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Abstract

In this work, we measure the spectral index of Sagittarius A* (Sgr A*) between the H (1.6 um) and K’ (2.2 um)
broadband filters in the near-infrared (NIR), sampling over a factor ~40 in brightness, the largest range probed to
date by a factor ~3. Sgr A*-NIR is highly variable, and studying the spectral index o (with F, oc v) is essential to
determine the underlying emission mechanism. For example, variations in a with flux may arise from shifts in the
synchrotron cutoff frequency, changes in the distribution of electrons, or multiple concurrent emission
mechanisms. We investigate potential variations of ay_ g with flux by analyzing seven epochs (2005-2022) of
Keck Observatory imaging observations from the Galactic Center Orbits Initiative. We remove the flux
contribution of known sources confused with SgrA*-NIR, which can significantly impact color at faint flux levels.
We interpolate between the interleaved H and K’ observations using multi-output Gaussian processes. We
introduce a flexible empirical model to quantify « variations and probe different scenarios. The observations are
best fit by an ay_x = —0.50 & 0.08,; £ 0.1% that is constant from ~1 mJy to ~40 mly (dereddened 2 yim
flux). We find no evidence for a flux dependence of Sgr A*’s intrinsic spectral index. In particular, we rule out a
model explaining NIR variability purely by shifts in the synchrotron cutoff frequency. We also constrain the
presence of redder, quiescent emission from the black hole, concluding that the dereddened 2 um flux contribution
must be <0.3 mJy at 95% confidence level.

Unified Astronomy Thesaurus concepts: Galactic center (565); Supermassive black holes (1663); Spectral index

(1553); Gaussian Processes regression (1930); Infrared photometry (792); Low-luminosity active galactic

nuclei (2033)
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1. Introduction

The Galactic center (GC) of the Milky Way hosts a compact
source, Sagittarius A* (SgrA*), first detected in the radio
(B. Balick & R. L. Brown 1974) and now confidently
associated to a supermassive black hole (SMBH) with a mass
~4 x 10°M,, (e.g., A. M. Ghez et al. 2003, 2008; R. Schodel
et al. 2003; S. Gillessen et al. 2009). Observations have
been realized across the electromagnetic spectrum, revealing
the existence of a rapidly varying counterpart at X-ray
(F. K. Baganoff et al. 2001) and near-infrared (NIR)
wavelengths (R. Genzel et al. 2003; A. M. Ghez et al. 2004).
This observed variability is most likely powered by physical
processes in the accretion flow surrounding the black hole, but
the exact mechanisms are still not completely understood.

Sgr A* offers a particularly compelling window into the
complex puzzle of SMBH accretion. First, it can be observed at
high angular resolutions due to the relative proximity of the GC
(d=~8kpc; e.g., T. Do et al. 2019a; GRAVITY Collaboration
et al. 2019). Second, Sgr A* is remarkably faint, radiating at
<107® less than the Eddington luminosity (e.g., F. K. Baganoff
et al. 2003; R. Genzel et al. 2010). Thus, it probes low-
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accretion-rate regimes more characteristic of the low-luminos-
ity active galactic nuclei (AGN) population found in the nearby
Universe (e.g., L. C. Ho 2008; M. Contini 2011; A. Eckart
et al. 2018), whereas accretion mechanisms are understood
more thoroughly in the context of very luminous AGNs. In
fact, Sgr A* is faint even by low-luminosity AGN standards,
and its study has motivated the development of sophisticated
models for radiatively inefficient/advection-dominated accre-
tion flows (e.g., R. Narayan et al. 1995; F. Yuan et al. 2003;
F. Yuan & R. Narayan 2014).

These models can be constructed using semi-analytic
prescriptions, but also numerical simulations, which have
become increasingly refined, incorporating general relativistic
(GR) effects, intricate magnetic field interactions, and plasma
turbulence into the dynamics of accretion. State-of-the-art
general relativistic magnetohydrodynamic (GRMHD) simula-
tions of the accretion flow, paired with GR ray-tracing codes,
are now able to match reasonably well some of the observed
properties of Sgr A*’s emission (e.g., R. Anantua et al. 2020;
Event Horizon Telescope Collaboration et al. 2022a;
S. M. Ressler et al. 2023). These simulations are mostly driven
by observational constraints in the radio domain (the Event
Horizon Telescope results in particular; Event Horizon
Telescope Collaboration et al. 2022b)—at millimeter/submil-
limeter wavelengths, the emission is believed to predominantly
arise as synchrotron from a population of electrons with a
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thermal energy distribution (e.g., R. Genzel et al. 2010; Event
Horizon Telescope Collaboration et al. 2022a).

Connecting  GRMHD predictions to other wavelength
regimes, however, is not straightforward. Although the NIR
emission is similarly thought to be dominated by optically thin
synchrotron radiation from a population of relativistic electrons
near the event horizon (~10 Schwarzschild radii; e.g.,
A. Eckart et al. 2006; S. Trippe et al. 2007; A. Eckart et al.
2009; or see R. Genzel et al. 2010 for a review), it cannot be
directly related to the radio. The NIR emission displays a
strong variability, often explained by a fluctuating contribution
from a distinct, nonthermal population of electrons (e.g.,
F. Yuan et al. 2003, 2004; A. Chael et al. 2018; J. Davelaar
et al. 2018). It remains unclear what processes govern the
evolution (injection through particle acceleration, escape,
heating, cooling) of this population, and whether the flares
arise from outflows or orbiting hotspots in the disk (e.g.,
B. Ripperda et al. 2020; D. Ball et al. 2021; O. Porth et al.
2021). For instance, recent efforts suggest that some of the
observed NIR properties, for example realistic lightcurves
(J. Dexter et al. 2020; K. Chatterjee et al. 2021; A. A. Grigorian
& J. Dexter 2024), can be reproduced with magnetic
reconnection in GRMHD simulations, but a consensus model
for the NIR emission is still lacking.

To constrain the existing models and, in turn, better
understand the complex physics in the vicinity of the SMBH,
measurements in the NIR in unexplored regimes (e.g., of the
flux distribution or the spectral index) are needed, all the more
since SgrA™s variability can be best probed at these
wavelengths. Some fluctuations are observed in the X-ray
and radio domains as well, but X-rays mostly probe strong
flares that punctuate an otherwise quiescent emission state (e.g.,
F. K. Baganoff et al. 2001, 2003; D. Porquet et al. 2008;
G. Ponti et al. 2017). Radio (submillimeter in particular)
wavelengths capture the bulk of Sgr A™’s steady radiation, and
show relatively small flux variations (~10%-30%) around the
mean value (e.g., J. C. Mauerhan et al. 2005; J.-P. Macquart &
G. C. Bower 2006; M. Subroweit et al. 2017; or see R. Genzel
et al. 2010 for a review). Sgr A*-NIR, on the other hand, is
continuously variable, and observable as a distinctive source at
nearly all times using ground-based telescopes with adaptive
optics (AO). This allows one to probe the variability at many
timescales and flux levels (over a factor of ~500; G. C. Weldon
et al. 2023).

For this reason, a wealth of studies report observations of
Sgr A* in the NIR, with a lot of focus on the flux distribution
and timing properties (e.g., T. Do et al. 2009b; K. Dodds-Eden
et al. 2011; G. Witzel et al. 2018; Z. Chen et al. 2019;
GRAVITY Collaboration et al. 2020; G. C. Weldon et al.
2023) or on the correlation with X-ray flares and/or
submillimeter emission (e.g., A. Eckart et al. 2004, 2012;
F. Yusef-Zadeh et al. 2012; G. Ponti et al. 2017; GRAVITY
Collaboration et al. 2021; G. Witzel et al. 2021).

For NIR-only observations, while investigating the flux
distribution and timing helps to constrain Sgr A*’s flux states, a
more complete physical picture requires information about the
variations in the spectral energy distribution. For example,
probing the flux dependence of the spectral index can be
important to differentiate between models of the variability.
Determining the NIR color/spectral index variations of Sgr A*
is, however, more challenging than single-band photometry,
since this often faint source has to be observed within its very
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short variability timescale (~1 — 10 minutes; G. Witzel et al.
2018; T. Do et al. 2019b) in at least two wavelengths.

Among the existing measurements, there is a general
agreement in both photometric (A. M. Ghez et al. 2005;
S. D. Hornstein et al. 2007; M. Bremer et al. 2011; G. Trap
et al. 2011; G. Witzel et al. 2014; GRAVITY Collaboration
et al. 2021) and spectroscopic (A. Krabbe et al. 2006;
S. Gillessen et al. 2006; G. Ponti et al. 2017) studies over a
value o~ —0.6 (where F, x v“)—typical for optically thin
synchrotron radiation—when Sgr A*-NIR is in a bright state.
There are, however, two questions left open in the literature
about the NIR spectral index of Sgr A*, which we attempt to
address in this paper.

First, Sgr A* showed heightened NIR activity in 2019,
completely challenging previous statistical models of its
variability (GRAVITY Collaboration et al. 2020; L. Murchik-
ova 2021; G. C. Weldon et al. 2023). In particular, 2009 May
13 displayed an unprecedented flare in the NIR, reaching twice
the level of any historical measurement, with a drop in
brightness from myg ~ 13 to mg ~ 17 (i.e., a factor ~50 in
flux) over a ~2 hr timescale (T. Do et al. 2019b). The origin of
this episode is still unknown: Some proposed explanations
include a magnetic reconnection event involving unusually
strong magnetic fields (e.g., E. M. Gutiérrez et al. 2020;
J. Dexter et al. 2020), or a temporary increase in the accretion
rate (e.g., due to the delayed infall of material from a dusty
G-object, tidally stripped during its pericenter passage;
L. Murchikova 2021). A NIR spectral index measurement
has yet to be reported for this epoch. Since it explores a new
flux range, this would allow one to test whether the usual value
for Sgr A*-NIR flares remains valid, even at very bright flux
levels.

Second, fainter states of Sgr A*-NIR spur much more debate.
Some studies report measurements consistent with a constant
spectral index value over large flux ranges (S. D. Hornstein
et al. 2007; G. Trap et al. 2011; G. Witzel et al. 2014). Other
works find that Sgr A*-NIR becomes redder at low flux
densities, with o < —2 (S. Gillessen et al. 2006; A. Krabbe
et al. 2006; M. Bremer et al. 2011; G. Ponti et al. 2017;
GRAVITY Collaboration et al. 2021). At least two explana-
tions for this possible flux dependence have been advanced.
G. Witzel et al. (2018) proposed that shifts in the synchrotron
cutoff frequency create the NIR variability, which would cause
the spectral index to vary linearly with magnitude (i.e.,
logarithmically with flux). Alternatively, based on its flux
distribution, it has been argued that SgrA*-NIR is best
described by a model with two components: a low-level,
quiescent emission state, supplemented by another mechanism
generating flares (K. Dodds-Eden et al. 2011; GRAVITY
Collaboration et al. 2020). If the two processes exhibit different
spectral indices, color variations are to be expected as flux
densities transition from one state to the other.

In this work, we present new measurements of the NIR
spectral index of SgrA*, from both previous and new
observations obtained with the Keck Observatory in the H
(1.6 yum) and K’ (2.2 um) broadband filters. They cover the
largest dynamic range ever explored for a study of this type: an
observed flux in K’ ~ 0.1—4 mly, or equivalently dereddened
flux in K; ~1-42mly (using Ag, = 2.46; R. Schodel et al.
2010). Our data set also includes the brightest NIR measure-
ments to date thanks to the inclusion of 2019 May 13; and
bright detections reduce systematic uncertainties such as
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Table 1
Description of the Observational Setups for the Epochs Used in This Work
Total Observation Dithered Filter Switch Temporal Separation Integration Number of

Date Time (yes/no) Every x Frames Between Bands Band Time Coadds References

UT) (min) () (s)

2005 July 31 113 No 1 30-60 K 2.8 10 a
H 7.4 3 a

2019 May 13 213 Yes 6 30-180 K 2.8 10 b
H 7.4 4 b

2022 May 21 105 Yes 6 30-180 K' 2.8 10 c
H 7.4 4 d

2022 May 25 134 Yes 3 30-90 K 2.8 10 c
H 7.4 4 d

2022 Aug 16 101 Yes 3 30-90 K 2.8 10 c
H 7.4 4 d

2022 Aug 19 114 Yes 3 30-90 K’ 2.8 10 c
H 7.4 4 d

2022 Aug 20 116 Yes 3 30-90 K' 2.8 10 c
H 7.4 4 d

References. (a) S. D. Hornstein et al. (2007); (b) T. Do et al. (2019b); (c) G. C. Weldon et al. (2023); (d) this work.

confusion with stellar sources that may occur when Sgr A*-NIR
is faint.

Furthermore, we propose a new method to interpolate
correlated lightcurves, based on multi-output Gaussian process
(MOGP) regression—a recent development in applied mathe-
matics that has yet been scarcely employed for astrophysical
applications (M. A. Alvarez & N. D. Lawrence 2011;
S. Aigrain & D. Foreman-Mackey 2023).

This paper is organized as follows. Section 2 presents our
observations and data-reduction method. Section 3 explains
how we obtained spectral index measurements, giving details
regarding extinction correction, confusion correction, MOGP
interpolation, and motivating the magnitude cuts for the final
data sets. In Section 4, we introduce an empirical model
encompassing the three pictures discussed above, allowing us
to infer the intrinsic spectral index of Sgr A*-NIR from noisy
measurements. Section 5 describes the results of this analysis,
first for a very robust subset composed of bright observations
only, then for our complete data set. We discuss our
conclusions in perspective with the literature in Section 6,
before summarizing in Section 7.

2. Observations and Data Reduction
2.1. Observations

Our data consist of high-resolution images from the Galactic
Center Orbits Initiative (GCOI; PI: A. Ghez), obtained using
the laser guide star AO system (P. L. Wizinowich et al. 2006)
on the NIR imager NIRC2 (PI: Keith Matthews) at the 10 m W.
M. Keck II telescope. These observations were performed with
one of two broadband filters, either K’ (\g=2.124 um,
AX=0.351 pm) or H (\g= 1.633 um, A\ =0.296 pm), over
seven epochs: one in 2005, one in 2019, and five in 2022. In
particular, the H-band observations in 2022 are newly reported
in this work. We draw attention to the fact that this data set
includes the brightest NIR flare ever recorded for Sgr A* (2019
May 13), part of its period of enhanced activity in 2019.

Studying color variations is especially interesting at that time,
since the physical mechanism responsible for this episode is
still debated (see Section 1).

For 2005 July 31, observations cycled through the H band
(three coadds with exposures of #,=7.4s each), K’ band
(10 coadds, t;,; = 2.8 s each), and a third filter not used in this
work (L', 30s integrations) over a total time of 113 minutes
(S. D. Hornstein et al. 2007). The filter changed after each
frame, i.e., every ~30s, so the time between H- and K’'-band
observations varied between 30 s and 1 minute. Images for this
night were not dithered, but Sgr A* was held fixed in an area of
the detector free from bad pixels.

The other six epochs had a different setup, switching only
between H and K’, with multiple dithered frames taken before a
change of filter. For 2019 May 13 and the two epochs in May
2022, observations alternated between six frames in each band,
meaning that the time to the closest observation in the other
band ranged from ~30 s to ~1.5 minutes. For the three epochs
in 2022 August, only three dithered images were taken before
switching filters. This resulted in a temporal separation between
H and K’ of ~30s to ~3 minutes. We kept the same coadds
and integration time in K’ as 2005 July 31. In H, however, the
number of coadds was increased to four (with the same £, in
order to improve the signal-to-noise ratio. The various
observational setups are summarized in Table 1.

Following standard image reduction methods, each image
was flat-fielded, sky-substracted, corrected for bad pixels,
cosmic rays and optical distortions (e.g., S. Yelda et al. 2010)
using the Keck AO Imaging (KAI) data-reduction pipeline
(J. R. Lu et al. 2021).

Our group employs two main formats for the imaging data:
individual frames and composite images. The composite
images are produced by combining individual frames within
a single night, and applying a weighting scheme based on each
image’s quality, quantified by the Strehl ratio (A. K. Gautam
et al. 2019). Since Sgr A™ can be variable on very short
timescales (~1-10 minutes) in the NIR (G. Witzel et al. 2018,;
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Table 2
Number of Measurements for Each Epoch, Before and After the Various Data Quality Cuts that Are Applied in This Study: Strehl Ratio Cuts,” Confusion Correction
Cuts,” Interpolation Filters,” and Magnitude Cuts®

Date Nobs Nops After Nyps After Nops After Nops With Nops With
(UT) Band Before Cuts Strehl Ratio Cuts Confusion Correction Interpolation Filters mg < 16.5 mgr < 17.2
2005 July 31 K’ 32 32 30 15 8 13

H 32 29 16 16 9 14
2019 May 13 K 97 90 90 10 9 10

H 70 52 34 10 9 10
2022 May 21 K’ 51 51 49 10 6 8

H 46 45 29 10 6 8
2022 May 25 K’ 65 65 53 6 0 2

H 61 46 25 7 0 2
2022 Aug 16 K’ 42 39 39 5 1 3

H 37 10 9 5 0 2
2022 Aug 19 K’ 49 48 48 22 12 22

H 44 39 39 23 13 23
2022 Aug 20 K’ 56 52 52 12 6 12

H 45 25 25 14 8 14
Total Both 165 87 143

Notes. We note that the interpolation filters are reapplied after the magnitude cut.

 See Section 2.2 and Appendix B.

® See Section 3.2 and Appendix D.2.
¢ See Section 3.3 and Appendix E.3.
4 See Section 5.1.

T. Do et al. 2019b), we focused on individual frames to
maximize the amount of information obtained from a light-
curve. Still, positional and photometric data extracted from the
composite images proved useful for the analysis of the
individual frames (see below).

2.2. Point-source Detection and Photometry

To identify point sources in images (both individual and
composite), then extract their astrometric and photometric data,
we used the point-spread function (PSF) fitting software ATROPA
(G. Witzel et al. 2016), based on the code StarFinder
(E. Diolaiti et al. 2000), an IDL package designed for crowded
stellar fields. Stellar crowding is extremely high in the central
arcsecond region, making measurements of Sgr A*-NIR espe-
cially challenging. To maximize the number of frames with a
detection of SgrA*-NIR, we employed a modification of
StarFinder introduced by S. D. Hornstein et al. (2007),
applied by G. C. Weldon et al. (2023), and described in
Appendix A.1. This method makes use of prior knowledge on the
location of Sgr A*, determined within <1 mas thanks to an IR
astrometric reference frame, constructed from SiO masers with
extremely accurate radio positions (S. Sakai et al. 2019).

For this work, we employed the version of ATROPA from
T. Do et al. (2019a, 2019b), and photometric calibration was
performed with the same calibrator stars (IRS16NW, S3-22,
S1-17, S1-34, S4-3, S1-1, S1-21, S3-370, S3-88, S3-36, and
S2-63) and reference flux measurements as those from
G. C. Weldon et al. (2023). We remark that this version of
ATROPA is different than the one employed by G. C. Weldon
et al. (2023), since we find that it separates close-by sources
more effectively, improving photometry around SgrA*. We
include more details in Appendix A.2.

Since poor AO performance can lead to unreliable photo-
metry, we applied an image quality cut for our data set. The
Strehl ratio S was estimated for each frame using KAT (J.R. Lu
et al. 2021), then we removed frames $<0.2 in K/, and
S <0.175 in H (these values are motivated in Appendix B).
Typically, this removes 0%-30% of the frames per night
(Table 2), and more frames in H than in K’. The worst epoch
(2022 August 16, in the H band) has ~70% of the frames
removed because of this cut.

Finally, to estimate the photometric uncertainties, we applied
the same procedure as described in T. Do et al. (2009b). We
considered all nonvariable stars within some radius of Sgr A*,
and fitted a power-law relation to the rms uncertainty in flux as
a function of flux:

3
0 (Fpand) _ Coand X ( Foana ) band )
- an )

1 mly I mly

with a scaling Cy,nq and a power-law exponent [yang-

The enclosing radius was chosen to be either 0”5, 17, or 27,
depending on the night and band, to ensure that the number of
stars was sufficient to obtain a fit that did not vary when
including additional stars. To compute the uncertainty on the flux
measurement of Sgr A*-NIR in each frame, Equation (1) was
used with the values of Cyang and [pang fitted for that night.
Table 3 reports the values of Cy,,g and 5y, found for each night.

Our measurements have photometric uncertainties on flux
ranging from 1% to 11% in K’, and from 3% to 18% in H,
depending on the brightness of Sgr A*-NIR. Figure 1 displays
two example frames centered on Sgr A* for each band, as well
as the lightcurves for 2022 May 21. This night has good AO
performance (S ~0.35) and shows strong variation in the
Sgr A*-NIR flux.
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Figure 1. Top row: example images in K’ (red) and H (blue) from 2022 May 21, zoomed-in on a 1” x 1” box around Sgr A", showcasing its large variations in
brightness. The bright nearby stars SO-2 and S0-6 (mg: ~ 14, my ~ 16) are labeled for reference. Bottom panel: Sgr A*-NIR lightcurves in the H and K’ bands for the
same epoch, interpolated using the method described in Section 3.3. The green arrows show which points in the lightcurve are selected by the interpolation filters to
serve for the color/spectral index measurements. The black arrows indicate the location of the four images in the panels above.

3. Spectral Index Measurements

Throughout this work, we use the convention F, o v
(where F, is the flux density) for the implicit definition of the
spectral index .

In this section, we detail the procedure used to derive
spectral index measurements from photometric data, explaining
how we correct for extinction (Section 3.1), for confusion
(Section 3.2), and how we interpolate the lightcurves
(Section 3.3). We specify the amplitude of the corrections in
Table 4, along with the uncertainty introduced by each step.
We then motivate magnitude cuts for the final samples in
Section 3.4.

3.1. Extinction Correction

The GC is characterized by strong, highly spatially variable
interstellar extinction—so much so that the stellar population
only becomes visible in the NIR (Ay 2 30 mag, Ax = 2.5 mag;
S. Nishiyama et al. 2008; R. Schodel et al. 2010). Significant

Table 3
Normalization Cp,,q and Power-law Index Bp.nq of the Noise Law (1), Fitted
for Each Night and Band

Epoch log,, Cx' By log,, C Bu
2005 July 31 —1.71 0.52 —1.70 0.64
2019 May 13 —1.54 0.51 —1.67 0.61
2022 May 21 —1.53 0.54 —1.65 0.61
2022 May 25 —1.57 0.48 —1.56 0.65
2022 Aug 16 —1.39 0.53 —1.50 0.57
2022 Aug 19 —1.55 0.49 —1.69 0.53
2022 Aug 20 —1.62 0.45 —1.57 0.64
Mean value —1.56 0.50 —1.62 0.61
Standard deviation 0.09 0.03 0.07 0.04

reddening is therefore expected in our observations, an effect
which needs to be corrected for when measuring Sgr A*-NIR’s
intrinsic color. The extinction curve for the GC in the NIR is
usually approximated as a power law (A oc A~ ), however the
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Table 4
Summary of the Amount of Correction (If Any) and the Uncertainty Introduced by Each Step of the Spectral Index Measurement Estimation

Name of Step Amplitude of Correction (Value or Range)

Aa=725

Added Uncertainty (Value or Range)

Extinction correction 0aqa() = 0.17 (systematic)

Confusion correction
(without 2019 May 13)

A mg € [0.07, 0.67]
A my € [0.08, 1.06]
A «a € [0.01, 1.88]

Oaaa(mg) € [0.01, 0.20]
oaaa(my) € [0.02, 0.34]
oa4d(e) € [0.01, 0.80]

Interpolation N/A Opred(myr) € [0.04, 0.17]
O-pred(’nH) € [005, 016]

Uﬂdd(a) S [0.14, 0.60]

Note. Typical photometric uncertainties on magnitude (before all the correction steps) range from 0.02 to 0.10 mag in the K’ band, and from 0.04 to 0.15 mag in the H
band. For this table, we only considered points that end up in the extended data set, i.e., that survive the various cuts (see Table 2 and Section 3.4). Comparing the
spectral index « before and after confusion correction is only possible after interpolation, so the ranges for A« and o,44(x) reported in the “confusion correction” row

are only estimates. Appendix F provides more detail on the uncertainties added by confusion correction and interpolation.

values for the normalization Ay and power-law index 3, along
with possible deviations from the power-law form, are still
debated (T. K. Fritz et al. 2011; M. W. J. Hosek et al. 2018;
F. Nogueras-Lara et al. 2019). These uncertainties are limiting
for studies concerned with precise color measurements, like
this work. Even small uncertainties on Ay and (3 (o4, ~ 0.1 and
03~ 0.06) can lead to a significant spread in the value for the
color excess needed to retrieve the true H — K’ color of an
object (~0.3 mag; see Appendix C).

Fortunately, the GC is a crowded field, meaning that Sgr A*
is observed simultaneously with nearby stars of known spectral
type, from which the color excess can be estimated. We
dereddened the apparent color of Sgr A*-NIR using the color of
the star SO-2 (a bright, nonvariable star, less than 072 away
from SgrA®), avoiding the systematic uncertainties coming
from the extinction law. SO-2 is spectroscopically identified as
an early-type (BO-2V) star (T. Paumard et al. 2006; T. Do et al.
2009a), so it has an intrinsic color (H — K’);9"% = —0.08 +
0.03 (J. R. Ducati et al. 2001; T. Do et al. 2013). In addition,
S0-2 is photometrically stable (<5% scatter on flux values within
a night and between nights), with mean magnitudes (mg/) =
14.10 £ 0.03 and (my) =16.11 £0.03 (A. K. Gautam et al.
2024). Then (H — K')geq = 2.01 = 0.04 for S0-2, and using its
intrinsic color, the mean color excess is 2.09 £0.05. We
accounted for the difference in intrinsic spectral index between
S0-2 and Sgr A*-NIR’s expected range by applying a second-
order correction AE = E(H — K')yx — E(H — K')sgra =~ 0.02
(see Appendix C). The final value for the mean color excess is
therefore (E(H — K')) = 2.07 + 0.05. We calculate the extinc-
tion-corrected H — K’ spectral index of Sgr A*-NIR using

Jo.n
‘ —04[(H — K"ess — (E(H — K"))] + logm(ﬁ)
O‘?—?—K’ = —,

logl()()\K’//\H)
(2)

where (H — K')ey is the measured color of SgrA*-NIR,
0.7 = 10501y, f, x = 686 Jy are the zero-point flux densities
in H and K’ (A. T. Tokunaga & W. D. Vacca 2005a), and the
central wavelengths are used for the Aoand.’

® The value originally quoted in A. T. Tokunaga & W. D. Vacca (2005a) for
the zero-point flux in the H band (fpy = 1040 Jy) was modified to
fo.n =1050Jy in an erratum (A. T. Tokunaga & W. D. Vacca 2005b). This
difference only has an impact |6c| < 0.04 on the spectral index, i.e., within our
final uncertainties.

We note that choosing a different value for the mean color
excess amounts to shifting all spectral index measurements by
the same amount. In Section 4, where we discuss an empirical
model to investigate spectral index variations, we therefore fix
the value of (E(H — K')). We propagate the uncertainty on
(E(H — K')) as a separate systematic error term for the final
spectral index value. We also attempted to compute the color
excess in each individual frame rather than just using the mean
value, in order to account for slight variations in the
photometry. This did not significantly impact our results.

3.2. Confusion Correction

Because the GC is a crowded field, the extended PSFs of
individual sources frequently overlap, which can bias their
respective photometry. We consider two objects to be confused
if their angular separation is lower than 60 mas (=6 pixels on
the NIRC2 detector), in which case both will be fitted as a
single, combined source by StarFinder (G. C. Weldon et al.
2023). In consequence, if there are sources within 60 mas of
Sgr A*, they will contribute to the flux measured at the location
of Sgr A*-NIR. Since stars are expected to have different
intrinsic colors than Sgr A*-NIR, it is necessary in that case to
correct for the additional flux in the two bands, especially when
Sgr A*-NIR gets faint.

With the exception of 2019 May 13, Sgr A*-NIR is confused
with known stars in all epochs of our data set: with SO-104 for
2005 July 31, with SO-38 for the 2022 nights.” Based on two
decades of AO observations of the GC, we determined the
expected K’ magnitudes of these stars, calculating the mean
and standard deviation over all epochs for which they are
detected and not confused (see Table 5).

Due to less frequent observations, fewer detections of S0-38
and SO-104 were available in the H band, and unfortunately
these stars were confused with another source in the
corresponding epochs. For that reason, we computed the
expected H magnitude from the measurement in K’, using an
assumption on the intrinsic color of the star and the mean
color excess measured on SO-2 (see Section 3.1). S0-38 is
identified as a late-type star (S. Gillessen et al. 2009), so we
assumed (H — K')jpe = 0.1 &2 0.05 for the intrinsic color.
The spectral type of S0-104 is unknown, so we took

7 In 2022, S0-102 is also close to the confusion limit (separation ~60 mas),

but StarFinder consistently detects a source near its expected location, with
its expected magnitude. Therefore, we considered that Sgr A*-NIR was not
confused with SO-102 in our 2022 epochs.
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Figure 2. Comparison of the uncorrected (gray) and confusion-corrected (red) lightcurves for 2022 August 19. The inset shows the posterior on the predicted position
(relative to Sgr A™) of the star S0-38 confused with Sgr A*-NIR, inferred from orbital fits to long-term GC astrometric data (see Appendix D.1).

Table 5
Mean and Standard Deviation for the Magnitudes of Stars Confused with
Sgr A*-NIR in Our Data Set

S0-104 S0-38
Number of epochs used 7 36
Magnitude in K’ 16.75 + 0.08 17.04 £ 0.12
Magnitude in H 18.85 £ 0.14 19.24 £ 0.14

Note. Values in K’ are determined from long-term monitoring data of the GC
(A. K. Gautam et al. 2024), then H magnitudes are computed using the mean
color excess measured from SO-2 and assuming an intrinsic color.

(H — K")jn = 0.0 + 0.1, which is approximately the com-
bined mean for early- and late-type stars observed in this region
(T. Do et al. 2013). The error bars reported in Table 5 take
these assumptions into account, and were propagated through
our process for confusion correction.

To derive this photometric correction for confusion, we used
star-planting simulations, building on the approach described in
G. C. Weldon et al. (2023). For each frame, many synthetic
images were created by adding (a) the background and stellar
field inferred by StarFinder during its initial run, (b) Sgr A*-
NIR, injected at the known position of Sgr A*, with various
“planted” magnitudes, and (c) the known star confused with
Sgr A*-NIR, randomly sampling its magnitude and position
(making use of the values in Table 5, and posteriors from orbital
fits, respectively). For each frame and each “planted” magnitude
of Sgr A*-NIR, 18 samples were realized. StarFinder was
then run again on these images to obtain “recovered” magnitudes
for Sgr A*. This resulted in a relation, for each frame, between
the median recovered magnitude and the planted magnitude, as
well as uncertainties on this relation. Using this relation, we

removed the flux contribution from the confusing sources and
obtained corrected lightcurves with updated uncertainties.
Figure 2 shows an example of such a corrected lightcurve. We
note that it is important to derive the relationship for each
individual frame, because changes in the PSF can have a strong
impact on the flux contribution from nearby sources. We find
that for some frames where the PSF quality is poor and Sgr A*-
NIR is faint, the correction can be unreliable, possibly making
the flux of Sgr A*-NIR negative. We removed these data points
from the sample (see Table 2). Appendix D presents additional
details about the star-planting simulations, confusion correction,
and derivation of uncertainties.

For 2019 May 13, no known sources are expected within the
confusion limit of Sgr A*. Regardless, we applied a “null”
confusion correction, in order to ensure that all epochs were
going through the same analysis steps. In the absence of a
confusing source, this amounts to checking if a point source
injected with the reported magnitude at the location of Sgr A* is
still detected by Starfinder. As Table 2 shows, 18 H-band
points (all having my ~ 20) did not fulfill this criterion and thus
were removed from the sample.

Despite its large computational cost, this correction step is
justified given the substantial color bias caused by stellar
confusion. Stars have a spectral index o, ~ 2 that is very
different from Sgr A*-NIR, meaning that they contaminate the
flux differently in the two bands. As a result, Sgr A*-NIR’s
uncorrected spectral index is systematically bluer than its actual
value. This effect becomes increasingly important as Sgr A*-
NIR becomes faint, creating an apparent trend (bluer when
fainter) which does not reflect any intrinsic physical change in
the accretion flow’s emission. The confusion correction method
presented here efficiently removes this bias (see Figure 3). In
our data set, the stars confused with Sgr A* are relatively faint
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Figure 3. Comparison of the confusion-corrected (red) and uncorrected (gray)
spectral index measurements of Sgr A*-NIR for the epochs when it is known to
be confused (i.e., all except 2019 May 13). Uncorrected spectral index values
are systematically bluer and brighter, moving toward stellar values (o, ~ 2)
when Sgr A*-NIR becomes faint. This trend disappears after applying
confusion correction. Note that here the plotted spectral index uncertainties
do not include the systematic error from the color excess, which is shown
separately for reference.

(see Table 5), but confusion has a discernable impact on the
measured spectral index even for bright states (e.g., |Aa| ~ 0.3
for mg ~ 15.5). The subscript or superscript “est” is used
throughout this paper to emphasize that the final “measured”
quantities (e.g., magnitudes, color) are actually estimated after
this confusion correction step (and, when relevant, after
interpolation; see below).

3.3. Gaussian Process Interpolation

In theory, to accurately characterize the variations in H — K’
color/spectral index, observations in both bands have to be
taken on a timescale much smaller than the variability
timescale. This is not feasible with SgrA™ given its high-
frequency NIR variability: Large changes in brightness occur
on timescales ~1-10 minutes (T. Do et al. 2019b). Instead, we
obtained simultaneous magnitude estimates by interpolating the
lightcurves in H and K'.

We employed Gaussian process (GP) regression, a nonpara-
metric supervised learning method that makes probabilistic
predictions of interpolated values. The main benefit is that this
method naturally estimates the uncertainties on predicted
values. The most important components of GPs are kernels
(also called covariance functions), which specify the covar-
iance between pairs of points and fully describe the GP.
Kernels usually have hyperparameters that are fitted during the
regression.

In this work, we used a combination of three common
kernels: a radial basis function (RBF, squared-exponential)
kernel for long-term trends, an exponential kernel for short-
term variations, and a white-noise kernel in order to account for
scatter and measurement uncertainties. Additional details on
the mathematical framework of GP interpolation, as well as the
description of kernels employed in this work, are included in
Appendix E.1.

Naively, one would perform a GP interpolation on the
lightcurve in the K’ band (which is a real-valued function of the
time variable), run a similar procedure in the H band, then
obtain the spectral index from Equation (2), where the
magnitudes in both bands would be computed for the same
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time. This approach, however, has a major shortcoming: it does
not incorporate any correlation between the two bands. We
expect indeed that when Sgr A*-NIR gets brighter in one of the
bands, it also gets brighter in the other (with the relative
increase linked to the spectral index) since emission increases
overall. This information is not exploited by two independent
single-output GPs, leading to significant scatter in the inferred
spectral index.

For this reason, instead of interpolating the two lightcurves
separately, we used MOGP—more specifically the linear model
of coregionalization (LMC)—to do a joint interpolation. The
broad idea is to generalize GP interpolation from real- to
vector-valued functions—now relying on matrix-valued ker-
nels, with off-diagonal terms describing the correlation
between the different outputs (see M. A. Alvarez et al. 2012
for an extensive review). In the astrophysics literature, GP
regression can be found in a variety of contexts (see S. Aigrain
& D. Foreman-Mackey 2023 for a review), but MOGPs are not
yet widespread despite promising applications in exoplanetary
science (V. Rajpaul et al. 2015; D. E. Jones et al. 2022), as well
as other disciplines (e.g., robotics or neuroscience; C. Williams
et al. 2008; C. Torres-Valencia et al. 2020). The mathematical
foundations of this method are also briefly introduced in
Appendix E.2.

We emphasize that this technique does not prescribe the
amount of correlation between the two outputs, which, in our
setup, would be equivalent to choosing a value for the spectral
index implicitly. Instead, the covariance between the two bands
is allowed to vary as a function of the interpolation variable
(time here), and is optimized during the MOGP regression
M. A. Alvarez & N. D. Lawrence 2011).

We also highlight that, in this work, interpolation was
performed in magnitude space and not in flux space. First, the
spectral index is a linear function of the magnitudes (see
Equation (2)). Therefore, the coregionalization (linear by
definition) will more naturally describe the correlation between
the outputs in magnitude space. Second, the uncertainties are
more accurately represented as fractional values on flux (i.e.,
absolute values on magnitude) than by noise independent of
flux. Interpolation with a white-noise kernel in magnitude
space does not capture the exact dependence from Equation (1),
but it is more accurate than doing the same in flux space.

We performed our MOGP regression with the Python
package GPy,® which already provides an implementation for
the LMC and many kernels (see Appendices E.1 and E.2).
Figure 1 presents an example of two lightcurves (in H and K’,
during the same night) being jointly interpolated. We remark
that each epoch was interpolated independently.

To assess the performance of our MOGP method, we
reinterpolated the lightcurves many times, dropping points one
at a time. Then, we compared the predicted value to the actual
measurement, and checked that the leave-one-out errors were
distributed as expected. This test, detailed in Appendix E.3,
indicates that the MOGP makes magnitudes predictions that are
consistent with the observed values (within uncertainties).

Still, to mitigate any potential biases, we applied a “close-
point filter” after interpolating, i.e., for our final analysis of
spectral index, we only kept points for which (a) there was an
observation in one of the bands, and (b) there was an
observation in the other band within Af=90s. We also

8 GPy: a Gaussian processes framework in Python, v1.10.0 (http://github.
com/Sheffield ML /GPy).
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Figure 4. Measurements of the H — K’ spectral index /color of Sgr A*-NIR plotted against the measured magnitude in K'. The Strehl ratio cuts, confusion correction,
and interpolation filters have been applied. The dashed black lines show the location of the magnitude cuts for the bright subset and the extended data set. The dotted
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(The data used to create this figure are available in the online article.)

discarded the first and last group of points in each epoch, so
that interpolation was only used in between actual measure-
ments. The number of points left after applying these criteria
are presented for each night in Table 2.

Typical uncertainties on magnitude from the interpolation
are in the range [0.04, 0.17] mag, compared to [0.02, 0.15] mag
for the original photometric errors (see Table 4). The
uncertainties on spectral index added by interpolation, also
reported in Table 4, are compared in more detail to the
uncertainties added by confusion correction in Appendix F: For
bright points (resp. faint points), interpolation (resp. confusion
correction) is the dominant source of added uncertainty.

3.4. Bright Subset and Extended Data Set

After the interpolation, we considered two different samples:
(1) a bright subset, formed by points with mg’' < 16.5, and (2)
an extended data set, defined by mg' < 17.2. More specifi-
cally, we performed the MOGP regression on the full
lightcurves, then discarded points fainter than the chosen
threshold before applying the interpolation filters (see
Section 3.3). The number of points surviving this procedure
for each night are presented in Table 2. Figure 4 shows all the
spectral index measurements as a function of magnitude, along
with the location of the magnitude cuts, indicating which data
points belong to the two samples. These cuts were chosen to
ensure completeness, as well as to minimize the impact of
systematic uncertainties.

First, because confusion happens for six out of the seven
epochs, completeness is largely determined by our ability to
correct for this effect. We found in the star-planting simulations
that there was a frame-dependent limiting intrinsic magnitude

myim for Sgr A*-NIR, fainter than which confusion correction
became impossible (see Appendix D.2). Confusion correction
is more difficult in H, since Sgr A*-NIR is fainter (relative to
the stars) than in K’, so our spectral index measurements are
limited by H-band completeness. The median value of limiting
magnitude for Sgr A"-NIR was Hjim ~ 20.3 (corrected),
meaning that confusion correction was possible up to this
value for at least 50% of the frames. Therefore, we adopted a
50% completeness limit at m" = 20.3 (see Figure 4).

To compare with the literature, however, we need to examine
spectral index variation within a K-band flux range. Thus, we
chose cuts in K’, but making sure that observations were not
limited by H-band completeness. The first cut at mg’' = 16.5 is
conservative: It ensures that, even if Sgr A*-NIR is a very red
source (ag~ —4, or, equivalently, (H — K')ey ~ 3.7), it
would be detected in both bands. In addition, any results
obtained with this subset are very robust, because using only
bright points mitigates known sources of systematic uncertain-
ties (fainter detections are kept during interpolation, but their
effect is small due to the interpolation filters; see Section 3.3).

First, when Sgr A*-NIR is bright, the flux removed by
confusion correction (outlined in Section 3.2) is smaller. Since
the flux contribution from the stars confused with Sgr A*-NIR
varies with the epoch and PSF (i.e., is unique for each frame),
we quantify this using upper limits. For points with
mf;?t < 16.5, we estimated that confused sources account for
<40% of the detected K’ flux (i.e., Amg < 0.55). Further-
more, with the mean color of Sgr A*-NIR (H — K')eg ~ 2.7,
mg' ~ 16.5 corresponds to mg' ~ 19.2; and if mg* < 19.2,
confused sources account for <50% of the detected flux in the
H band (i.e., Amy <0.75).
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Second, we expect less photometric uncertainty when Sgr A*
is bright, because StarFinder is more accurate (in
astrometry and photometry), and because confusion has a
relatively smaller impact. This results in reduced scatter for the
measured spectral indices. By mapping the final photometric
uncertainty (i.e., after confusion correction) against the
measured magnitude of Sgr A*-NIR, we estimated that for the
bright subset, <10% (resp. <20%) uncertainty on flux on
average could be achieved in K’ (resp. H).

The observed flux distribution of Sgr A*-NIR peaks around
mygr ~ 17 (G. C. Weldon et al. 2023), so the cut at mg’' = 16.5
has the disadvantage of removing almost 50% of the available
measurements (see Table 2). In order to increase this fraction,
we applied another less conservative magnitude cut at
mg' = 17.2, removing less than 15% of the points after
interpolation. Because of the limit at m;" = 20.3, observations
at mg' =172 would be complete only for colors
(H — K")egt < 3.1 (or, equivalently, «, > —2). This extended
data set is unlikely to suffer from selection effects, however,
since among all points with mg?' < 17.2 there are none with a
color (H — K')est > 3.1 (see Figure 4). This point is discussed
more rigorously in Section 5.2, building on the results obtained
from the bright subset.

4. Models

This section introduces the empirical model used to
characterize spectral index variations with brightness. This
model can account for three different physical pictures
specifying Sgr A*-NIR’s spectral index (Section 4.1). In
addition, it includes the effect of noise and the potential
presence of a background (Section 4.2). We also review the
Bayesian inference framework (Section 4.3) employed to
constrain the model parameters.

4.1. Intrinsic Spectral Index Models

The variability of SgrA™ across the electromagnetic
spectrum is a puzzle, especially in the NIR. The NIR flux
distribution, spectral index variations or absence thereof, and
relation with other wavelength regimes (e.g., X-ray and radio)
should be explainable within a consistent physical picture—on
which there is currently no consensus. Studies of the spectral
index variations are usually driven by observations rather than
derived from a physical model, but even the empirical
descriptions are still debated. In this section, we discuss three
such scenarios, each having different implications for the
physics of Sgr A*’s emission.

4.1.1. Constant Spectral Index Model

In the simplest description, Sgr A*-NIR’s spectral index does
not vary with brightness. Some studies have found no
significant fluctuations or correlation with flux (G. Trap et al.
2011; G. Witzel et al. 2014). For example, one of the first
investigations of this question (S. D. Hornstein et al. 2007)
found that the spectral index is independent of the flux level
and wavelength in the NIR, with a value of oy = —0.63 £0.16
(weighted average over three color pairs: H — K, K’ — L/, and
L' — My). The value for H— K’ specifically is also reported in
this work: o, = —0.88 4= 0.33.

This first picture implies interesting constraints for the
physical process responsible for Sgr A*’s emission; that process
needs to generate large NIR intensity changes while keeping
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the spectral index constant. Assuming synchrotron emission,
this would suggest that the mechanism driving the observed
flares leaves the shape of the electron energy distribution
unchanged, altering only the normalization (i.e., the total
number of electrons in the relevant energy range for NIR
emission).

These claims of a constant spectral index are disputed by
other investigations, which find a strong dependence of the
spectral index on the intensity of the NIR emission (S. Gilles-
sen et al. 2006; M. Bremer et al. 2011; G. Ponti et al. 2017).
Sections 4.1.2 and 4.1.3 present two descriptions that would
allow such variations.

4.1.2. Exponential Cutoff Model

In order to jointly explain the observed K-band and M-band
(4.5 pm) flux distributions, G. Witzel et al. (2018) proposed a
model where the spectral index o, depends linearly on log(Fx).
More specifically, they argue that this dependence naturally
arises when assuming a log-normal flux distribution in the two
bands, then matching the cumulative distribution functions
(i.e., making the lowest n% in the K band correspond with the
lowest n% in the M band for all n). The dependence could
reconcile studies that find spectral index values around
ay~ — 0.6 for bright Sgr A*-NIR phases (A. M. Ghez et al.
2005; A. Krabbe et al. 2006; S. D. Hornstein et al. 2007;
G. Witzel et al. 2014), and those claiming o, ~ —3 for periods
of lower emission (F. Eisenhauer et al. 2005; S. Gillessen et al.
2006; M. Bremer et al. 2011; GRAVITY Collaboration et al.
2021).

The linear dependence on log-flux is also motivated by the
following physical picture. The synchrotron spectrum is
usually expressed (in the optically thin regime) as a power
law with an exponential cutoff above some frequency vy,
corresponding to a similar shape for the distribution of electron
energies (or, equivalently, of Lorentz factors ). For typical
electron energy cutoffs and magnetic field strengths (yo ~ 10°,
B ~ 40 G; K. Dodds-Eden et al. 2009), the cutoff frequency is

close to the NIR range (1o~ 4i'anC*yé~ 104 Hz). Thus,

Sgr A*’s NIR variability could be caused by a process that
shifts the cutoff energy of the electron distribution (and not the
normalization, i.e., the total number of electrons). This would
explain the changes in NIR flux density and, at the same time,
make the spectral index vary with flux. If the NIR variability is
due primarily to this effect, we would observe a linear
dependence of the spectral index on the log-flux (G. Witzel
et al. 2018).

This scenario, as well as the one discussed in Section 4.1.1,
can both be described by parameterizing Sgr A*-NIR’s intrinsic
spectral index as a linear function of magnitude:

ag(H — K') =—-0.4¢ - (m,?&”ssgrA — m,?/) +7

with mpr =15.8, 3)
where m,?'?’ssgrA is the (reddened) magnitude of Sgr A*-NIR
alone (i.e., after the background contribution and noise have
been removed; see Section 4.2), and we choose the value of m,?/
(origin of magnitudes) close to the weighted average magnitude
in our sample in order to make the interpretation of £ and 7
easier. We note that in this work «, &, and 1 have been defined
differently compared to G. Witzel et al. (2018).
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The claim of a constant spectral index value (S. D. Hornstein
et al. 2007) corresponds to £ =0 and, in that case, 7 is the
constant value. Conversely, the exponential cutoff model of
G. Witzel et al. (2018) predicts

P -1

 logoOxr/Am)

F.
n=—a&[l + &log,(vk/D)] — flOglo(f - )

0,K'

+ 0.4E(Agr — mg). 4)

Quantities bearing a tilde in Equation (4) represent values in
the synchrotron power-law regime, i.e., at a frequency 7 < v,
with v, the cutoff frequency. One can use, for example,
measurements of the submillimeter emission of SgrA™
Observations at 7 = 868 GHz with the Atacama Large
Millimeter /submillimeter ~Array yield F; ~2 mly and
& ~ —0.3 (G. C. Bower et al. 2019). Assuming a value for
extinction of Agr =~ 2.5 (R. Schodel et al. 2010; T. K. Fritz
et al. 2011), we can estimate n ~ —2; but the calculation uses
several quantities with loose constraints, and thus this expected
value is not very precise. The prediction for & on the other
hand, holds much less uncertainty: With central wavelength
values for H and K’, we find £ ~ 1.23 for the G. Witzel et al.
(2018) model. Henceforth, we will refer to any model with
£=1.23 as a “exponential cutoff model” regardless of the
value of 7.

4.1.3. Two-state Model

Variations with flux of the observed spectral index can result
from another scenario, where the emission from Sgr A*-NIR is
physically different when it is in quiescence compared to when
it is bright. K. Dodds-Eden et al. (2011) proposed two states:
(1) a quiescent state defined by a continuously present, variable
component with a log-normal flux density distribution; and (2)
a flaring state responsible for the high-flux tail of the flux
distribution. They claim that the transition between the two
states starts at F, ,‘éf’reddenm ~ 5mly (value dereddened with
Ag, = 2.5), with a median flux in the quiescent state of
F ;gjfedde"ed ~ 1.1 mJy. The conversion to observed K’ magni-

tudes for Sgr A*-NIR can be performed using Fg™* = 1.09F, o
(Z. Chen et al. 2019), such that

Fyereddened — 1 09F P 10044k,

= 1.09f; x 107040 ~Ax), o)
yielding mg: ~ 15.5 and mg» ~ 17, respectively. A more recent
analysis of the flux distribution of Sgr A* within this model
(GRAVITY Collaboration et al. 2020) fits a log-normal
distribution to the quiescent state, with an expected log-flux
value ji,, = —0.21 & 0.23, i.e., a median flux Fgereddened —
0817031 mJy (assuming Ak, = 2.43). This corresponds to
mygr = 17.65 + 0.25, using Equation (5) and F* = 1.29F,‘<’!°S
(Z. Chen et al. 2019) to convert to K'.

This third scenario could naturally explain a difference in
spectral index between bright and faint flux levels (as claimed

by some studies): If the spectral index of the flaring state is
different from the spectral index of the quiescent state, one
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expects a transition between those two regimes depending on
the brightness of Sgr A*-NIR.

Such a two-state description cannot be expressed with the
intrinsic spectral index law from Equation (4), but it will be
incorporated using other parameters in the full empirical model
(see Section 4.2).

4.2. Empirical Model

In Section 4.1, we discussed Sgr A*-NIR’s intrinsic spectral
index o4, but the value af;t, k' obtained with Equation (2) on
actual measurements can differ, due to a potential background
or noise-induced scatter. We now present an empirical model
expressing this measured spectral index as a function of the
measured K’-band magnitude. Figure 5 illustrates the compo-
nents of this model as a flowchart, and gathers all the
corresponding equations.

The empirical model employs the following scheme (with
four parameters, highlighted in red in Figure 5 and summarized
in Table 6) to compute the measured spectral index from
measured magnitudes in the K’ band. Starting from a measured
magnitude mg)', we sample a random noise value and substract
it from the flux, then also remove the flux contribution from the
background (see below). This results in the K’ flux for Sgr A*-
NIR alone, which we can then translate to the H band using the
intrinsic spectral index from Equation (3), correcting for
extinction via the color excess. We get a measured H
magnitude by adding the background contribution and random
noise to the Sgr A*-NIR H-band flux. Finally, the measured
magnitudes in both bands are plugged in Equation (2), yielding
a measured spectral index o) .

First, the model considers that the flux coming from Sgr A*’s
location can receive some contribution from sources other than
the accretion flow—unresolved and unknown stars, for instance.
This results in a transition, when Sgr A*-NIR gets faint, from the
spectral index ay characterizing the accretion flow to some other
value oy describing the background emission.

Such contamination was invoked by S. D. Hornstein et al.
(2007) to interpret the bluer spectral indices observed at low
flux densities for 2005 July 31, using the same data (but
different processing methods) from Keck as in this work.
With our updated GC observations, we can now explain
most of this blue background with confusion with S0-104
(mg' ~ 16.75, my ~ 18.85; see Table 5). The existence of this
star was only recently recognized (L. Meyer et al. 2012). In
principle, there could be even fainter unidentified sources
affecting the photometry of Sgr A*-NIR, though they would
have a smaller impact than SO-104.

The added benefit of implementing a background into our
model is that the formalism can be repurposed to describe the
two-state model (see Section 4.1.3). If the two states are
powered by unrelated mechanisms, each would contribute to
the flux separately (and, a priori, with different spectral indices)
—similar to a star and Sgr A*-NIR being combined into a
single, unresolved source. We note that this implies additive
contributions from the two states, an assumption that may be
inexact: K. Dodds-Eden et al. (2011) mention, for instance, that
the process responsible for flares could be triggered by the one
producing the low-level variability. However, a simple model
like this can serve as a first description of a transition between
two spectral indices as the combined source gets faint.

In order to keep the notations simple, we henceforth refer to
both interpretations (unresolved stellar sources or a quiescent
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Figure 5. Flowchart representing the empirical model described in Section 4, relating the measured spectral index (a5 x) to the measured magnitude in the K’ band
(mg"). The free model parameters are highlighted in red. In green, we show the random variables that are sampled to account for noise. The equations constituting the
model are gathered below the flowchart. Subscript/superscript “est” denotes the measured quantities (with noise), “obs” the quantities at the observer location (i.e.,

without noise, but not corrected for extinction), “SgrA” denotes the quantities for Sgr A*-NIR alone, and “bck” for the background alone. The following values are
fixed: (E(H — K')) = 2.07 for the mean color excess of Sgr A* (see Section 3.1), and £ = 0.0077, E(H — K')4x = 2.09 for the color excess law (see Appendix C).

state) as the background, and in the second case all quantities We assumed constant flux contributions F Ig@’;ck and F, ;’,'ff;ck
pertaining to Sgr A*-NIR in the text (e.g., o) will coincide with from the background in the two bands, and we described them
the flaring state. using an equivalent magnitude in the K’ band (m,??k) and a
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Table 6
Summary of the Model Parameters with Their Related Priors
Name Definition Prior
13 Slope of the linear relation Uu-1, 2.5)
Qs:f(m?(?iggrA)
Spectral index value at mY = 15.8 N(=05,1)
m%k Magnitude of the background in K’ Ui, 22)
Qlpeke Spectral index of the background U(-5,5)

Note. NV(u, o) denotes a Gaussian distribution with mean y and variance 02,
and U(a, b) a uniform prior between a and b.

spectral index (awpcx). A stellar background would yield
Qpek ~ 2, Whereas a quiescent state redder than the flaring
state would correspond to apc ~ —3 (K. Dodds-Eden et al.
2011; GRAVITY Collaboration et al. 2020).

Second, we have to account for the uncertainties in our
measurements, which can lead to significant scatter in spectral
index values—in particular for faint magnitudes, when the
photometry becomes less accurate. We assumed Gaussian
white noise on flux (i.e., uncorrelated between data points and
between bands). The variance o2 £, (With band = K’, H) was
determined for each point, elther from Equation (1), or
propagated through confusion correction and interpolation (see
Section 3).

Including both the background contribution and the noise,
the measured flux values can be written

est obs obs
Fygi = Fgrgoa + Fg/pe + k!

Fit= FObggrA + Flgt,)lick + €, (6)
where F°® denotes flux values at the observer location (not
corrected for extinction) and eyuna ~ MO, op,,,)-

Since photometric uncertainties are already estimated for
each spectral index measurement (see Section 3), the noise
levels gpang do not need to be part of the model for the fit to the
data (see Section 4.3). To generate plots showing the expected
distribution of a3} = f (mg:'), however, we have to assume a
noise law, i.e., pick some values Cpaq and [Bpanq for
Equation (1). For Figure 6, the averages of log,,(Cx), Bk,
log,,(Cy), and By over all seven epochs are used (see Table 3),
and we display the confidence intervals for three examples of
model parameters (&, 7, m,?,ck, ek )s €ach representing one of
the physical pictures discussed in Section 4.1.

We note that if Sgr A*-NIR becomes faint enough for its H-
band flux to be dominated by noise, then the measured spectral
index will be completely anticorrelated with the K’ magnitude
by virtue of Equation (2). This translates into a spurious trend
at the faint end of the predicted o g = f(mg') plot—for
instance, for mg' > 18 in the bottom panel of Figure 6.

~

4.3. Bayesian Inference Framework

Our goal is to infer the posterior distribution

p(e I{aest (z) m]EéSt L(D) (If",)( 05‘1}1})

o (6) x LEagt @m0, oD); 69, (7)
where 6; = (&, 7, m,??k, pek) 18 the set of model parameters
described in Sections 4.1 and 4.2, m(6y) is the prior on this
parameter space, and £ is the likelihood.

13

Paugnat et al.

We used independent, relatively broad priors on all the
parameters. For &, 7, and oy, we adopted uniform priors on a
wide range of reasonable values. We imposed a Gaussian prior
on 7, centered on o = —0.5 to roughly match our observations
at mg = 15.8 (see Figure 4), but with a large standard
deviation (o = 1). This choice helps to make the sampling more
efficient with very little impact on the resulting posterior
distributions. These choices are summarized in Table 6.

For the likelihood £, we used the formalism presented in
Section 4.2: Measurements {(a5"?,, mK,‘ M)} are assumed to
have uncorrelated white Gaussian noise in the two bands
(Epana ~ MO, U(’) d)), with noise levels 0%), and O'%)i computed
for each data pomt. The likelihood function can then be written

[:(0) = E({ est(z) }l{mest(z) O,(If})( (t)} 0)
_H L (aesl (z) est (z) @) @. as),

OFe OF» (8)
with an analytic expression for the likelihood £; of an
individual point, derived in detail in Appendix G.

From there on, a nested sampling algorithm (implemented
using the Python package ultranest; J. Buchner 2021)
allowed us to evaluate the posterior distribution on parameters,
as well as the evidence:

Z = p({og= Ry H{mg ., o) o). ©)

The posterior can be used to describe the parameter
constraints imposed by the data. We use the evidence for
model comparison via the Bayes factor

B, = —
)

(10)

(assuming that models 1 and 2 have equal prior probability).
We will also consider the Akaike and Bayesian information
criteria (AIC and BIC, respectively) for model comparison,
given by
AIC = 2k — 2sup [In L(6y)],
0.3
BIC = k In(NV) — 2sup [In L(6))],

).Y

Y
12)

where k is the number of free parameters in the model and N is
the number of measurements in the sample.

5. Results
5.1. Bright Subset

First, we present the results for the bright subset, i.e., points
with mg' < 16.5 (see Section 3.4). Our spectral index
measurements appear to be consistent between the different
nights, despite being taken over 17yr (see Figure 4).
Furthermore, they seem compatible with a constant intrinsic
spectral index ag;~ —0.5, over a ~3.5 mag range in K’ (i.e., a
factor ~25 in flux); and, as expected, there is larger scatter
when Sgr A*-NIR is fainter. More rigorously, we used the
Bayesian framework introduced in Section 4.3 to get a
posterior distribution on the model parameters 6 =
&, n, m,(bfk, o) To begin with, we focus on the parameters
& and n which describe the intrinsic spectral index (see
Section 4.1), so the result displayed in black in Figure 7 is
marginalized over the background parameters (m,??k, Qpek)-
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Figure 6. Predicted distribution of H — K’ spectral index measurements at each measured magnitude in K’, for a fixed set of model parameters 6;. The contours are
obtained by assuming some noise properties (here, Equation (1) with the mean values for log;(Cpana) and Bpana displayed in Table 3), and sampling ~10° noise
realizations for each measured magnitude mg:'. Three examples are presented, illustrating the various physical pictures discussed in Section 4: (a) a constant spectral
index for Sgr A*-NIR, with a faint stellar background, (b) a spectral index for Sgr A*-NIR varying linearly (with a slope £ = 1.23) as a function of magnitude, on top
of a faint stellar background, and (c) a two-state model of Sgr A*-NIR, with a constant spectral index for the flaring state, transitioning into a redder value for the
quiescent state. We warn that the contours do not represent a joint 2D distribution on (mg?', a$j- k), but rather a normalized conditional distribution on - g given a

t
value mg".

The inferred constraint on the slope of the o,y — mg- relation is
¢ = —0.197)%3. This value shows a very slight variation in the
spectral index, but it is not statistically significantly different
than zero. The results are therefore consistent with the constant
spectral index model (£ = 0; see Section 4.1.1). In contrast, the
prediction for the exponential cutoff model (£=1.23; see
Section 4.1.2) can be ruled out confidently (at ~50).
Furthermore, we can use model selection criteria to compare
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the model M; where ¢ is left as a free parameter, and the “null
hypothesis” model M, where £ =0. The AIC, BIC, and log-
evidence are more robust comparison tools than the reduced x?,
but can be interpreted in a similar fashion: They have to be
improved sufficiently to justify the addition of a free parameter.
In our case, allowing nonzero values for £ actually degrades the
different metrics: The Bayes factor is Bjg~0.2 <1, and we
have AIC; — AICy~ 3 >0 and BIC,; — BICy~ 5 > 0.
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Figure 7. Joint posterior distribution of £ and 7, inferred from the bright subset
in black, from the extended data set in blue (see Figure 4), and marginalized

over the background parameters (m,??k, apek). The contours have been
smoothed slightly for visualization purposes. The red line shows & = 0.

Therefore, £ =0 is preferred, and this value can be fixed to
determine the posterior distribution on the other model
parameters (see Figure 8). This provides a tighter constraint
for the value of the constant spectral index: n=—0.49 &+
0.08 [ £0.17], where the second error term reflects the
uncertainty on the mean color excess. This is consistent with
the spectral index o, ~ —0.6 usually quoted in the literature for
bright phases of Sgr A*-NIR (see Section 6 for a more
advanced discussion).

Even though we don’t expect a background as bright as the
magnitude threshold for this subset (mg = 16.5), we can still
constrain its presence. Indeed, if a relatively bright background
with ayi very different from o was present, we should still be
able to see the start of a transition. Assuming a stellar
background (apek ~ 2) and calculating the marginalized poster-
ior distribution for mgs*, we obtain that mgs* > 19.6 (at 95%
confidence level). Similarly, we can constrain the brightness of
some very red underlying emission (i.e., the quiescent state of
the two-state model; see Section 4.1.3): If apq < —2, we find
that the quiescent Sgr A*-NIR brightness must be fainter than
m,??k > 18.1 (95% confidence level), or, equivalently,
FX% < 0.04 mly (not dereddened).

5.2. Extended Data Set

We now consider the extended data set, obtained with a less
stringent magnitude cut at mg' < 17.2 (see Section 3.4 and
Figure 4).

The additional spectral index measurements seem to
agree with the bright subset: no obvious change in spectral
index, or discrepancy between nights (for most points,
—1.5 < of' g < 0). We note that these points have increased
scatter and larger error bars, as expected for faint samples.
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Using the results from Section 5.1, we assessed the importance
of selection effects for these additional points. Drawing many
model parameters from the posterior previously inferred with
& =0 on the bright subset (see Figure 8, in black) and random
noise values like in Section 4.2 (i.e., taking mean values for
log,,(Cxn), Bk, logy(Cy), and By), we found that, at
mg' = 17.2, ~95% of the simulated points were above the
H-band 50% completeness limit (m;" < 20.3; see Section 3.4).
This confirms that, even at its faint end, the extended data set
would be sensitive to changes in Sgr A*-NIR’s spectral index.

We used again the framework presented in Section 4.3,
running a nested sampling algorithm to evaluate the posterior
for various models, i.e., fixing or constraining some of the
model parameters. We display the log-evidence, AIC, and BIC
for each run in Table 7.

First, if we examine the updated constraints on the slope &,
we obtain results in agreement with the bright subset. Leaving &
as a free parameter, the marginalized posterior is, again,
consistent at ~1.3c with £=0 (see Figure 7, in blue).
Furthermore, we find comparable evidence, AIC, and BIC
between the model where £ is free and the model where we fix
& =0 (see Table 7). On the other hand, the exponential cutoff
model is ruled out confidently (at ~60 for the inference with
free &, and by model comparison criteria if we fix £ = 1.23).

Since there is still no evidence for a nonzero slope in this
extended data set, we assume again £=0 and calculate the
posterior on the other model parameters under this assumption
(displayed in blue in Figure 8). We can then directly infer the
value for the constant spectral index: 7= —0.50 £ 0.08 [ - 0.17]
(where, again, the second error term comes from the uncertainty
on the mean color excess), which is very close to the one
deduced from the bright subset (see Section 5.1). This can be
easily understood: Since faint measurements are much noisier,
most of the constraining power here comes from the bright
points.

The model with £=0 can convincingly reproduce the
observations, as illustrated in Figure 9. This compares the
measurements from the extended data set to the expectation
from the model under parameters given by the posterior
distribution (Figure 8, in blue). Contours for the measured
spectral index were computed by sampling (10* times for each
magnitude) model parameters from the posterior, as well as
uncorrelated Gaussian white noise (¢g’, €y) in the two bands
(mean values are assumed for log,,(Cx), B, 10g;(Cy), and By
like in Section 4.2). These contours indicate how the measured
spectral indices should be distributed, which is partially
determined by the noise properties of our experiment. When
comparing with other works, only the noise-free constraints on
the spectral index of Sgr A*-NIR should be considered. These
constraints for our work are shown in Figures 10 and 11, and
we discuss their consistency with the literature in Section 6.

The extended data set can also help constrain the presence of
background emission. Still keeping & =0, we tested different
prescriptions for the spectral index of the background. More
specifically, we examined a model with ap =2 (confusion
from unknown stellar sources), one with oy = —3 (redder,
quiescent state; see Section 4.1.3), and one with apx = —0.5
(same as the main emission, which amounts to no background).
Between the three, the first model is the only one that is
disfavored (see Table 7, e.g., AAIC > 6, ABIC > 4 compared
to the model with free a4 ). The other two have evidence and
an AIC/BIC that are comparable to the model with auy left as
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Figure 8. Joint posterior distribution of the constant spectral index 7 and the background parameters (me?k, rhek ), assuming a model with fixed slope £ = 0, for the
bright subset (in black) and the extended data set (in blue). The magnitude of the background is completely unconstrained when aye =~ 7 = —0.50, since in that case
background and main emission would be impossible to distinguish with two-band photometry. The contours have been smoothed slightly for visualization purposes.

Table 7
Values Used in Model Comparison Criteria (Log-evidence, AIC, BIC),
Obtained by Running the Nested Sampling Algorithm (See Section 4.3) on the
Full Data Set for Various Choices of Model Parameters

13 n mosk ek InZ AIC BIC
=0 Free Free Free —385.1 767.5 776.4
Free Free Free Free —386.1 768.5 780.4
=123 Free Free Free —398.0 789.9 798.8
=0 Free Free =-0.5 —385.3 768.2 774.1
= Free Free =-3 —386.7 769.6 775.5
= Free Free <=2 770.4 779.3
=0 Free Free =2 —389.9 774.9 780.8

Note. For the second-to-last model, the evidence is not reported since the
constraint oy < —2 effectively changes the prior on one of the free
parameters (AIC/BIC comparison is still possible in that case, however).

a free parameter. In addition, we tested a more permissive case
for the red, quiescent background, imposing oy < —2 instead
of choosing oy = —3. Since this changes the prior on g
while keeping it as a free parameter, comparing the evidence is
not possible, but we find no reason to favor this model when
looking at the AIC and BIC.

We conclude that there is no evidence for the presence of a
background causing deviations in the spectral index, or at least
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one that is bright enough to have a discernible influence on our
data set. In fact, using the same method as in Section 5.1, we
can update the constraints on the equivalent magnitude of a
potential background at Sgr A*’s location. If we consider a
stellar background (aucx ~ 2), we must have m,??k > 20.3 (at
95% confidence level), or, equivalently, that the flux contrib-
ution must be FX* < 0.005 mJy (not dereddened). Similarly,
assuming a red quiescent state (apex < —2), we find
m}g?k > 18.3 (at 95% confidence level), or, equivalently,
FX* < 0.03mly (not dereddened).

6. Discussion
6.1. Comparison to Other Works

The best model explaining our measurements of the H — K’
color of Sgr A*-NIR involves a constant value for the intrinsic
spectral index, independently of the level of emission. This is
quite remarkable given the wide range of flux densities probed
by our experiment (~0.1-4 mJy observed in K’, or ~1-42 mJy
in K, dereddened with Ag, = 2.46)—the largest to date by a
factor of ~3.

In particular, we are able to confidently rule out the
exponential cutoff model proposed by G. Witzel et al.
(2018), with a slope £ =1.23 for the linear dependance of «
on magnitude. This does not imply that there are no shifts in the
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Figure 9. Comparison between the actual H — K’ spectral index measurements from the full data set (in black) and the predicted distribution of afj- ;. at each
measured magnitude in K’ (green). The contours are obtained similarly to Figure 6, i.e., by assuming some noise properties (here, Equation (1) with the mean values
for 1og,o(Coana) and Bpang displayed in Table 3) and sampling ~10° noise realizations for each measured magnitude mgt. This time, however, the model parameters 6
are not fixed (except for £ = 0), but sampled simultaneously from the posterior shown in blue in Figure 8. The red line indicates the best estimate for the constant
spectral index (o = ) = —0.50; see Figure 8). The systematic error from the color excess is shown separately, since changing the value of (E(H — K')) would simply

shift every spectral index by the same amount.
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Figure 10. Comparison between the spectral index constraints obtained in this work and values found in other photometric studies in the NIR. The confidence
intervals were obtained by sampling model parameters from the posterior plotted in blue in Figure 8 (i.e., from the extended data set, with £ = 0), then computing the
spectral index with zero noise. Points indicate individual measurements, and dotted lines the best-fit values over some range, when measurements were found to be
consistent with a constant spectral index. Filled circles specify when color measurements between H and K’ (or K) bands are used to determine the spectral index,
open circles when other methods or NIR bands are considered. We show the systematic error from extinction correction separately; changing the color excess would

shift our entire posterior distribution up/down.

synchrotron cutoff frequency over time, rather that the NIR
variability cannot be exclusively explained by such a
mechanism.

Assuming that the spectral index is indeed constant, we find
a = f) = —0.50 £ 0.08, = 0.17%y,, with the first error term
corresponding to statistical uncertainty, and the second to the
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systematic uncertainty on the mean color excess. This is in
good agreement with the value commonly quoted in the
literature for bright states of SgrA*-NIR (a= —0.6;
A. M. Ghez et al. 2005; S. Gillessen et al. 2006; A. Krabbe
et al. 2006; S. D. Hornstein et al. 2007; M. Bremer et al. 2011;
G. Trap et al. 2011; G. Witzel et al. 2014; G. Ponti et al. 2017;
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Figure 11. Comparison between the spectral index constraints obtained in this work and values found in spectroscopic studies in the NIR. Open (resp. filled) circles
denote measurements with (resp. without) precursor/off-state substraction, a method that can bias spectral index measurements by removing flux that should be

attributed to Sgr A*-NIR.

GRAVITY Collaboration et al. 2021). We extend the validity
of this value up to flux densities ~42 mJy in K (dereddened
with Ag, = 2.46), which is ~2.8 brighter than any previous
work. In addition, thanks to the large number of points in our
data set, we improve the error bars on this best-fitting constant
spectral index compared to previous works (e.g., ~2 times
smaller than the H — K’ value in S. D. Hornstein et al. 2007,
which uses a similar approach). In more detail, Figure 10
compares our posterior for the H — K’ spectral index to the
result of other NIR photometric studies, as a function of the
equivalent flux in K. The same method as in Section 4.1.3 is
used to convert between K, K’, and K, fluxes, and we present
dereddened values by adopting a common extinction coeffi-
cient Ax, = 2.46 (R. Schodel et al. 2010). For the sake of
clarity, and because they have different systematics, spectro-
scopic studies are plotted separately in Figure 11.

We warn that in some cases a direct comparison can be
ambiguous. In early investigations of SgrA"-NIR, it was
common practice to account for local background contamina-
tion by subtracting the “precursor” or ‘“off-state”, i.e., the
lowest flux observed at the location of SgrA*-NIR’s (e.g.,
F. Eisenhauer et al. 2005; S. Gillessen et al. 2006; A. Krabbe
et al. 2006). More recent studies prove that Sgr A*-NIR never
actually turns off, displaying stochastic emission even at flux
densities ~0.1 mJy (G. C. Weldon et al. 2023). This means that
the off-state subtraction removes flux that should be attributed
to Sgr A* (sometimes a substantial amount, e.g., 3.5 mJy in the
K band for A. Krabbe et al. 2006), which can bias the spectral
index measurement (e.g., Aa ~ —2 for A. Krabbe et al. 2000),
especially at the faint end. In Section 4.2, we have presented a
more robust method to deal with potential background
contamination, including it in the model parameters instead
of subtracting it directly from the data. For A. Krabbe et al.
(2006), we plot the spectral index measurement without
precursor subtraction. This is unfortunately not reported in
F. Eisenhauer et al. (2005) and S. Gillessen et al. (2006), so the
apparent discrepancy with our results at faint flux levels (see
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Figure 11) is likely explained by this difference in the
background handling method. For S. D. Hornstein et al.
(2007), off-state subtraction was used only for the H — K’
color, biasing those measurements toward a slightly redder
spectral index apy_g = —0.88 & 0.33. However, the final
value (angr = —0.63 £ 0.16) is dominated by the K’ — L’ color
measurements (ag’_;» = —0.55 4+ 0.18), which do not use this
method.

We find no evidence for the dramatic reddening of Sgr A*-
NIR at faint flux levels claimed by some other studies (F. Eis-
enhauer et al. 2005; S. Gillessen et al. 2006; M. Bremer et al.
2011; G. Ponti et al. 2017; GRAVITY Collaboration et al.
2021). The recent measurements from GRAVITY Collabora-
tion et al. (2021) are actually consistent with our results, except
for a single point with o ~ —3 (see Figure 10). It is conceivable
that this is simply an outlier, especially since three other points
in the study are reported at the same flux densities with
o~ —0.5, which is consistent with our preferred model.

In fact, our model also provides constraining upper limits on
the brightness of a possible quiescent state of Sgr A*, assuming
a red spectral index (o < —2). K. Dodds-Eden et al. (2011)
propose a median flux for the quiescent state ~1.1 mJy (in K,
dereddened with Ak, = 2.46), corresponding to m® ~ 17
(see Section 4.1.3). GRAVITY Collaboration et al. (2020)

update this prediction to a typical K, quiescent flux =0.65" 1/

mly (dereddened with Ax = 2.46), i.e., me* = 17.65 + 0.25
(see Section 4.1.3). With our bright subset, we find that
m}(’?k > 18.1 at 95% confidence (F,?fk < 0.38 mJy, dereddened
with Ag, = 2.46), and with the extended data set, we have

m}(’?k > 18.3 at 95% confidence (F,?fk < 0.32 mly, dereddened
with Ag, = 2.46). These results are in slight tension with the
predictions.

We remark that our measurements do not rule out the
existence of a quiescent state altogether. Rather, they challenge
one of the arguments in favor of the two-state model (i.e., the
steepening of the spectral slope at faint fluxes). The two states

might be powered by mechanisms with similar spectral indices
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(with values close enough not to be detectable with our
measurements). It is also possible that a redder quiescent state
contributes at flux levels where our sample is no longer
sensitive (<0.3 mJy in K, dereddened). Finally, we have not
considered a case where the reddening of Sgr A"-NIR at faint
flux levels is exactly canceled out by a blue stellar background,
which can probably be tuned to be degenerate with the constant
spectral index description.

6.2. Physical Interpretation of a Constant Spectral Index
Model

In this section, we discuss physical pictures that can lead to a
constant, flux-independent value for the NIR spectral index. In
general, we can write the energy distribution of the underlying

population of electrons ‘2—:] = NoF () (where v is the Lorentz

factor) in the range relevant for NIR emission. Our results
imply that the mechanism behind the variability does not alter
the shape F(7), but only the total number of electrons in that
range (i.e., the normalization Nj).

For instance, the NIR emission could be dominated by the
synchrotron contribution from a population of nonthermal
electrons with % x~yP? (eg., S. Dibi et al. 2014;

R. M. T. Connors, et al. 2017; K. Chatterjee et al. 2021;
GRAVITY Collaboration et al. 2021), where p is the power-
law index of the electron distribution. These nonthermal
electrons can form as they are accelerated out of the thermal
population via processes such as diffusive shocks or magnetic
reconnection events (e.g., S. Markoff et al. 2001; S. Liu et al.
2004; K. Dodds-Eden et al. 2010). If this acceleration process
injects electrons at a variable rate but with the same power-law
distribution, it could explain the flux variations at a constant
spectral index. In that picture, there is a direct relation between
p and the spectral index of the source (p = 1-2q, yielding p ~ 2
in our case).

The stability of the measured spectral index also has
interesting implications for energy loss (cooling) in the electron
population, suggesting that there is no significant redistribution
of electrons as flares decay. This is most apparent in the 2019
May 13 observations, which include a drop of ~3 mag in K’ at
the end of an extremely bright flare (see Figure 16) without any
detectable color change.

A complete description is out of the scope of this work—in
fact, there exists a vast literature discussing semi-analytic
models or simulations of Sgr A™’s spectral energy distribution
and variability (e.g., S. Markoff et al. 2001; F. Yuan et al.
2003; K. Dodds-Eden et al. 2009; G. Trap et al. 2011; S. Dibi
et al. 2014; G. Ponti et al. 2017; J. Dexter et al. 2020;
K. Chatterjee et al. 2021; GRAVITY Collaboration et al. 2021;
G. Witzel et al. 2021; H. Boyce et al. 2022, and references
therein). As one example of added complexity, other radiative
processes like thermal synchtrotron or synchrotron self-
Compton might contribute in the NIR. At that point,
monitoring other wavelengths (in particular in the submilli-
meter and X-ray), and how they correlate to the NIR variability,
becomes essential to get a clear picture. In this work, we
provide the best observational constraint to date on the NIR
spectral index, which is one piece that can help discriminate
between the various models.
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6.3. Current Limitations and Future Improvements

The spectral index of SgrA"-NIR is constrained quite
precisely for bright flux densities (see Figure 10), so this work
will likely be refined mostly in the low-flux regime. For this
purpose, improving the spatial resolution and sensitivity will be
critical. This would not only reduce photometric uncertainties
and facilitate fainter detections of Sgr A*-NIR, but also mitigate
the impact of stellar confusion—a significant source of
uncertainty for faint fluxes. Improvements of the sensitivity
will be particularly impactful in the H band, since this is
currently limiting for the study of color variations. We note that
refining color measurements requires improving precision in (at
least) two bands, meaning that better spatial resolution and/or
sensitivity in only one band (e.g., by using interferometry in the
K band with GRAVITY) will not necessarily result in a more
accurate spectral index.

More multiwavelength observations, even with the current
data quality, would also help in several ways. First, further
monitoring of GC stars close to the SMBH would allow a better
determination of their orbits and magnitudes, reducing the
systematics associated with confusion correction. For example,
in this work, we had to make an educated guess for the intrinsic
color of our confusing sources. This would be unnecessary if a
larger pool of H-band observations was available (since their
magnitudes could be measured directly). Second, even if the
GC is a crowded field, there some periods during which no
known source is confused with Sgr A*-NIR (i.e., within 60 mas
for our data quality; G. C. Weldon et al. 2023). We had access
to only one epoch with both H and K’ data that happened to be
unconfused (2019 May 13, which is also a very unique night
due to the historically intense flare). The number of such nights
will increase as observations are carried out over many more
years, which will lessen the need for confusion correction.

Another improvement would be to take synchronous
observations with multiple instruments, which has been done
before (e.g., G. Witzel et al. 2014; GRAVITY Collaboration
et al. 2021), and reduces the uncertainties introduced by
interpolation. Though the MOGP regression method presented
here is well motivated and fruitful, shorter temporal separations
would make interpolation more accurate.

Finally, at the level of precision attained in this work,
analyzing data with the same methodology in more than two
NIR filters might be interesting. Comparing the measured
spectral index values between different pairs of bands could
give additional hints on the nature of Sgr A*’s NIR emission;
for instance, a wavelength-dependent spectral index would
suggest a non-power-law behavior for the NIR spectral energy
distribution.

7. Conclusion

Using a data set formed with seven epochs of broadband
photometry in the NIR H and K’ bands, we have examined
potential changes in spectral index a (F, oc v) for the highly
variable source Sgr A*-NIR. We have presented a rigorous
procedure to correct for confusion with known stellar sources,
as well as a new method to efficiently interpolate between
observations that are interleaved in the two bands, using
a MOGP.

We have introduced a flexible empirical model for the
spectral index measurements: Sgr A*-NIR’s intrinsic spectral
index is allowed to vary linearly with magnitude, and is
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contaminated by background emission along with uncorrelated
white noise in the two bands. The slope and intercept of the
linear relation, as well as the magnitude and spectral index of
the background, are parameters that can be constrained by the
observations. This allowed us to test three different physical
pictures: the first with a constant spectral index, the second
with a linear dependence on magnitude and a predicted slope,
and the third with additive contributions from a flaring state and
a redder, quiescent state.

We considered two data sets for our final analysis: (1) a
“bright” subset which uses a conservative magnitude cut at
mg' = 16.5, expected to be more robust since the various
systematics (uncertainties in the extraction of photometry and
confusion, mainly) are smaller at high flux densities; and (2) an
“extended” data set where we increase the number of points
with a fainter magnitude threshold at mg"' = 17.2.

The two data sets give consistent results: Our data prefers a
spectral index o= —0.5040.084, £ 0.17,,, that remains
constant over a large range of fluxes (~0.1-4 mJy observed
in K’, i.e., a factor ~40 in brightness). The model with a strong
linear dependence on magnitude is confidently ruled out by our
measurements. This result is in good agreement with the
literature concerning the spectral index for bright Sgr A*-NIR
states. We find no evidence, however, for a transition toward
redder spectral indices when Sgr A*-NIR gets faint. In fact, we
get constraining upper limits on the flux contribution of a red
(pek < —2) background: <0.03 mly (resp. <0.04 mJy)
observed K’ flux at 95% confidence level, or, equivalently,
<0.3mly (resp. <0.4mly) dereddened K, flux, using the
extended data set (resp. only the bright subset). This is in minor
tension with proposed flux values for the transition to a red
quiescent state in the NIR.

One possible interpretation of this flux-independent spectral
index is that the NIR emission is produced by a part of the
electron energy distribution which retains the same shape as a
variable number of electrons are injected. Combined with
observations at other wavelengths, this result may help to better
understand the physical mechanisms powering the variability
of SgrA*.
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Appendix A
Reduction Method for Sgr A*-NIR Photometry

A.l. StarFinder “Force” Mode

Identification and characterization of point sources in the
images was accomplished using the PSF-fitting code ATROPA
(G. Witzel et al. 2016), based on the IDL package
StarFinder (E. Diolaiti et al. 2000). More specifically, we
employed an adaptation of StarFinder called “force” mode
(S. D. Hornstein et al. 2007; G. C. Weldon et al. 2023) on the
individual frames.

During routine StarFinder runs ("nonforce” mode), a PSF
is constructed for each frame using some reference bright stars,
then sources are found by sweeping across that frame to find
locations where the image correlates with the PSF above some
threshold value (in our case, with a correlation value >0.8). This
process is repeated several times to improve the PSF estimate
and allow for more reliable measurements. This typical method
is not optimized for the study of Sgr A*-NIR, though; in the
individual frames, it tends to not find sources when they are too
faint. StarFinder can be helped if a list of expected positions
is passed as an input in order to drive detections. Thus, if we can
predict Sgr A*’s location accurately enough, this “force” mode
can improve the number of frames where its NIR counterpart is
detected (G. C. Weldon et al. 2023).

On that account, the following procedure was adopted. We
first reduced the data in nonforce mode (for both individual and
composite images; see Section 2.2). Since composite images
have better quality, sources are more reliably detected in those,
so we translated these detections into a list of expected source
positions for the individual frames. To this list, we added the
expected position of SgrA*, determined thanks to an IR
astrometric reference frame, constructed using SiO masers with
very precise radio positions (S. Sakai et al. 2019). StarFin-
der was then run a second time on individual frames with the
following prior information: the preconstructed PSF and
background from the nonforce run, and the list (including
Sgr A¥) of expected source positions.

A.2. Comparison of AIROPA Versions

In this work, we utilized AIROPA with a version of
StarFinder called legacy—the same as the one employed
in A. K. Gautam et al. (2019) and T. Do et al. (2019b). There
exists a more recent version called single-PSF (G. Witzel et al.
2016), employed in G. C. Weldon et al. (2023) and A. K. Gautam
et al. (2024), and originally introduced to improve point-source
detection in images of the GC. However, we find that, for our
purposes, legacy mode has better performance.

In their Appendix A, A. K. Gautam et al. (2024) state that
single-PSF mode finds more stars overall (and especially faint
ones), but detects fewer artifact sources near the edge of the
field of view. They also find that the two modes have
comparable photometric precision. Single-PSF mode was thus
more apt for their science objective (detecting binaries in 10"
wide images). Our study focuses on a much smaller region—
only sources within a few 0”1 of Sgr A* will matter for the
photometry of Sgr A*-NIR. Considerations on artifact sources
have no relevance in this context since Sgr A* is near the center
of our images. On the other hand, we find that single-PSF mode
sometimes misses detections very close to Sgr A* compared to
legacy mode. This can lead to significant changes in the
detected magnitude, and in turn impact the spectral index
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measurements. The most extreme example is 2019 May 13,
where the bright star SO-2 is detected (~80 mas away from
SgrA*) with legacy but not single-PSF in the composite
frames, leading to a roughly constant flux offset for the
individual frames: AF = Fjnoic — Fiegacy = —0.09 £ 0.03 mJy
in K’. Since points with magnitudes mg: ~ 17 have comparable
flux densities, faint detections of SgrA*-NIR (and the
corresponding spectral index measurements) are heavily biased
by this missed detection. Other epochs in our data set show less
dramatic shifts, but legacy mode consistently detects more
sources in the ~0”2 around SgrA®. Therefore, legacy
StarFinder is the better choice for our science goal, since
flux will be attributed to Sgr A*-NIR more reliably when
sources nearby are detected more often.

We note that G. C. Weldon et al. (2023) studied the K’ flux
distribution of Sgr A*-NIR using single-PSF StarFinder,
but their scientific conclusions are unlikely to differ signifi-
cantly with legacy mode. Flux offsets between the two versions
vary from epoch to epoch with alternating signs, so these shifts
should average out when considering distributions over many
nights (which is the case for their pre-2019 and post-2019
distributions). For instance, grouping the 2022 epochs of our
data set, the offsets between single-PSF and legacy have a
mean and standard deviation AF =0.0140.03 mJy. The
2019-only flux distribution might be slightly impacted because
of the particularly high difference in 2019 May 13, but this shift
is toward higher fluxes, so it would only increase the median
and reinforce the claim of elevated flux levels in 2019.

Appendix B
Strehl Ratio Cuts

To avoid large photometric errors due to bad seeing
conditions, we removed observations below some thresholds in

For 50-55, in K'-band
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Strehl ratio, taken as a measure of AO performance: S = 0.2 in
the K’ band and § =0.175 in the H band. To determine these
values, we looked at some stars close to Sgr A*, with magnitudes
in the band considered comparable to Sgr A* (mean magnitudes
(mg) = 16.7 and (my) = 18.7), and detected in a large number
of epochs, and which are either nonvariable or variable on long
timescales (# 2> 1yr; A. K. Gautam et al. 2019, 2024). More
specifically, we considered S1-31 ((mg/) = 15.7, nonvariable),
S0-17 ((mg’) = 16.11, variable on long timescales), and S0-55
((mg+) = 16.53, variable on long timescales ) in the K’ band;
and SO0-16 ({my) = 17.75, variable on long timescales) and SO-
17 ((mg) = 18.29, nonvariable) in the H band.

Since these stars are expected to be photometrically stable
within a night, the median flux value of the night ui“/gzht(’) can be
used as an estimator for the “true” flux value during that night.
Low Strehl ratios (i.e., poor AO performance) should result, on
average, in statistically significant deviations of the measure-
ments F; + o; compared to that value. This motivates the use of
the following quantitative criterion: Splitting the data set into
bins of Strehl ratio, we compute the weighted standardized
mean square error (WSMSE) in each bin:
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6 4 1

ot

in each bin

night
1/2

e

w

[N

—_

For 50-16, in H-band

wSMSE for the median estimator p

0+

=

0.0 02 03
Strehl ratios (split in 15 bins)

0.0

0.4 0.

010 0.5 020 025

Strehl ratios (split in 10 bins)

0.05

Figure 12. Weighted standardized mean square error for the median estimator, as a function of Strehl ratio, for a reference star in each band. The red dashed lines

indicate the chosen threshold values for the Strehl ratio cuts.
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photometrically consistent with the rest of their respective nights,
we expect WSMSE <1. On the other hand, wSMSE > 1
indicates that photometric measurements with images in the
corresponding Strehl range can yield large systematic errors and
thus should not be considered in the data set.

For the chosen stars, in the K’ band there is a transition
between the two regimes for Strehl values S~ 0.2 (see left
panel of Figure 12), matching the Strehl ratio cut chosen in
T. Do et al. (2009b) and G. C. Weldon et al. (2023). The H
band displays a similar turning point around S~ 0.175 (see
right panel of Figure 12). Different binning choices were
explored to ensure the robustness of these values. We note that
they are consistent with the fact that the Strehl ratio typically
increases with wavelength (M. A. van Dam et al. 2004); thus,
the Strehl ratios corresponding to a “good” AO performance
should be be lower in H than in K.

All measurements with a Strehl value below these empirical
thresholds were discarded for the spectral index analysis
presented above. Table 2 reports the number of data points
before and after this cut.

Appendix C
Extinction Correction

Extinction at the GC is so large that observations of the
region are not possible at visible wavelengths and have to be
performed in the infrared—so a precise determination of the
extinction properties in the NIR is critical for the study of
objects in the GC. For color measurements, two approaches
exist to correct for reddening: either (1) adopt a model for the
NIR extinction curve, or (2) compare with nearby sources of
known intrinsic spectral properties.

We first consider method (1), which requires a precise
determination of the wavelength dependence of the NIR
extinction in order to accurately recover the properties of
reddened sources. The extinction coefficient (in magnitudes) is
generally approximated as a power law (e.g., S. Nishiyama
et al. 2006; R. Schédel et al. 2010; T. K. Fritz et al. 2011):

Ay = Ao\ Xo) P, (CDhH

where (3 is the extinction index. Recent studies point toward a
more complicated behavior over large wavelength ranges (e.g.,
M. W. J. Hosek et al. 2018; F. Nogueras-Lara et al. 2019, 2020),
but since we only consider the H and K’ bands in this work, the
power-law approximation is adequate. Considering a source with
an intrinsic spectral index oy, (such that F, oc v%m or,
equivalently, F, oc X2~ %), the spectral index that would be
measured using Equation (2) for a given color excess
E(H — K') is (A. T. Tokunaga & W. D. Vacca 2005a)

Qi

~1
= 1og10(ﬁ) [0.4E(H — K')
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Here, the intrinsic flux density of the source is F, SO AF is
proportional to the number of photoelectrons detected per
second (which is the measured quantity). We assume that the
total system response S(\) =T(A)R()\) is determined by the
filter response function R(\) and the atmospheric transmission
T()\). In the following calculations, we used the filter
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transmission from the NIRC2 website,9 and the atmospheric
transmission above Maunakea from the Gemini website'” with
an air mass of 1.5 and a water vapor column of 1.6 mm.
Equation (C2) implies that, for a given extinction curve, i.e., for
a given choice of Ay and 3 in Equation (C1), there is a value
E(H — K') for the color excess such that o/fi**, = cvjp.. This
value depends on «;,, and on the extinction law A, explicitly

inverting Equation (C2):

EH-K)= 2.510glo(i—’:)aim

fH ! —aint§(\) 10-04A g\
fK, 2! —aint§(\) 10044\ 7\

- 2.510g10( ) (C3)

Unfortunately, the NIR extinction curve is currently not
determined reliably enough to obtain very precise color
measurements with method (1). For instance, T. K. Fritz et al.
(2011) relied on measurements of the Brackett-y emission line
(Ao =2.166 um) to infer values of Ay =A; j66,m = 2.62 £ 0.11
and 5=2.11+£0.06. Figure 13 shows that even if these
quantities seem to have relatively small error bars, choosing
the £10 values leads to a substantial difference (~ = 0.15) in the
color excess E(H — K') required to accurately correct for
reddening. This would add an uncertainty day g = 0.5 to each
spectral index measurement.

Uncertainties are set to increase even further when considering
other studies on the GC NIR extinction curve: Regarding the
extinction index between H and K, for instance, S. Nishiyama
et al. (2008) find 8= 1.99 £+ 0.02, R. Schodel et al. (2010) obtain
5=22140.24, M. W. J. Hosek et al. (2018, 2019) quote
B =2.14, F. Nogueras-Lara et al. (2018) find §=2.24 £0.11,
etc. We also note that extinction toward the GC varies
significantly on arcsecond scales, and that the values quoted
above are given as averaged over many sight lines that are not
necessarily relevant to Sgr A*-NIR. Some more specific extinc-
tion values (0”5 around Sgr A™) are reported by T. K. Fritz et al.
(2011, Ay =4.214+0.10, A, = 2.42 £ 0.10) and R. Schodel
et al. (2010, Ay =4.35+0.12, Ak, = 2.46 £ 0.03), but they
generate comparable uncertainties on the spectral index
(bay_gr 2 0.4), which would limit our study.

These considerations motivate the use of method (2): Instead
of making specific assumptions about the extinction curve, we
can determine the color excess around Sgr A* by measuring the
colors of nearby stars (in this work S0-2, which has a known
intrinsic color). Indeed, Figure 13 shows that the color excess
E(H — K’) from Equation (C3) depends very weakly on the
intrinsic spectral index of the source «;,. In fact, for a
reasonable range of A and [3, the color excess is well described
by

EH — K') = kain + E(H — K)o

= fK(ain — 2) + E(H — K')x, (C4

where we fit k=~0.008< 1. We adopt E(H — K')x =
2.09 £ 0.05 for the color excess on stars (a;y ~ 2), based on
the mean detected color of SO-2 (see Section 3.1), i.e., without
assuming a specific extinction curve. The difference in
spectral type between SgrA*-NIR (ay_x < —0.5) and
SO0-2 (i ~2) does not matter much, since we have

9
10

https: //www2.keck.hawaii.edu /inst/nirc2 /filters.html
https: //www.gemini.edu/observing /telescopes-and-sites /sites
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Figure 13. Color excess £(H — K’) from Equation (C3), obtained by setting a

0% = aun in Equation (C2), as a function of the intrinsic spectral index cy, of the

source, for different extinction curves. We show three examples consistent with the values from T. K. Fritz et al. (2011): Ag = A3 166ym = 2.62 £ 0.11,
[=2.11+0.06, and compare them to a linear relation with a fitted slope x ~ 0.008.

AE =EH — K')x — E(H — K')ggea ~ 0.02, well within
the error bars of the mean color excess.

Appendix D
Star-planting for Confusion Correction

D.1. Star-planting Simulations

In order to correct our measurements for flux contamination
by stars confused with Sgr A*, we used star-planting simula-
tions, creating synthetic images where Sgr A*-NIR was injected
at a known magnitude, then running them through our
photometry extraction pipeline (that we call StarFinder in
this section for simplicity; see more details in Section 2.2 and
Appendix A.1).

First, each observed frame was analyzed using StarFin-
der, yielding a reconstructed PSF, a fitted background, and a
list of detections (with their positions and magnitudes). As
illustrated in Figure 14, synthetic images were then constructed
by summing contributions from the following:

1. A simulated source representing Sgr A*-NIR, planted
using the reconstructed PSF at a chosen magnitude m1,),5,
and at the known location of Sgr A*.

2. A simulated source representing the star confused with
Sgr A*-NIR (S0-104 for 2005 July 31, S0-38 for the 2022
epochs), planted using the reconstructed PSF at a
randomly sampled magnitude m.,,r and a randomly
sampled location relative to Sgr A™ (Axcont, AYcont)-

3. Every other detected source (i.e., removing the one at
Sgr A*’s location), planted using the reconstructed PSF at
its fitted magnitude and position.

. The background that was fitted on the observed frame.

. White noise, at a level of ~20 counts pixelfl estimated
from sky frames.

[ AN
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Each synthetic image was in turn analyzed with StarFin-
der, recovering (most of the time) a detection at the location of
Sgr A*. The magnitude m,.. of this detection combines the flux
contributions from Sgr A*-NIR and the star it is confused with,
so we should have mye. < Mpjan.

Because they are not perfectly known, we sampled the
properties of the confusing sources taking their uncertainties into
account. The magnitude m.y,r was sampled from a Gaussian
distribution, with the mean and standard deviation determined by
measurements at other unconfused epochs (see Table 5). The
location relative to Sgr A* (Axconss AYeony) Was sampled from
posteriors on the position of the stars at the relevant epochs (see
an example in the inset of Figure 2). We used the
NStarOrbits software (G. Martinez et al. 2022) to compute
this posterior, from an orbital fit to long-term, unconfused
astrometric data from the GCOI (K. K. O'Neil 2023).

For a given frame and choice of ,,n, (planted Sgr A*-NIR
magnitude), 18 random samples of (Mconr, AXconts AYeont) WeTe
taken, yielding 18 values of my,. after the star-planting
simulations. We used the median value and the half-width of
the 68% central confidence interval as the estimate (my.) and
the uncertainty o, respectively. We chose these estimators
because they are more robust to outliers than the mean and
standard deviation, and because we could only take 18 samples
due to computational limitations.

For each observed frame, we repeated these star-planted
simulations for many values of m,ay, Obtaining values that
depend on the planted magnitude for the median recovered
magnitude and  uncertainty:  (Myec) (Mprant) £ TeontMplant)-
Figure 15 shows such an output for two example frames: We
essentially obtain a relation between recovered and planted
magnitude, with an uncertainty on this relation. Because the
star confused with Sgr A*-NIR is slightly offset from Sgr A™’s
location, its flux contribution varies with the PSF: If the PSF is
more spread out (i.e., for lower values of the Strehl ratio), the
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(a) Sgr A*-NIR (b) Confusing star (S0-38)

(c) Other sources + background

Paugnat et al.

(d) Full synthetic image
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Figure 14. Example of synthetic frame construction in star-planting simulations. Here, the observed frame used as a reference is the first K’ frame of 2022 May 21.
From left to right, the panels show 0”8 x 0.”8 cutouts around Sgr A* of (a) the simulated source representing Sgr A*-NIR (planted with Mplane = 16.8), (b) one
realization of the simulated source representing S0-38, the confused star (sampling the magnitude and position from known distributions), (c) the background and
other sources found by StarFinder in the observed image, and (d) the final synthetic frame (summing the previous contributions and adding white noise).
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Figure 15. Relation between the recovered and planted magnitude of Sgr A*-NIR obtained with star-planting simulations for three example frames in 2022 August 20:
two in the K’ band (left panel), one in the H band (right panel). Sgr A™ is confused with S0-38 for this epoch. The median and confidence interval are determined by
randomly sampling the magnitude and location of S0-38, from a distribution informed by unconfused observations. Since the confusing source adds to the detected
flux, we have mye. < Mypjan. This flux contribution depends on the PSF: in K !, the frame with a low Strehl ratio (S ~ 0.2, i.e., close to the cut; see Appendix B) shows
larger deviations of my.. from mypy than the frame with a relatively high Strehl ratio (S ~ 0.45). Fainter than some magnitude m;, (shown in red for the H-band
frame), the confusion correction becomes ambiguous since a recovered magnitude ... would not correspond to a unique mpan value. We note that the curves have

been slightly smoothed for the sake of visualization.

flux contribution from the confusing star is more important, so
the difference between recovered and planted magnitude is
larger (see Figure 15).

D.2. Confusion Correction and Uncertainty Estimation

For a given frame, we have (a) a detected magnitude
Mdet.confused at the location of Sgr A* , which combines the flux
contributions from Sgr A*-NIR and the star it is confused with;
and (b) a median confusion correction law (mec) = f (Mp1any)
with an uncertainty ocon(Mpiand) from star-planting simulations
(see Appendix D.1). We can simply invert this relation to
correct the magnitude of Sgr A*-NIR in that frame:

Megt = f71 (mdel,confused)- (Dl)

The existence of the inverse function f~' is guaranteed as
long as fis monotonous. In theory, this condition is verified,
because decreasing the flux of Sgr A*-NIR while keeping the
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confusion contribution fixed should decrease the total flux in
the combined detection (in other words, m,.. should always
increase with m.ne; see Figure 15).

However, in our actual star-planting simulations, when
Sgr A*-NIR becomes fainter than some value myy,, f ~!is not
always well defined (see Figure 15), either because not enough
samples have detections at Sgr A*’s location or because scatter
in my.. produces nonmonotonous variations with ny,n.. The
limiting magnitude my;, depends on the data quality and so is
different for each frame, but we can report a median value of
Mim ~ 20.3 mag for H-band frames and a median upper limit
fjim =, 18.6 mag for K’-band frames. If mgetconfused = Miims
confusion correction becomes ambiguous, so we remove the
frame from our sample. This occurs mostly in the A band, since
Sgr A*-NIR is redder than stars, i.e., fainter relative to the
confusing source than in the K’ band: <30% of the total frames
are removed in H, <5% in K’ (see Table 2 for the exact count
per epoch).
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The uncertainty on the confusion-corrected magnitude m.
comes from two sources. First, the uncorrected magnitude itself
has some uncertainty OMigerconfused (determined — with
Equation (1); see Section 2.2). Second, the relation between
Myee and Mg 1S only known up to some precision
Tconi(Mpiany)> due to the imperfect knowledge of the properties
of the stars confused with Sgr A* (see Section D.1). Therefore,
we estimate the final uncertainty as

—1
e [af_

2
2
6mdet,confused + Tconf (mdet,correcled) .
OMrec

M det,confused

(D2)

Appendix E
Multi-output Gaussian Process Interpolation

E.1. Mathematical Framework for Gaussian Processes

This appendix is meant as a quick introduction to the
formalism behind GP regression; see C. E. Rasmussen &
C. K. 1. Williams (2005) for a more complete mathematical
presentation, or S. Aigrain & D. Foreman-Mackey (2023) for a
review of applications to astronomical time series. The broad
idea of GPs is to generalize the approach of parametric
Bayesian inference to distributions over functions.

We start with a few formal definitions. A random function
(also called a random process, or a stochastic process) is a
collection of random variables indexed by some variable ¢
(often interpreted as a time variable). In other words, it is a
function f: t+— f(f), where f(¢) is a random variable for all 7.
A GP is a random function f such that, for any finite set of
indices (tq,...,t;), the random vector (f(t)),....f(t;)) is dis-
tributed according to a multivariate Gaussian distribution:
(f(),...f 1)) ~ N(u, ), where p is the mean vector and 2
is the covariance matrix.

Given a GP, we can define a mean function m: t — m(t) =
E[f(#)] and a covariance function k: (t, ) — k(t,t) = E
[(f (1) — mO)(F () — mG'N] = Covlf (@), f ()], where BL]
denotes the expectation value. Conversely, if we specify a
mean function and a well-behaved (i.e., positive semi-definite)
covariance function, every set of random variables in the GP is
determined since it follows a multivariate Gaussian distribu-
tion. Therefore, the GP is completely described by m and k, so
we usually write f ~ Gm(¢), k(t, t')).

The covariance function k is commonly called a kernel and
plays a fundamental role: It essentially quantifies the output
similarity between any two data points of the input space.
Various types of kernels exist, each having different properties,
and their choice typically captures some assumptions about the
underlying structure of the data. In the case of GP interpolation,
the kernel reflects the expected appearance (smoothness,
periodicity, etc.) of the target function. For this type of
problem, it is common to use kernels that are stationary (i.e.,
depend only on ||t — #'|]), since they encode the fact that that
nearby points are more likely to be correlated.

Typically, the kernels are described by a functional form
with some free parameters (called hyperparameters to avoid
confusing GPs with parametric models) that are optimized
during the regression. In the following, we only present kernels
that are relevant to this work, and refer the reader to
C. E. Rasmussen & C. K. I. Williams (2005) for a more
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exhaustive list. We note that kernels can also be combined
(summed, multiplied, convolved, etc.) for added flexibility.
The most popular choice of kernel is the squared-exponential
or Gaussian RBF kernel:
e — ¢'|P
22 )

with the hyperparameters / and o specifying a characteristic
length scale and an output scale amplitude of variation,
respectively. GPs using this kernel yield very smooth
interpolated functions, ideal to encapsulate long-term trends.
The RBF kernel is sometimes considered to be too smooth,
in which case one can use the exponential (or Ornstein—
Uhlenbeck) kernel:
le — t’ll)
20 )

where the hyperparameters / and o have the same interpreta-
tion. This kernel corresponds to more “choppy” functions, and
is helpful for continuous stochastic variability. We employ it to
model short-term fluctuations in the lightcurves.

In practice, the mean function of the GP is often fixed at
m(f) = 0; instead of shifting the mean to match the data, it is
ordinary practice to add a constant kernel:

krpp(t, t'; 0, 1) = 02 exp(— (ED)

kexp(t, t'5 0, 1) = o2 exp (— (E2)

k.(t, t'; 0) = o2 (E3)

Finally, to account for measurement uncertainties, a common
choice is to estimate a global noise level o in the data using a
white-noise kernel:

kwn(t, t'; 0) = 026(t — 1)), (E4)

where ¢ denotes the Kronecker delta function.

In the following paragraphs, we focus on GP regression, i.e.,
applying the GP framework to interpolation. We use the
example of times series (i.e., € R is a time variable), keeping
in mind that the same formalism can be applied to other types
of problems. Let us consider a set of times {#;}i<;<ny With
associated measurements {y;};<;<y. We want to interpolate a
function y =f(7) from those measurements; that is, in practice,
to predict the outputs {y, =f()} for a new set of
points {#}; <k<m-

To do this, we choose an appropriate kernel ky depending on
a set of hyperparameters 6, and consider a GP model
f~ G(0, kg(¢, t")). Then, by definition, we have

y =f) ~ MOy, Ky(t, 1))
y Ko(t, 1) Ko(t, )
d ~ NN 0 ms ~ ~ o~ )
o [y] (N* [Ke(l,t) Ko(r,r)])
where ¢t = [ll,...,lN]T, y = [yl,..-,yN]T, [ = [fl’-“»fm]Ts j; =
[y],...,y;n]T, 0,cR” is the null vector, and for

(t*, th) e R" x RP, K(@t*, t') is the covariance matrix con-
structed from the kernel:

(E5)

k@(tl*, tl /) k@(tl*a t])/)

Kyt*, t) = (E6)

ko(tys 1)
First, we can improve our GP model by fitting the set of

hyperparameters. One possible strategy, for instance, is to
choose the maximum marginal likelihood estimate, based on

ko, 1)
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the measured data points:

0 =argmax P[{y}!{#, o}, 0]
)

1

=argmax | —s———775
& ) [(277)N/2IdetKg(t,t)I‘/2

x exp(— 3T Ko, 07Yy) | (E)

Then, making use of the Gaussian nature of the joint
distribution, we can get a predictive distribution on the new
points by conditioning the joint distribution of Equation (ES)
on the observations:

JlEty~Np, %)

=Ky, )Ky(t, 1)
where {u o@. DKyt 1)y

o _ . (E®
=Ky, F) — Kp§, )Kp(t, )" 'Ky(t, ©)

Since this predictive distribution is also Gaussian, one can
directly obtain best-guess interpolated values ({1 }i<k<m) as
well as uncertainties on these values:

Ve =t T 2k, L <k < m

In practice, interpolation is often performed on observations
{y; = o;} that have measurement uncertainties. We mentioned
above that a white-noise kernel can account for this. However,
Equation (E4) assumes that the noise is homoscedastic, i.e., that
it has the same level for all random variables (in other words, it
is independent of #). This assumption is not always valid. In our
case, for example, we know from Equation (1) that uncertain-
ties depend on the flux level, so they vary with time. This can
be remedied using a heteroscedastic (i.e., different for each
measurement) white-noise kernel:

N
kawn(t, ') = >_ 076(t — t)6(t' — 1)
i=1

(E9)

We warn that, in this case, the prediction does not include any
noise from this kernel—it only has an impact during the “learning”
phase, when the hyperparameters are optimized. We also note that
the o; are not hyperparameters, since they correspond to the
measurement uncertainties. In fact, a more intuitive way to
view this contribution is to consider that, compared to the noise-
free case, a diagonal matrix is added to the covariance matrix
of the observations, Ky (¢, t) — Ky(t, t) + diag(oy,...,0on), while
Ky, ©), Ky(t, t), Ky(Z, f) are left unchanged.

E.2. Joint Interpolation of Two Lightcurves Using a Multi-
output Gaussian Process

The GP regression method presented in the previous section
applies to functions with a single scalar output (i.e., f(¢) € R
for all 7). In this work, however, we want to understand the
relationship between multiple outputs (the lightcurves in two
bands), in which case we talk about MOGPs. The most
straightforward way uses independent GPs to model each
output separately, but this approach ignores any correlation that
may exist between the outputs (in our case, when Sgr A*-NIR
is brighter in one band, it should also be in the other one). One
solution is to extend the GP regression approach to vector-
valued outputs (M. A. Alvarez et al. 2012). While MOGPs can
be generalized to N-dimensional outputs, we only aim to jointly
interpolate two lightcurves, so we restrict ourselves to the 2D

S @

case in the following: f: 1t —
e/ [fz(f)

], where, for example,
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f1(®) represents the K’-band magnitude and f»(f) the H-band
magnitude.

The most common method used to account for multiple
correlated outputs is the LMC. Each output is expressed as a
linear combination of independent random functions {u;’)(t)}
(A. G. Journel & C. J. Huijbregts 1976; M. A. Alvarez &
N. D. Lawrence 2011):

0 R, .
@0 =323 alud ®
g=1i=1

0 R, .
L0 =33 aiud @)

g=1i=1

) (E10)

where the {a,gg} are real-valued coefficients, and the functions

{u(;i)(t)} are zero-mean (single-output) GPs. The latter are
grouped by covariance function: There are Q groups of
samples, and for each group g of samples, R, samples are
obtained independently from a GP with the same kernel
kq(t, t"). Other approaches employed in MOGP regression can
be seen as simplified versions of the LMC; for instance, the
intrinsic coregionalization model (P. Goovaerts 1997) when
Q =1, or the semiparametric latent factor model (Y. W. Teh
et al. 2005) when R,=1.

In the LMC, the covariance function can then be written as a
(2 x 2 in our case) matrix-valued function (M. A. Alvarez &
N. D. Lawrence 2011):

0
Cov[f (1), f()] = Y AGA] ke(t, 1)
q=1

Q !
=> Bk,(t, 1)
q=1

(1) (Ry)
arg al’qq

1) R) |’
az’q e az’q‘l

where A, = (E11)

The matrices B, = AqT A, are known as the coregionalization
matrices and are positive semi-definite. The rank of each B, is
R,, which has to be less than the output dimension in order for
the uq(’) to be independent: R, < 2 here.

Considering a set of times {#}; <;<y, the covariance matrix
between the outputs can be easily expressed from the
coregionalization matrices, using the Kronecker product &:

h® 0 0
[f;(t)] - A{[OZ] Kun = ) By @ K,(t. t)], (E12)

q=1

where ;@ = [f;(0),...f; (o)) forj=1, 2, and K, is given by
Equation (E6).

MOGTP regression does not require for both outputs to be
measured at all times t—which is convenient for our purposes,
since the two lightcurves are never sampled simultaneously.
We can split the times into a group {¢#;;} where only the first
output f; is measured, and a group {#,;} where only the second
output f, is measured. To optimize the hyperparameters, we
simply need to marginalize the distribution (Equation (E12))
over the outputs that are not measured. In other terms, if we
build a N x N matrix Ky, by selecting in Ky only the rows
and columns corresponding to actual measurements {fi(#;;)} or
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{fo(t2.0}, we have

[ fi (@)

El13
s (E13)

] N(ON, ma:g)

After this, predictions for any unknown output can be obtained
similarly to Equation (E8), by considering the joint distribution
then conditioning over the observations.

In this work, the final form of the covariance function that
we use is

ke(t, 1) = Brgr - krge(t, '; 0 = 1, Irgp)
+ Bexp . kexp(t» tyo=1, lexp)
+ B, -k (t,t;0=1)

- Z[O - ]a?é(r — )6 — 1), (El4)

1 if the measurement at #;is in K’ — band
where ¢ = . L. and
0 if the measurement at ¢; is in H — band
e
. _ wT : _
for g € {RBF, exp,c}: B, = W, W, + 0 @ with W, =

g
[w(gl), wéz)] , ensuring that B, is positive definite.

The coregionalization matrices for the RBF, exponential, and
constant kernels have four real-valued hyperparameters each:
w w® kD and k@ . However, the constant kernel is only
designed to fit the mean of the two outputs, so there is no need
to include correlation there; we impose w'’ = w® = 0. We
also fix o = 1 inside the k, since the matrices B, already encode
the amplitude scale.

The last term in Equation (E14) corresponds to a white
heteroscedastic kernel adapted to the multi-output case. If
we write {ag")} the uncertainties on the measurements {f;(#;,)}
of the jth output (for j=1,2), the inclusion of this
kernel amounts (compared to the noise-free case) to adding
dlag(a(l) af}), 052), o 5,2)) to the marginalized covariance
matrix K.

In total, we have 12 hyperparameters that need to be
optimized: two timescales [rgr, lexp, SiX autocorrelation
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coefficients {K(l) 512)}6,:[{31:, exp,c» and four cross-correlation

coefficients {wgl), ,;2)} 4—RBF, exp- Be€cause we want the RBF
kernel to represent the long-term trends and the exponential
kernel to encode the short-term variability, we impose the
constraint 0 < lexp < 10 minutes during the optimization.

The interpolated lightcurves obtained using this method are
either presented in the bottom panel of Figure 1 (for 2022 May
21), or in Figure 16 (for all the other epochs in our data set).

E.3. Testing the Interpolation Method.

In order to assess the performance of the MOGP regression
method described in Appendix E.2 for the joint interpolation of
lightcurves, we examined the distribution of leave-one-out
normalized errors. Within a given epoch, we dropped each
magnitude measurement Myequs £ Omeas (in €ach band), then
applied the MOGP model on the remaining measurements in
order to get a prediction with uncertainty mpreq &= Opreq at the
time of the dropped point. The normalized error (or standard
score) is then

(mpred — Mmeas)

[ 2 2
Upred + O meas
(the expected uncertainty is Jalz)red + 02, Since measurement

uncertainties described by the heteroscedastic white-noise
kernel are not already added to the prediction; see
Appendix E.1). Repeating the procedure for every data point
and every epoch, we can estimate the distribution of E,.
Figure 17 shows that this distribution is close to a unit normal
distribution in the two bands, whether or not the interpolation
filters (see Section 3.3) are applied. In particular, (a) it shows
no bias toward positive or negative errors, since we always
have |(E,)| < 0.04, where (.) is the mean, and (b) the errors are

consistent with the uncertainties, since \/(E2) ~ 0.85 ~ 1. We
note that the interpolation filters remove the few extreme (~40)
outliers.

E, = (E15)
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Figure 16. Same as the bottom panel of Figure 1, but for the other epochs of our data set (from top to bottom: 2005 July 31, 2019 May 13, 2022 May 25, 2022 August
16, 2022 August 19, and 2022 August 20). We also show the lightcurves before confusion correction (except for 2019 May 13 since Sgr A*-NIR is not confused with
any known source). The lightcurves (with flux /magnitude values with uncertainties, before /after confusion correction) are also available as a machine-readable table.

(The data used to create this figure are available in the online article.)
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Figure 17. Distribution of normalized leave-one-out errors for the MOGP interpolation (all epochs combined).

Appendix F
Added Uncertainties from Confusion Correction and
Interpolation

In addition to the photometric uncertainties, the uncertainties
on the spectral index measurements presented in this paper
account for the additional uncertainties introduced by the two
correction steps, extinction (see Section 3.1) and source
confusion (see Section 3.2), as well as by the interpolation
(Section 3.3). Table 4 gives ranges for the uncertainties added
by those steps. The uncertainty from the extinction correction is
accounted for as a systematic error term, since choosing a
different value for the mean color excess is equivalent to
shifting all the spectral index measurements by the same
amount. In this appendix, we discuss in more detail the
uncertainties from confusion correction and interpolation,
which vary between measurements.

The uncertainty on the spectral index added by the
interpolation step is estimated using

-04

o_interp(a) —
add 10g,o(Ak'/Ar)

Opred (mband) s (F 1 )

where opeq is the uncertainty predicted by the GP (see
Appendix E.3) and band=K' (resp. H) if there is a
measurement in H (resp. K') for the considered point.
Confusion correction adds uncertainty to the magnitudes (see
Section D.2), so in order to assess the impact on the spectral
index uncertainties, it is only possible to compare the error bars
after interpolation. We estimate the contribution from

30

confusion correction to the uncertainty on « as

conf

O add (F2)

() = \/a'corrected(Oé)2 - O'uncorrecled(@)2 s

where Tcorrected() (T€SP. Tuncorrected()) 1S the final uncertainty
on the spectral index after interpolating the confusion-corrected
(resp. uncorrected) lightcurve.
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Figure 18. Comparison between the uncertainties added during the confusion
correction step and the uncertainties added during the interpolation step, as a
function of K’ magnitude. Interpolation tends to add more uncertainty for
brighter points, but as Sgr A*-NIR gets fainter the uncertainty added by
confusion correction starts to dominate.
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These added uncertainties are reported as a range in Table 4
for points belonging to our extended data set (excluding 2019
May 13 from the range on o33 () since there is no source
confusion for that epoch). We compare these two sources of
uncertainty in more detail in Figure 18: We can see that, for
bright states of Sgr A*-NIR, interpolation is the dominant
source of added uncertainty. For fainter states, confusion
correction becomes more substantial and therefore adds
comparatively more uncertainty.

Appendix G
Derivation of the Likelihood

In this section, we derive an analytic formula for the
likelihood £, of a single spectral index measurement ¢ eSt (’) ;ata

magnitude mg" D For a set of model parameters Hs =

&, n, mKrk, apex), the expected value o' x for the measured
spectral index at that magnitude is completely determined by
the noise values in the two bands (e, k). Indeed, from the
group of equations in Figure 5, we have af' p =
Flen; e, m,(s,t D 9,). Fixing the noise value eg, this defines

e . F
a bijective mapping ey—a$)' x. We can then consider the

. g . . .
reverse mapping o x>y, explicitly given by

€, — bs bs
g(aest < €K mej @) 10~04Hese Fo ggrA _ Ffl,gck

gs) = fO,H
K'ey + (E(H — K'))
+ 2.510,(fo.u /fo.x")

with Heg =

-25 a;;LK,loglo(AK’/AH),
(GD)
where Ko = m&+® and ;’,"ggrA, Filse are given by the same

expressions as in the group of equations in Figure 5.

Then, assuming uncorrelated Gaussian noise values in the
two bands (gpana ~ N(O, aggmd)), we can write the likelihood
for that measurement as )

L (aest N0)) | eil @ @) @ . )

» T prn Oy Us
. t,
_deH deg: p(aes 0] | meq (l), U([f_[)(/’ O.(FL eu, ks 05)

x plenl o)pex| o))

1 St (7 1
= Jden dex 8105 Q — Flems e, mt?, 69)]

27r0(’ o Fr
2 2,
H obs
X exp| ——5 — 1(Fg sgra)
2092 20 3;}(? &

—1

<:> (:)f A

27T0'
X exp g(o‘;;t (;()’7 €K' mle<St 0 os)z 5?(’ Jl(Fobs )
- K',SgrA)
202 202 “
(G2)

where 6 denotes the Kronecker delta function, and 1 the
Heaviside step function, introduced to avoid the (ey, €x’) space

est, (i)

correspondmg to nonphysical solutions where 10~%4"
e = FK/’SgrA < 0. The last equation is obtained using the
Fley; st @) for

. St
change of variables ey — oSy g = k', Mgh”
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which we can compute the Jacobian explicitly:
10*0-411551

(3_7) —
Den For O/ M)

where H. is computed in the same way as Equation (G1),

with af) g = oS80,

—-04 OHeq

(G3)
loglO(AK//)‘H) 851-1
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