially rise
but subsequently decline due to overionization, which depletes
the relevant ionic species (see Figure 3). This saturation further
limits the diagnostic utility of these transitions.

3.3.2. Near-infrared Coronal Lines

NIR coronal lines (e.g., [Si IX], [Si VII], and [Mg VIII])
probe even higher-ionization potentials (∼50–300 eV) and
originate at comparable or smaller radii than the MIR high-IP
lines (Table 3). At these locations, the gas reaches higher
densities and temperatures, which in principle should enhance
responsiveness to changes in the ionizing field.

However, the results presented in Table 3 demonstrate that
even in these inner regions, recombination times remain on the
order of days to weeks. As a result, the ionization state cannot
adjust on flare timescales, and any response to a short flare is
temporally smeared. The model light curves in Figure 4
therefore show relative evolution, but not at an absolute level
that would be detectable with JWST.

The intrinsic fluxes are likewise suppressed. The brightest
NIR lines reach peak flux densities of ∼10−7 mJy at

=Llog 39flare , still orders of magnitude below detectability.
For comparison, representative NIRSpec/NIRCam sensitiv-
ities are of order 10−3–10−2 mJy for favorable point-source
observations, so the modeled NIR coronal lines remain at least
∼104–105 times too faint even in the most optimistic flare
models. As in the MIR case, overionization at high
luminosities introduces a nonmonotonic response, preventing
large increases in line strength.

3.3.3. Implications for Variability Diagnostics

Table 3 demonstrates that increasing the ionization potential
and probing smaller radii does not recover sensitivity to short-
timescale variability. Although higher-IP lines trace denser,
more strongly irradiated gas, their thermodynamic response
remains fundamentally limited by recombination and cooling
timescales that are long compared to the duration of
Sgr A� flares. Even the most extreme cases (e.g., [Si IX])
exhibit recombination times of order days, still far exceeding
the ∼hour duration of typical Sgr A� flares.

This indicates that the absence of detectable variability is
not simply a consequence of the MIRI bandpass, but instead
reflects a general property of the circumnuclear plasma. Even
in the most favorable regime (for example, [Si IX] reaches
r ∼ 102 Rg), the gas responds primarily to the time-averaged
ionizing field, effectively smoothing over rapid fluctuations.
Figure 4 should therefore not be interpreted as showing an
absence of fractional variability. Rather, it shows that the
modeled fractional variability occurs at absolute flux densities
far below the sensitivity of JWST. The limiting factor is the
combination of faint emissivity, long response times, over-
ionization at high luminosities, and poor contrast against the
continuum. Consequently, both MIR and NIR coronal lines are
ineffective tracers of hour-timescale flare-driven variability
from Sgr A�.

4. Discussion

The absence of detectable continuum-correlated variability
in the JWST/MIRI emission-line light curves reflects how
circumnuclear gas around Sgr A� reprocesses a rapidly varying
radiation field. The multimethod uncertainty analysis shows
that the observed fluctuations are consistent with measurement
scatter, and the resulting Lvar,max values place upper limits on
any hidden variable component. Physically, the line-emitting
gas is spatially extended and thermodynamically slow to
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respond, so hour-timescale flares are smoothed into a quasi-
steady emission component.

The geometry of the emitting region is a key limitation. The
observed line flux integrates gas over a wide range of radii,
combining zones with different light-travel times. For a flare of
duration tflare, only gas within =r ct R180 glc flare can
respond coherently. CLOUDY emissivity profiles show that
the fraction of emission from this region is negligible,
f (rlc) ≲ 10−7. Most emission arises from radii with light-
crossing times of ∼0.1–10 days, diluting any rapid response.

This disparity between the monitoring duration and the
light-crossing time of the full aperture is important. Gas at
larger radii would respond on day-to-week timescales, beyond
the observations, and its emission would be further diluted by
integration over many shells. Combined with long recombina-
tion and cooling times, any delayed response is broadened into
the quasi-steady component rather than producing a coherent
flare signal. The nondetection therefore reflects the absence of
a prompt response, not all delayed variability within the
aperture.

Table 3
Physical Conditions at the Radius of Peak Emissivity for Each Ion in the CLOUDY Models

Line λ IP Peak Flux Rpeak Tpeak αR trec tcool
(μm) (eV) (mJy) (R)g (K) (cm3 s−1) (days) (days)

[Si VI] 1.96 166.77 8.64 × 10−3 18,041 12,992 7.20 × 10−12 9.17 × 103 1.78 × 106

[Si VII] 2.48 205.05 5.13 × 10−2 7612 17,277 1.88 × 10−11 1.48 × 103 9.96 × 105

[Si IX] 2.58 303.17 3.50 × 10−2 330 52,480 1.52 × 10−10 7.73 1.28 × 105

[Al V] 2.91 120 1.07 × 10−4 46,247 9270 1.26 × 10−12 1.34 × 105 3.25 × 106

[Mg VIII] 3.03 224.95 0.393 1291 29,771 2.33 × 10−11 2.03 × 102 2.91 × 105

[K VII] 3.19 99.4 3.07 × 10−4 3088 22391 2.28 × 10−10 4.96 × 101 5.24 × 105

[Ca IV] 3.21 50.91 1.31 × 10−6 48,084 9184 3.96 × 10−12 4.44 × 104 3.35 × 106

[Al VI] 3.66 153.83 5.56 × 10−3 21,950 12,002 1.26 × 10−12 6.38 × 104 2.00 × 106

[Al VIII] 3.69 241.44 9.39 × 10−3 1291 29,771 1.55 × 10−11 3.04 × 102 2.91 × 105

[Si IX] 3.94 303.17 1.51 392 48,394 1.52 × 10−10 7.92 1.21 × 105

[Ca VII] 4.09 108.78 8.25 × 10−6 2100 25,197 8.55 × 10−12 8.99 × 102 4.01 × 105

[Ca V] 4.16 67.27 1.44 × 10−5 44,459 9352 7.08 × 10−12 2.30 × 104 3.15 × 106

[Mg IV] 4.49 80.14 6.45 × 10−3 48,084 9184 3.50 × 10−12 5.03 × 104 3.35 × 106

[Ar VI] 4.53 75.02 0.293 9262 16,303 4.91 × 10−11 6.90 × 102 1.14 × 106

[Na VII] 4.68 172.15 0.0968 2100 25,197 1.20 × 10−11 6.41 × 102 4.01 × 105

[Mg VII] 5.50 186.76 0.425 2554 22,152 7.33 × 10−11 1.28 × 102 4.29 × 105

[K VI] 5.57 82.66 1.58 × 10−3 4975 18,338 1.15 × 10−10 1.58 × 102 6.91 × 105

[Mg V] 5.61 109.27 0.198 29,021 9944 7.70 × 10−12 1.38 × 104 2.19 × 106

[Al VIII] 5.85 241.44 4.28 × 10−3 1026 29,786 1.55 × 10−11 2.42 × 102 2.31 × 105

[Ca VII] 6.15 108.78 2.69 × 10−5 1669 25,206 8.55 × 10−12 7.15 × 102 3.19 × 105

[Si VII] 6.51 205.05 1.01 × 10−2 5820 17,535 1.88 × 10−11 1.13 × 103 7.73 × 105

H I 7.46 13.6 6.75 × 10−5 48,084 9184 2.66 × 10−13 6.62 × 105 3.35 × 106

[Ne VI] 7.65 126.25 6.00 7365 16,364 1.24 × 10−11 2.18 × 103 9.13 × 105

[Fe VII] 7.81 99.1 3.83 × 10−3 15,518 12,675 2.22 × 10−11 2.56 × 103 1.49 × 106

[Ar V] 7.90 59.81 1.16 × 10−3 18,154 11,882 3.91 × 10−11 1.70 × 103 1.63 × 106

[K VI] 8.82 82.66 3.26 × 10−3 5174 18,129 1.15 × 10−10 1.64 × 102 7.11 × 105

[Na IV] 9.03 71.62 1.63 × 10−3 46,464 8843 3.91 × 10−12 4.35 × 104 3.11 × 106

[Mg VII] 9.03 186.76 5.41 2554 22,152 7.33 × 10−11 1.28 × 102 4.29 × 105

[Al VI] 9.11 153.83 2.46 × 10−3 17,456 12,078 2.94 × 10−12 2.17 × 104 1.60 × 106

[Fe VII] 9.51 99.1 0.0656 15,518 12,675 2.22 × 10−11 2.56 × 103 1.49 × 106

[Ca V] 11.48 67.27 5.92 × 10−6 33,951 9491 7.08 × 10−12 1.76 × 104 2.44 × 106

[Ne II] 12.81 21.56 0.0898 49,851 9107 1.49 × 10−13 1.22 × 106 3.44 × 106

[Ar V] 13.10 59.81 0.688 19,636 11,502 3.91 × 10−11 1.84 × 103 1.71 × 106

[F V] 13.43 87.14 5.69 × 10−6 9692 15,011 2.36 × 10−11 1.50 × 103 1.10 × 106

[Mg V] 13.55 109.27 0.0388 27,905 10,072 7.70 × 10−12 1.33 × 104 2.13 × 106

[Na VI] 14.39 138.4 0.110 7082 16,557 8.66 × 10−11 2.99 × 102 8.88 × 105

[Ne V] 14.32 97.12 11.2 26,831 10,207 6.43 × 10−12 1.53 × 104 2.07 × 106

[P III] 17.89 19.77 0.754 48,084 9184 9.07 × 10−12 1.94 × 104 3.35 × 106

[Fe II] 17.94 7.9 3.23 × 10−4 65,472 8629 7.20 × 10−13 3.33 × 105 4.28 × 106

[S III] 18.71 23.34 2.78 × 10−8 48,084 9184 3.77 × 10−12 4.67 × 104 3.35 × 106

[Na IV] 21.32 71.62 3.18 × 10−4 46,464 8843 3.91 × 10−12 4.35 × 104 3.11 × 106

[Ne V] 24.31 97.12 23.7 27,905 10,072 6.43 × 10−12 1.59 × 104 2.13 × 106

[F IV] 25.77 62.71 2.40 × 10−4 46,464 8843 2.67 × 10−11 6.37 × 103 3.11 × 106

[O IV] 25.88 54.94 18.1 46,464 8843 1.41 × 10−11 1.21 × 104 3.11 × 106

Note. For each transition, we report the wavelength, ionization potential (IP), peak flux (mJy), radius of peak emission (Rpeak), gas temperature (Tpeak),
recombination coefficient (αR), and the corresponding recombination and cooling timescales. The transitions are ordered by increasing wavelength. The
recombination coefficients are taken from S. N. Nahar (1995), H. P. Summers et al. (2007), or ChiantiPy (K. Dere 2013). The recombination times are calculated
as ( )=t nR erec

1 using the local electron density at Rpeak, while the cooling times are estimated using a representative cooling coefficient of Λ = 10−22 erg cm3 s−1.
Across all ions, both the recombination and cooling timescales significantly exceed the typical duration of Sgr A� flares (∼1 hr), even for high-ionization species that
originate at smaller radii and higher densities (e.g., Si IX). The upper section lists near-infrared lines; the lower section lists mid-infrared lines.
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Thermodynamic constraints reinforce this picture. Figure 5
shows recombination and cooling times at peak emissivity
radii. Even for compact tracers, these timescales far exceed the
∼hour flare duration. For example, [Al VIII] peaks at ∼103Rg

with a recombination time of ∼242 days, while [Si IX] peaks at
∼330Rg with ∼8 days. In both cases, the gas cannot adjust on
flare timescales and instead reflects the time-averaged radia-
tion field.

We tested the sensitivity of the predictions to density by
increasing the normalization from n = 106.5 to 107.5 cm−3 at
10Rg. Although this test does not change our conclusion that the
detected MIRI lines are ineffective probes of hour-timescale
flares, it produces a potentially useful independent density
diagnostic. The principal new MIR feature is [Mg VII]
5.502 μm, which reaches peak emissivity at rMg V II ≈
2.6 × 103Rg but is not detected in the MIRI/MRS spectra. In
our adopted n ∝ r−1 profile, the high-density model corresponds
to a local density of order ∼105 cm−3 at the radius of peak
emissivity. The absence of the line therefore disfavors densities
substantially above this scale, conditional on the assumed
temperature structure, abundances, and flare spectrum. Because
the calculation does not include a complete geometric delay
distribution or transfer function, we regard this as an order-of-
magnitude density constraint rather than a precise upper limit.
This illustrates that, although MIR lines do not constrain the
instantaneous UV luminosity of Sgr A�, their presence or
absence may provide an independent probe of the density
structure of the accretion flow at specific radii.

The mismatch between observed MIRI lines and model
predictions is informative. The detected [Fe II], [Ne II], and

[S III] lines likely arise from cooler, denser, and more extended
circumnuclear gas, such as Sgr A West, rather than the hot
accretion flow. These regions can produce bright MIR
emission under steady radiation fields without requiring flare
excitation. The CLOUDY models instead isolate the flare
response of hot gas, which is intrinsically weak and temporally
smeared. The continuum-dominated spectra reinforce this
conclusion. Increasing L flare mainly raises the continuum
rather than producing strong lines, so detectability is limited by
line-to-continuum contrast. Even without smearing, the
intrinsic line contrast is low, making flare-driven components
difficult to isolate.

Kinematic broadening further reduces detectability. At r ∼
103Rg, velocities of ∼103 km s−1 produce FWHM ∼103 km s−1,
spreading emission over Δλ/λ ∼ 10−3 and lowering peak
contrast. Combined with low emissivity and continuum dilution,
this suppresses any variable signal, consistent with CLOUDY
simulations showing no prompt response.

This places the Galactic center in a reverberation-mapping
context distinct from classical AGN. Broad-line regions
respond rapidly to continuum changes, while narrow-line
regions reflect time-averaged luminosities due to longer
timescales (R. D. Blandford & C. F. McKee 1982;
B. M. Peterson et al. 2004; M. C. Bentz & S. Katz 2015;
R. Dempsey & N. L. Zakamska 2018; A.-L. Sun et al. 2018).
Extended emission-line regions similarly trace long-term
activity (M. Schirmer et al. 2016). Although the gas here lies
at smaller radii (r ∼ 102–105Rg), its behavior is governed by
the same interplay of density, light-crossing time, and
recombination physics. Because response times exceed flare

Figure 5. Recombination time (blue points), cooling time (orange squares; computed assuming a representative cooling coefficient of 10−22 erg cm3 s−1), and
density (green diamonds) as a function of the radius at which each ion reaches peak emissivity. Ion labels are shown above the recombination-time points. Even the
shortest recombination timescale is of order ∼8 days, far exceeding the characteristic variability timescale of ∼1 hr.
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durations, the gas acts as a low-pass filter, preserving the
time-averaged radiation field and suppressing individual
flares. The key factor is whether the gas can respond on
the variability timescale, not its absolute radius.

Extending to higher-ionization MIR and NIR lines does not
change the conclusion. These lines originate closer in but
remain faint and slow to respond. Even in favorable cases,
predicted fluxes are ≲10−7 mJy, far below detectability, and
do not show observable rapid variability. The limitations arise
from faint emissivity, long response times, overionization,
kinematic broadening, and poor contrast.

Overall, infrared emission lines are poor diagnostics of the
instantaneous UV luminosity of Sgr A� flares. The lack of
variability does not imply weak UV emission, but rather that the
gas cannot translate rapid changes into detectable line variability.
The observed MIRI lines trace quasi-steady circumnuclear
material, while flare-excited emission from hot gas is too weak
and smeared to isolate. Stronger constraints will require probes of
smaller radii, higher densities, or lower continuum backgrounds,
where response times and contrast are more favorable.

5. Conclusions

We investigate the response of circumnuclear gas to
Sgr A� flares using JWST/MIRI spectroscopy and CLOUDY
modeling. Our main conclusions are:

1. We find no variability in any of the observed mid-
infrared emission lines (e.g., [Fe II] 5.34 μm, [Ne II]
12.813 μm, [Fe II] 17.936 μm, [S III] 18.713 μm) that
correlates with the continuum. The small fluctuations we
do see are consistent with measurement noise. Across the
observed lines and epochs, the most conservative limit
on the measured variability is 〈νLν〉 = (7.8 ± 0.8) ×
1033 erg s−1.

2. The lack of line variability is expected given the
structure of the gas. The emission comes from a wide
range of distances, with light-travel times of about
0.1–10 days. Only a tiny fraction of the emission comes
from regions that could respond quickly (on hour
timescales), so any rapid signal is smeared out when
summed over all radii.

3. The gas itself also responds slowly. The models show
that recombination and cooling times are much longer
than typical flare durations, even for highly ionized
species. As a result, the gas mainly reflects the average
radiation field rather than individual flares.

4. Extending the analysis to prospective observations, we
find that high-ionization MIR and NIR emission lines are
intrinsically faint and remain far below current JWST
sensitivity limits. While such lines may in principle be
detectable with future instruments offering orders-of-
magnitude improvements in sensitivity, observations of
infrared lines currently cannot constrain the instanta-
neous UV emission of Sgr A�.

These results demonstrate that the circumnuclear medium
around Sgr A� is insensitive to short-timescale variability and
instead traces the steady-state radiation field.
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Appendix
Search for Continuum-correlated Line Variability

We perform a complementary search for delayed con-
tinuum-correlated line variability. For each emission line, we
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compare the continuum-subtracted emission-line light curve,
L(t), to the contemporaneous mid-infrared continuum light
curve, C(t), extracted from the same MIRI channel. We search
for a delayed relationship between the line and continuum light
curves over the lag range accessible to each observation (over
positive-lag windows extending to 1 hr for the 2024 observa-
tions and 8 hr for the 2025 observations), using the
interpolated cross-correlation function (ICCF; C. M. Gaskell
& B. M. Peterson 1987; B. M. Peterson 1993; B. M. Peterson
et al. 2004). At each trial lag τ, one light curve is shifted
relative to the other and linearly interpolated onto the sampling
times of the unshifted light curve. We then compute the
Pearson correlation coefficient between the overlapping points.
Repeating this calculation over a grid of trial lags produces the
ICCF, r(τ). A positive value of r(τ) indicates that similar
continuum and line-flux variations occur with a delay τ.
Because a reprocessing response should causally follow the
driving continuum variability, we restrict the search to positive
lags (L(t) is correlated with C(t − τ)), using 0 < τ < 60
minutes for the shorter 2024 observations and 0 < τ < 480
minutes for the longer 2025 observations.

The significance of the maximum observed correlation
coefficient, rmax, is evaluated using null light curves that
preserve the temporal structure of the data but remove any
physical continuum–line correlation. Specifically, we generate
phase-randomized surrogate line light curves and repeat the
ICCF analysis on each realization. The 95th percentile of the
resulting null distribution defines the critical correlation
coefficient, rcrit,95; a peak in the ICCF is considered formally
significant only if >r rmax crit,95.

To translate the nondetections into limits on a reverberating
response, we perform injection–recovery tests using the
observed continuum light curve as the driving signal. For
each realization, we construct a synthetic delayed line light
curve,

( )
( )

( ) ( )= +L t L
C t C

C
t , A1inj ref

inj

where τinj is the injected lag and ε(t) is Gaussian noise drawn
independently at each integration using the corresponding
measured line-flux uncertainty. The reference scale Lref sets
the characteristic line-flux amplitude used in the injection test.
It is taken to be the mean absolute value of the measured
continuum-subtracted line flux for that transition and epoch.
The dimensionless parameter η sets the amplitude of the
injected response. Following Equation (A1), η = 1 produces a
delayed line-flux change equal to Lref.

We test 25 linearly spaced response amplitudes over
0.05 � η� 5.0. For each amplitude, we generate 300 realiza-
tions with τinj drawn from the same positive-lag grid searched
in the observed data. We calculate the ICCF of the observed
continuum and each synthetic line light curve and classify a
response as recovered when its maximum correlation coeffi-
cient satisfies r rmax crit,95.

Across the full set of lines and epochs, we find no physically
compelling continuum-correlated line response. Two cases
formally exceed the 95% null threshold: [Fe II] 5.34 μm in
jw04572003001, with =r 0.87max at τ = +60 minutes
compared to rcrit,95 = 0.85 (p = 0.017), and [Ne II]
12.81 μm in jw07532004001, with =r 0.99max at τ = +415
minutes compared to rcrit,95 = 0.98 (p = 0.015). We do not

interpret either case as a robust reverberation detection. Both
maxima occur at or near the upper boundary of the searched
lag interval: the [Fe II] peak is pinned to the +60 minutes edge
of the 2024 search window, while the [Ne II] peak occurs at
nearly the full 2025 visit baseline. At such large lags, shifting
one light curve relative to the other leaves progressively fewer
overlapping integrations, making the inferred correlation
increasingly sensitive to the observing window and temporal
sampling. Previous simulation-based studies have shown that
ICCF lag recovery can become unreliable under these
conditions, particularly when the lag approaches a poorly
sampled portion of the available baseline (J. I.-H. Li et al.
2019; U. Malik et al. 2022; H. McDougall et al. 2026).
Because neither maximum is localized within the interior of
the searched lag range, we treat these cases as boundary-lag
candidates rather than robust reverberation detections.

We therefore treat these formal peaks as nondetections and
report the result as an upper limit on continuum-correlated line
variability. The most conservative constraint comes from our
noisiest transition, [S III] 18.713 μm. For this line, no
continuum-correlated variability is detected, and any reverber-
ating response stronger than ≈459% of the reference line flux
over the positive-lag range 0 < τ < 480 minutes is excluded at
95% confidence. This supports the interpretation that the line-
emitting gas responds primarily to the time-averaged radiation
field rather than to individual hour-timescale flares.
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