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ABSTRACT

We combine JWST NIRSpec and Keck KCWI observations to construct a contiguous 2D map of

M87’s stellar kinematics spanning three decades in projected radius, from ∼10 pc to ∼10 kpc, and

measure the mass of its central supermassive black hole. The innermost stellar kinematic measurements

probe projected radii as small as ∼3% of the black hole’s sphere of influence radius, or approximately

30,000 Schwarzschild radii. The NIRSpec spectra within R < 0.′′45 are contaminated by quasiperiodic

“wiggle” artifacts. We develop hyphen, which uses detector spectral traces to predict how the wiggle

frequency varies with wavelength, then fits and subtracts the wiggle pattern from each spectrum in

each exposure before combining the data. The cleaned spectra reveal a pronounced central rise in

stellar velocity dispersion and h4. Triaxial Schwarzschild stellar orbit modeling with the TriOS code,

fitting ∼5, 000 kinematic constraints across 618 spatial bins from JWST and Keck, yields a black

hole mass of MBH = (5.38 ± 0.13 ± 0.22) × 109 M⊙. This result is consistent with our prior KCWI-

only determination but with the statistical uncertainty reduced by a factor of 2–3, now subdominant

to the systematic uncertainty in the distance (D) to M87. Our inferred mass-to-distance ratio is

θg = GMBH/(c
2D) = 3.16 ± 0.08µas, whose 90% credible interval overlaps with that obtained from

the multi-epoch Event Horizon Telescope (EHT) analysis, providing a robust and independent prior

for future EHT studies.

Keywords: Galaxy dynamics, Galaxy masses, Supermassive black holes, Early-type galaxies, Galaxies,

Galaxy dark matter halos, Galaxy evolution, Galaxy kinematics,

1. INTRODUCTION

The supermassive black hole (SMBH) at the center of

the giant elliptical galaxy M87 has anchored black hole

research for half a century. At a distance of only 16.8

Mpc, the M87 SMBH has one of the largest gravita-

tional spheres of influence (SOI) of any SMBH on the

sky (about 5′′), making M87 an excellent target for re-

solving stellar motions inside the region in which the

SMBH determines the stellar kinematics.

Sargent et al. (1978) observed a rising stellar velocity

dispersion profile towards the center of M87 and inter-

preted it as dynamical evidence for a central mass of

several billion solar masses. Binney & Mamon (1982)

argued, however, that spherical Jeans models without

a central SMBH could fit the same data if the velocity

dispersion is allowed to be anisotropic in the radial vs.

tangential directions. Subsequently, Dressler & Rich-

stone (1990) obtained improved stellar spectra from the

2.5-m du Pont Telescope but reported an upper limit

on the black hole mass (MBH) of ∼4 × 109M⊙ from

spherical orbit modeling. Van Der Marel (1994) ap-

plied spherical anisotropic Jeans models to stellar kine-

matic data from the 4.2-m William Herschel Telescope,

again finding an upper limit of ∼5×109M⊙. Magorrian

et al. (1998) applied two-integral axisymmetric Jeans

models to the same kinematics and obtained MBH =

(3.96 ± 0.27) × 109M⊙.4 Simon et al. (2024) explored

axisymmetric anisotropic Jeans models of various sets

of integral-field spectroscopic data and found a range of

MBH = (7.7−11.1)×109M⊙ depending on which dataset

is used and whether dark matter is included in the mod-

els. Gebhardt et al. (2011) applied axisymmetric orbit

modeling to integral-field spectroscopic data from Gem-

ini NIFS, obtaining MBH = (6.14+1.07
−0.62) × 109M⊙ (after

4 All M87 SMBH masses quoted in this paper are scaled to our
adopted distance of 16.8± 0.7 Mpc.
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distance adjustment by The Event Horizon Telescope

Collaboration et al. 2019).

To reduce modeling complexity and computational

cost, all of these works assumed that the gravitational

potential of M87 was either spherical or axisymmet-

ric. Massive elliptical galaxies such as M87, however,

are found to be predominantly slowly rotating or non-

rotating (e.g., Veale et al. 2017a,b). And when rotation

is detected, the kinematic axis connecting the regions

of maximal receding and approaching velocities is often

misaligned with the photometric major axis, a feature

that cannot be explained by an axisymmetric stellar halo

(e.g., Ene et al. 2018). Any spherical or axisymmetric

dynamical model would therefore be unable to repro-

duce these kinematic misalignments in the data.

A prominent kinematic misalignment was indeed ob-

served for M87 (Emsellem et al. 2014; Liepold et al.

2023). Motivated by these findings, we removed the ax-

isymmetric assumption for the first time and allowed

M87’s stellar halo to be triaxial (Liepold et al. 2023).

In that work, we measured M87’s stellar kinematics

using 62 pointings of Keck KCWI observations span-

ning a 250′′×300′′ (20 kpc×24 kpc) field of view, ex-

tending from inside the SMBH’s SOI to far into the

stellar halo where the potential is dominated by dark

matter. By fitting the ∼4,000 kinematic constraints

to triaxial Schwarzschild orbit models generated by the

TriOS code (Quenneville et al. 2022), we obtained the

first determination of the triaxial shape of M87’s stel-

lar halo and measurements of its MBH, stellar mass-to-

light ratio, and dark matter content. That work found

MBH = (5.37+0.37
−0.25 ± 0.22)× 109M⊙, where the first un-

certainty is statistical and the second is systematic due

to the uncertainty in the distance to M87.

A parallel literature on M87 SMBH mass measure-

ments using kinematics of ionized gas has consistently

yielded a smaller value in the range of MBH = (2.5 −
4) × 109M⊙ (Van Der Marel 1994; Harms et al. 1994;

Macchetto et al. 1997; Walsh et al. 2013). These mea-

surements are complicated by the rich structures present

in the ionized gas in the central 100 pc (Osorno et al.

2023).

The Event Horizon Telescope (EHT) has imaged a

ring of emission around the M87 SMBH, providing an in-

dependent constraint on its mass. Their first mass deter-

mination based on the 2017 data gaveMBH = (6.5±0.2±
0.7)× 109M⊙ (The Event Horizon Telescope Collabora-

tion et al. 2019), where the second uncertainty was due

to various systematics including distance uncertainties.

A multi-epoch analysis combining the 2017 and 2018

data revised the mass to MBH = (6.16+0.71
−0.57) × 109M⊙

(Event Horizon Telescope Collaboration et al. 2025),

where the reported error included statistical and sys-

tematic uncertainties but not the distance uncertainty

(which is subdominant to their combined uncertainty).

In this Letter, we combine the Keck KCWI data from

Liepold et al. (2023) with JWST NIRSpec data from

Al-Amri et al. (2026) and extract ∼5000 stellar kine-

matic measurements spanning a radial range of ∼10 pc

to 10 kpc of M87. We use these kinematics as con-

straints in a new suite of triaxial Schwarzschild orbit

models computed with the TriOS code to determine the

black hole mass, stellar mass-to-light ratio, dark matter

fraction, and 3D shape of the stellar halo of M87. The

new JWST measurements quadruple the total number

of kinematic constraints within the SMBH’s SOI com-

pared to the Keck data alone, probing nearly an order of

magnitude closer to the SMBH, down to 3% of the SOI

radius and only 30,000 times the Schwarzschild radius

of M87’s SMBH.

Sections 2 and 3 describe our observations and stellar

kinematic measurements. Section 4 details our triax-

ial orbit models and a new parameter inference method

used to improve the efficiency of searching the 6D pa-

rameter space. Section 5 discusses our updated mea-

surements of M87’s mass and shape parameters. In

Appendix A, we describe our code hyphen designed to

remove the prominent quasiperiodic artifacts in JWST

NIRSpec spectra near M87’s central point source.

In this paper, we adopt a distance to M87 of 16.8±0.7

Mpc compiled in The Event Horizon Telescope Collab-

oration et al. (2019). An angular scale of 1′′ at this

distance corresponds to a physical scale of 81.1±3.3 pc.

2. INTEGRAL-FIELD SPECTROSCOPIC

OBSERVATIONS OF M87

2.1. Wide-field 250′′×300′′ Coverage with Keck KCWI

During four observing runs from 2020 to 2022, we used

the Keck Cosmic Web Imager (KCWI; Morrissey et al.

2018) to obtain integral-field spectra of M87 over a con-

tiguous 250′′×300′′ (20 kpc × 24 kpc) field of view cen-

tered on the galaxy’s nucleus. We constructed a mo-

saic from 62 pointings, with a total on-source exposure

time of 13 hr. The observations used the large-slicer

configuration with the BL grating to obtain broad spa-

tial (33′′×20′′ per pointing) and spectral (3500–5600 Å)

coverage. With 1.′′4×0.′′3 spaxels and 0.′′63 seeing, these

observations allowed for stellar kinematic measurements

down to a radius of ∼0.′′8 from M87’s center. The KCWI

spectra contain numerous optical absorption features,

including the Ca H and K lines, the G-band, Mgb, and

several iron lines. The KCWI stellar kinematic mea-

surements and orbit modeling results are presented in

Liepold et al. (2023) and Section 3.
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2.2. Central 3′′×3′′ with JWST NIRSpec

We obtained JWST NIRSpec observations (Cycle 1

GO-2228) of the central 3′′×3′′ (240 pc × 240 pc) region

of M87. The observations used the G235H grating with

the F170LP filter, covering 1.66–3.17 µmwith R ≈ 2700.

The total on-source exposure time was 6.6 hr across 16

dithered exposures. The primary stellar absorption fea-

tures in this window are theK-band CO bandheads near

2.3 µm, which we use to measure the stellar kinematics.

The kinematic fitting strategy and results are presented

in Al-Amri et al. (2026) and Section 3.

2.2.1. Outside the Central R = 0.′′45 Region

For the NIRSpec spaxels located outside a radius of

0.′′45 from the nucleus, we use the datacube reduced

in Al-Amri et al. (2026). A prominent “wiggle” arti-

fact severely contaminates the spectra (e.g. Law et al.

2023) within R∼0.′′45, preventing robust stellar kine-

matic measurements without further processing. This

region was therefore excluded from the analysis in Al-

Amri et al. (2026). For these G235H/F170LP obser-

vations, the PSF has an azimuthally averaged FWHM

of 0.′′113, with a characteristic snowflake pattern in its

wings. The resulting spectra had typical SNRs of ∼150

per spectral pixel in individual 0.′′05 spaxels across much

of the field. To perform orbit modeling, we rebin these

spectra and remeasure the stellar kinematics as de-

scribed below (Section 3).

2.2.2. Within R = 0.′′45

To extract useful science from the NIRSpec spaxels

within R = 0.′′45 of M87’s central AGN, we have devel-

oped an algorithm, which we name hyphen, to remove

the spectral artifacts. Details of this method are de-

scribed in Appendix A. Here we provide a brief descrip-

tion.

In the JWST NIRSpec IFU and MSA modes, the PSF

is undersampled, producing a Moiré-like pattern on the

NIRSpec detectors. Once the 2D data are rectified into

a 3D datacube, the spectra near a bright point source

may contain a prominent quasiperiodic “wiggle” artifact

associated with that Moiré pattern. This undersampling

causes the distribution of flux across the detector pixels

to depend strongly on the location of the point source

relative to the pixel grid. If the point source lands near

the center of a pixel, a larger fraction of its light falls

within that pixel. If instead the point source lands near

the edge, its light is split between pixels and the peak

pixel flux is reduced (Law et al. 2023).

On the NIRSpec detector, the point-source light is

dispersed along a trace that is roughly aligned with the

detector x-axis. Because the trace is not parallel to that

axis, it repeatedly crosses from one detector pixel to

the next in the y direction as the wavelength changes.

This repeated crossing results in quasiperiodic variation

in the pixel flux, which appears as a “wiggle” in the

spectrum. The shapes of the spectral traces are shown

in Figure A1, and the relation to the wiggle pattern is

shown in Figure A2.

In hyphen, we use the World Coordinate System

(WCS) transformations between the 2D detector images

and the 3D rectified datacubes from each exposure to

identify the sinusoidal basis functions associated with

the wiggle pattern. This approach fits the repeating

wiggle pattern while reducing the risk of fitting physical

features that qualitatively resemble the artifact, such as

the CO bandheads.

A few other techniques have been developed to re-

move the NIRSpec artifacts. WICKED (Dumont et al.

2025) requires many sinusoidal fits over narrow spectral

windows in spectra from the combined datacube to cap-

ture the varying frequency, while RACCOON (Shajib 2025)

simultaneously fits the wiggle shape and its frequency

variation across the full spectrum. ATM (Law & Clarke

2026) relies on sampling different pixel phases and is

less well constrained in parts of the spectrum where

the wiggle frequency is low. hyphen instead uses the

WCS transformations to constrain the frequency varia-

tion even where few wiggle cycles are present, and only

uses the spectra to determine the shape of the repeat-

ing wiggle pattern. For our M87 observations, hyphen

removes the vast majority of wiggle artifacts and leaves

smaller residuals than ATM. Example spectra from the

central region before and after our wiggle correction are

shown in Figure A4.

Because ATM was introduced after the publication of

Al-Amri et al. (2026), we re-reduce the data presented

there using the JWST SDP version 2025 4a, CRDS

version 13.1.14, context file jwst 1535.pmap, and the

JWST Science Calibration Pipeline version 2.0.0 so that

a direct comparison between ATM and hyphen can be

made. Bad pixels in each 2D detector image are man-

ually flagged and masked at the end of stage 2 of the

pipeline. Each detector image is then cast onto a com-

mon 3D grid with spacing 0.′′05×0.′′05×3.96 Å and stored

as a separate datacube. We apply hyphen to remove

wiggle artifacts from each exposure’s datacube and then

merge the corrected cubes for spectral fitting.

We visually inspected the central spectra in the CO

bandhead region around 2.3 µm and separated the spax-

els into three categories: AGN-like, ETG-like, and in-

termediate. The spectra within R ≲ 0.′′15 are dom-

inated by the AGN continuum, with no obvious CO

bandheads present and a positive spectral index. The
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spectra at R ≳ 0.′′21 are consistent with a typical ETG

CO bandhead region, including a negative spectral index

and rounded bandheads. Between 0.′′15 and 0.′′21, many

spaxels have intermediate features, including anomalous

CO bandhead shapes or a positive or varying spectral

index. Of the 250 spaxels with R < 0.′′45, 28 are AGN-

like, 27 are intermediate, and 195 are ETG-like. For the

stellar kinematic measurements and orbit modeling de-

scribed in the next sections, we use only the ETG-like

spectra.

3. STELLAR KINEMATICS FROM 10 PC TO 10

KPC

Stellar kinematics extracted from the Keck KCWI

data are presented in our prior work (Liepold et al.

2023). Briefly, we co-added spectra from individual

spaxels to produce 461 spatial bins, achieving signal-

to-noise ratios (SNR) per spectral pixel of ∼150 in the

central regions and ∼100 in the outer regions.5 We

then measured the Gauss-Hermite moments of the stel-

lar line-of-sight velocity distributions (LOSVDs) using

pPXF (Cappellari 2023) and stellar templates from the

MILES library (Sanchez-Blazquez et al. 2006; Falcón-

Barroso et al. 2011). The first eight moments were used

as constraints in the triaxial orbit models presented in

Liepold et al. (2023).

For the JWST NIRSpec data, we use slightly differ-

ent binning schemes for the regions inside and outside

R = 0.′′45. Outside R = 0.′′45, we co-add the 3552 in-

dividual spectra using a Voronoi binning scheme (Cap-

pellari & Copin 2003) to produce 133 spatial bins with

a mean SNR of 308 per spectral pixel. This binning

choice roughly balances the number of kinematic con-

straints per logarithmic interval in radius between the
NIRSpec data and the inner KCWI data: approximately

350 bins per dex in R for both datasets.

Inside R = 0.′′45, we exclude the 28 AGN-like and 27

intermediate-type spaxels (see Sec. 2.2.2) and bin the

remaining 195 ETG-like spaxels on a regular polar grid.

We use three radial intervals, R ≤ 0.′′3, 0.′′3 < R ≤ 0.′′38,
and 0.′′38 < R ≤ 0.′′45, and divide each annulus fur-

ther into eight 45◦ equiangular sectors. The sectors are

defined relative to the photometric position angle, be-

ginning with −25◦ < PA < 20◦. This arrangement pro-

duces 24 bins containing comparable numbers of spaxels

(between 6 and 10 spaxels per bin) and a mean SNR of

340.

5 The SNRs in this paper are estimated using the βσ procedure
(Czesla et al. 2018) using jump parameter j = 3 and approxi-
mation order N = 3.
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Figure 1. Representative NIRSpec spectra (black) for
seven of the 157 JWST bins at increasing radii (from top
down) used to constrain the triaxial orbit models of M87.
The pPXF fits to the spectra are shown in red. The
PHOENIX stellar templates systematically misfit the Ca I
absorption feature at 2.26 µm, which we mask out (shaded).
The NIRSpec detector gap spans different wavelengths in dif-
ferent spatial bins, so the fitted spectral range varies between
bins.

We use the same pPXF fitting configuration as in Al-
Amri et al. (2026) to measure the stellar kinematics for

each of the binned JWST spectra. The spectra are fit

over 2.244 − 2.3632 µm using 90 stellar templates gen-

erated with PHOENIX (Husser et al. 2013). The stel-

lar LOSVDs are represented by 12 Gauss-Hermite mo-

ments, and the stellar continuum is modeled as an order-

3 multiplicative polynomial. We determine the uncer-

tainties on the kinematic moments using a Monte Carlo

procedure in which each best-fitting pPXF model is per-

turbed with 1000 realizations of Gaussian noise having

an RMS equal to that of the best-fitting residuals.

Seven representative binned JWST spectra from R =

0.′′27 to R = 1.′′40 are shown in Figure 1. The deep

CO bandheads in each spectrum (black curves) are well

matched by the stellar-template spectrum broadened by

the best-fit LOSVD (red curves).
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The radial profiles of the first eight Gauss-Hermite

kinematic moments measured from each of the 461 Keck

and 157 JWST bins are shown in Figure 2. These 4944

measurements span nearly 3 decades in radii, which we

use as kinematic constraints in the orbit models dis-

cussed in the next section. The JWST kinematic mo-

ments (green symbols) connect to the Keck moments

(brown symbols) smoothly at R∼2′′ without systematic

offsets. For the innermost five Keck bins (at R∼1′′–2′′)
that overlap with the JWST bins, the stellar kinematics

are also remarkably consistent. This close match in the

KCWI and NIRSpec results indicates that our measure-

ments are robust to differences in telescopes, spectro-

graphs, spectral wavelength range, and stellar template

libraries used to determine the kinematics.

The velocity dispersion, σ, of the Keck data in Fig-

ure 2 displays a prominent rise towards the nucleus of

M87, from σ∼250 km s−1 at R∼20′′ to σ∼350 km s−1

at R∼2′′. The JWST data show that this rise contin-

ues smoothly all the way to R∼0.2′′, with σ reaching

∼500 km s−1. In Figure 3, we plot the profile of M87’s

stellar σ over 4 decades in radius (on a logarithmic ra-

dial scale). In the outer part of M87’s stellar halo, red

globular clusters (red symbols) appear to have velocity

dispersions similar to those of the stars (Zhang et al.

2015). “Intracluster” planetary nebulae, on the other

hand, have been reported to have a steeply rising σ pro-

file (green symbols; Longobardi et al. 2018).

4. TRIAXIAL ORBIT MODELING OF M87

4.1. The TriOS Code

We perform triaxial orbit modeling with the TriOS

code (Quenneville et al. 2022) to determine the mass

parameters and 3D intrinsic shape of M87. The mod-

eling procedure used here largely follows that described

in Liepold et al. (2023). Our galaxy models are spec-

ified by six parameters: black hole mass MBH, stellar

mass-to-light ratio M∗/L, dark matter mass scale M10,

and three shape parameters T , Tmaj, and Tmin. We use

a radially varying stellar mass-to-light ratio where the

central M∗/L is a factor of 2.5 higher than at large

radii (Fig. D1 of Liepold et al. 2023), consistent with

constraints from stellar population analyses (Sarzi et al.

2018; Oldham & Auger 2018). The dark matter follows a

generalized NFW profile with a flat inner density profile

(γ = 0) and a scale radius rs = 15 kpc. We specify the

mass scale of the dark matter halo with its enclosed mass

within 10 kpc, M10. We have made several performance

improvements to TriOS that substantially reduced the

cost of modeling. We have tested TriOS on simulated

galaxy kinematics and demonstrated its ability to re-

liably recover the known input MBH and other galaxy

parameters in the test models (Pilawa et al. 2024).

For each model, we compute an orbit library composed

of ∼350, 000 stellar orbits. The library samples 96 ener-

gies; 54 and 27 values of the second integral of motion for

loop orbits and box orbits, respectively; and 27 values of

the third integral of motion. The 96 energies correspond

to orbits with equipotential radii logarithmically spaced

from R = 0.′′1 to R = 316′′. Each orbit is projected

onto the sky, convolved with the respective PSFs for the

JWST and Keck datasets, and binned into the same ve-

locity bins as the kinematic data. To ensure smoothness

in the model distribution functions, we bundle groups of

27 orbits that are neighbors in phase space and average

their properties before determining the orbit weights. In

total, this yields 12,960 bundles of orbits.

Orbit weights are determined via non-negative least

squares (Lawson & Hanson 1995), minimizing the χ2

over 4944 kinematic constraints (eight moments per bin;

Section 3). Following Liepold et al. (2020), we ad-

ditionally constrain h9–h12 to zero, with uncertainties

matched to those of h7 (odd moments) and h8 (even

moments), to suppress spuriously peaked LOSVDs. All

kinematic moments are point-symmetrized following the

scheme described in Van Den Bosch & De Zeeuw (2010).

The model is required to reproduce the observed sur-

face brightness profile and the deprojected 3D mass dis-

tribution to within 2%. See Appendix C of Liepold et al.

(2023) for a description of the HST and ground-based

imaging data of M87 used for this part of the modeling.

4.2. Parameter Inference with Convex Hull and Deep

Ensembles

We search the 6D parameter space for the galaxy

model that best reproduces the observed JWST and

Keck stellar kinematics. We use a revised parameter

inference scheme that improves upon the efficiency of

our recent work (e.g., Pilawa et al. 2022; Liepold et al.

2023, 2025). The search begins with a coarse, uniform

Latin hypercube sampling of ∼1000 points spanning a

broad parameter space, with each model evaluated using

the TriOS code to obtain its associated χ2. We then use

the convex hull algorithm to compute the 6D volume,

V0, of the smallest convex polytope enclosing the ini-

tial set of models. Over successive iterations, we reduce

the search volume by a factor f , selecting at each step

the χ2 threshold such that the convex hull of all mod-

els below that threshold has volume Vi = fVi−1. Within

each reduced volume, N new models are drawn via Latin

hypercube sampling and evaluated with TriOS, progres-

sively zooming in on the best-fit region. We perform 10
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iterations with f = 0.3 and N = 100, so that the final

search volume is V10 ∼ 10−6V0.

To sample the posterior distribution, we construct a

smooth interpolation of the χ2 surface across the param-

eter space, then pass the corresponding log-likelihood

surface to dynesty (Speagle 2020) to sample, assuming

a uniform prior in each parameter. To perform the in-

terpolation, we compare three methods: Gaussian pro-

cess regression (Rasmussen & Williams 2006; Pedregosa

et al. 2011), Student-t process regression (Shah et al.

2014), and Deep Ensembles (Lakshminarayanan et al.

2017). Gaussian process regression is a common choice

for handling irregularly spaced points with noise esti-

mations. The Student-t process regression is similar

but features heavier tails, making it more robust against

outliers and non-Gaussian noise in the χ2 surface. Deep

Ensembles use a collection of neural networks for inter-

polation, adopting the variance across the ensemble as

a measure of uncertainty.

In our tests, Deep Ensemble interpolation appears the

most robust, producing less variation in the posterior

distributions when its fitting hyperparameters are var-

ied and exhibiting less sensitivity to outliers in the χ2

surface. We therefore adopt it as our fiducial interpo-

lation scheme. The other two methods yield similar re-

Table 1. Mass and Shape Properties of M87

Parameter (units) Inferred value

Black hole mass MBH (109 M⊙) 5.38± 0.13± 0.22

Mass-to-distance ratio θg (µas) 3.16± 0.08

Outer M∗/L (V -band; M⊙/L⊙) 3.475± 0.023± 0.14

Inner M∗/L (V -band; M⊙/L⊙) 8.69± 0.06± 0.35

Stellar mass within 10 kpc
(1011 M⊙)

1.844± 0.014± 0.08

Total stellar mass (1011 M⊙) 4.66± 0.86± 0.19

Dark matter mass within 10 kpc
(M10; 10

11 M⊙)
3.57± 0.10± 0.15

Dark matter fraction within
10 kpc (%)

65.3± 0.7

Shape parameter T 0.59± 0.01

Shape parameter Tmaj 0.53± 0.02

Shape parameter Tmin 0.53± 0.02

Average apparent-to-intrinsic
long axis ratio u

0.935± 0.004

Average middle-to-long
axis ratio p

0.870± 0.004

Average short-to-long axis ratio q 0.739± 0.006

Line-of-sight direction θ, ϕ (◦) 52.7+1.0
−0.7, 35.9

+1.2
−0.9

Rotation about line of sight ψ (◦) −66.6± 1.1

Note—Mass and shape parameters of M87. The first listed
uncertainty is statistical, representing the 68% credible
intervals. For the mass parameters, we include a second
uncertainty due to the uncertainty in the distance to M87:
16.8± 0.7 Mpc.

sults. Across all fitting hyperparameters and methods

we tested, systematic uncertainties associated with the

interpolation are approximately half the size of the sta-
tistical uncertainties.

The final results from our triaxial orbit modeling and

parameter inference procedure are listed in Table 1. The

posterior distributions of the six galaxy parameters are

shown in Figure 4. The best-fit model reproduces the

observed kinematics well, including the rise in σ and h4

toward the center of M87, as plotted in Figure B1. At

the posterior median, this model has χ2 = 2772 with

4944 kinematic constraints. Naively counting the six

model parameters as the number of degrees of freedom

(DOF) would lead to a reduced χ2 of 0.56, but esti-

mating the true DOF and underlying model complex-

ity of constrained problems such as ours is a nontrivial

task. The effective DOF is usually higher, as we had

investigated in Pilawa et al. (2024). Properties of the

best-fitting model are discussed in the next section.
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Figure 4. Posterior distributions of the six galaxy param-
eters in the triaxial orbit models of M87: black hole mass,
MBH, (outer) stellar mass-to-light ratio, M∗/L, dark matter
halo mass enclosed within 10 kpc,M10, and stellar halo shape
parameters T, Tmaj, and Tmin. An alternative set of shape
parameters is shown in the upper right corner: the luminos-
ity-averaged axis ratios p (middle-to-long axis), q (short-to–
long axis), and u (apparent-to-intrinsic long axis). The three
contours in each 2D panel and the vertical lines in each 1D
panel mark the 68%, 95%, and 99.7% credible regions.

5. M87 PROPERTIES

5.1. Black Hole Mass, Stellar Mass, and Dark Matter

Halo Mass

The M87 black hole mass from our combined JWST

and Keck kinematics, MBH = (5.38 ± 0.13 ± 0.22) ×
109M⊙, is fully consistent with our prior result, MBH =

(5.37+0.37
−0.25±0.22)×109M⊙, inferred from the Keck data

alone. Notably, the statistical uncertainty in this new

measurement is now below the uncertainty in the dis-

tance to M87.

The best-fit outer V -band stellar mass-to-light ra-

tio, M∗/L = (3.475 ± 0.023 ± 0.14)M⊙/L⊙, is within

0.4σ of our previous value. The inferred inner value is

M∗/L = (8.69± 0.06± 0.35)M⊙/L⊙ for the radial pro-

file assumed in our dynamical model (see Sec. 4.1). Us-

ing the V-band luminosity profile from Kormendy et al.

(2009) and our M∗/L profile, we determine the total

stellar mass to be M∗ = (4.66± 0.86± 0.19)× 1011 M⊙.
This value is substantially smaller than was found in

Murphy et al. (2011), M∗∼1.2 × 1012M⊙, which is de-

rived from the same photometry but a much higher

M∗/L = 9.7M⊙/L⊙ (corrected to 16.8 Mpc) obtained

from axisymmetric orbit modeling.

The gravitational sphere of influence (SOI) of a black

hole is often defined as M∗(< rSOI) = MBH or M∗(<
rSOI) = 2MBH. Using our mass measurements, we find

M87’s SMBH to have an SOI radius of rSOI = 4.′′35 (354

pc) or 6.′′05 (492 pc), comparable to M87’s stellar core

size of 5.′′66−5.′′80 (460−470 pc; Lauer et al. 2007; Dullo

2019).

The dark matter halo mass within the radial range of

our kinematic data is MDM(< 10 kpc) = (3.57± 0.10±
0.15) × 1011 M⊙, which is f10 = (65.3 ± 0.7)% of the

total mass within 10 kpc.

The MBH and M∗ measurements reported here place

M87’s SMBH above the mean MBH–M∗ relation from

McConnell & Ma (2013) by 0.58 dex and outside the

0.34 dex intrinsic scatter of the relation. Agreement

with core-size scaling relations is better, with M87’s

SMBH lying 0.15 dex and 0.12 dex below the MBH–rb
and rb–rSOI relations from Thomas et al. (2016), re-

spectively, both well within the intrinsic scatter of those

relations (0.29 and 0.17 dex, respectively).

To place the M87 SMBH on the MBH–σ relation, we

compute the luminosity-weighted average σ within the

effective radius (Equation 1 of McConnell & Ma 2013),

adopting Re ∼ 80′′. Averaging over all radii down to

R = 0, we find σe = 304 km s−1, which drops by approx-

imately 10% to 264–270 km s−1 when excluding contri-

butions from within the SOI. M87 lies 0.39 dex above the

mean MBH–σ relation when including the SOI and 0.7

dex above when excluding it, in excess of the relation’s

intrinsic scatter of 0.38 dex.

5.2. 3D Shape Parameters

Triaxial orbit modeling enables us to obtain simul-

taneous constraints on the mass and shape parameters

of M87. Unsurprisingly, adding the inner JWST kine-

matic constraints does not change the result from our

prior Keck study that the stellar halo of M87 is strongly

triaxial. The best-fit model in this work has a triaxial

parameter of T = 0.59 ± 0.01, strongly ruling out an

oblate axisymmetric (T = 0) or a prolate axisymmetric

(T = 1) shape.

We note that in our MGE parameterization of M87’s

isophotes, all MGE components are assumed to share

the same PA (i.e., no isophotal twists), but each depro-

jected component is allowed to have its own values of 3D

intrinsic axis ratios p = b/a and q = c/a, where a, b and

c are the lengths of the principal axes of M87’s stellar



9

halo.6 We compute the luminosity-weighted averages of

p and q across the MGE components and show their

posteriors and inferred values in Figure 4 and Table 1.

The associated viewing angles are also listed in Table 1.

The axis ratios found here agree with our prior Keck

study to within 3%. While the differences exceed the

formal statistical uncertainties, these uncertainties are

small in part because the plausible ranges of the shape

parameters are themselves narrow, given the inequality

constraint of q ≤ p ≤ u ≤ 1 (Quenneville et al. 2022).

For instance, the uncertainty on q = 0.739±0.006 repre-

sents only 0.8% of its central value but 2% of its plausible

range (0.5 ≲ q ≲ 0.8).

5.3. Orbital Structure

In the top panel of Figure 5, we show the profile of

the orbital composition of the best-fitting orbit models.

Among the three major classes of stellar orbits present

in a triaxial potential, the long-axis and short-axis loop

orbits have a definite sense of rotation and carry a net

angular momentum along the galaxy’s long (major) and

short (minor) axes, respectively. The top panel shows

that the stellar orbits in M87 are composed primarily

of loop orbits, with very similar contributions from the

short-axis and long-axis loops. Box orbits, which have

zero net angular momentum, contribute only a small

fraction of the total, up to ∼15% in the central region.

In the lower two panels of Figure 5, we plot the pro-

files of the velocity anisotropy parameters, β = 1−σ2
t /σ

2
r

(middle) and β̂ = σ2
r/(σ

2
r + σ2

t ) = 1/(2 − β) (bottom),

of the best-fitting orbit models, where σr is the velocity

dispersion in the radial direction, and the tangential ve-

locity dispersion, σt, is defined to be σ2
t = (σ2

θ + σ2
ϕ)/2.

The standard β parameter is highly asymmetric in rep-

resenting tangential vs. radial motions, with β → −∞
for purely tangential orbits while β = +1 for purely ra-

dial orbits. We favor the alternative measure, β̂, which

ranges between 0 and 1 bounded by these two limits,

and is 0.5 for isotropic orbits.

At nearly all radii, the stellar motions are slightly bi-

ased radially, with β̂∼0.6 for both the innermost re-

gion (β = 0.3; r ≲ 0.1rSOI ∼ 0.′′5) and the outer re-

gion (r ≳ 3rSOI ∼ 15′′). Near the SOI of the SMBH,

the model becomes nearly isotropic. The relative spar-

sity of box orbits suggests that the radial anisotropy

in the central region is driven primarily by loop or-

bits with high eccentricity, rather than box orbits. For

6 As discussed in Sec. 2 of Quenneville et al. (2022), all MGE
components share the same T, Tmaj and Tmin regardless of the
values of p and q for each component (as long as there is no
photometric twist).
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Figure 5. Profiles of the stellar orbit composition (top) and
velocity anisotropy parameters β (middle) and β̂ (bottom)
from our best-fitting models of M87. Radii are normalized
by each galaxy’s SMBH SOI radius (rSOI = 6.′′05 for M87).
The horizontal dashed lines indicate isotropy: β = 0 and
β̂ = 0.5. Outside the SOI, M87’s velocity anisotropy (green)
becomes increasingly radial, similar to that found in triaxial
orbit models of four other massive elliptical galaxies. Inside
the SOI, M87 is somewhat radially biased.

comparison, we include the orbital anisotropy profiles

for four other galaxies that we have modeled with the

triaxial Schwarzschild method in Figure 5: NGC 1453

(Quenneville et al. 2022), NGC 2693 (Pilawa et al.

2022), NGC 315 (Pilawa et al. 2025), and Holmberg

15A (Liepold et al. 2025). While some of these galax-

ies have a mild preference for tangential orbits in the

inner regions, the values of β̂ differ from that of M87
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only modestly, with β̂∼0.45 (β∼ − 0.2) for NGC 315

and Holmberg 15A.

Prior dynamical studies using axisymmetric orbit

codes have frequently found tangential bias in the in-

ner regions of massive cored ellipticals, interpreting it as

a signature of loss-cone depletion of radial orbits by bi-

nary SMBH scouring (e.g., Thomas et al. 2016). Triaxial

potentials, however, support centrophilic orbit families

(such as box orbits) that can continuously replenish the

depleted loss cone, driving SMBH binaries toward coa-

lescence and contributing to the stochastic gravitational

wave background detected by Pulsar Timing Array ex-

periments (e.g., Agazie et al. 2023). The mild radial

bias found here in M87’s inner regions may reflect par-

tial refilling of the scoured core by these centrophilic

orbits, a process naturally captured by triaxial but not

axisymmetric dynamical models.

The mild radial bias in the best-fit M87 model is con-

sistent with the positive h4 observed in the innermost

JWST data (Figure 2). For a fixed luminosity density

and potential, radially biased orbits can produce more

peaked LOSVDs with extended wings than isotropic

models, increasing h4 relative to isotropy (e.g., Gerhard

1993; Veale et al. 2017b). This arises because stars near

the closest approach of the line of sight to the galaxy

center—where the luminosity density is highest—have

radial motions nearly perpendicular to the line of sight,

enhancing the LOSVD peak, while stars at greater dis-

tances along the same sightline contribute radial mo-

tions at higher velocities, populating the wings.

6. SUMMARY AND DISCUSSION

We have obtained a new measurement of M87’s SMBH

mass by combining our Keck KCWI stellar kinematic

measurements from Liepold et al. (2023) with new mea-

surements from JWST NIRSpec. The NIRSpec stellar

kinematic constraints extend inward to projected radii of

10 pc, just 3% of the SMBH’s gravitational sphere of in-

fluence. Together, these data provide a contiguous high-

S/N 2D map of the stellar motions over three decades

in radius. Triaxial orbit models reproduce these ∼5,000

kinematic constraints well. A six-dimensional parame-

ter search over the SMBH mass, the stellar mass-to-light

ratio, the dark matter halo mass, and the intrinsic shape

yields MBH = (5.38± 0.13± 0.22)× 109M⊙.
These measurements combine exquisite spatial reso-

lution, broad spatial coverage, and high S/N. Together

with our triaxial orbit models, which faithfully repro-

duce these observations, they provide the most compre-

hensive view of the stellar dynamics of M87 to date. Our

analysis thus far has focused on stellar motions and not

stellar populations. For the latter, we have incorporated
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Figure 6. Posterior distributions of M87’s SMBH mass–
to-distance ratio, θg ≡ GMBH/(c

2D) (top), and mass, MBH

(bottom). Our stellar-dynamical measurement (black solid)
is compared with EHT results from 2017 (blue dotted), 2018
(orange dot-dashed), and the two epochs combined (pur-
ple dashed). The EHT posteriors combine fits from three
GRMHD pipelines (lower-right panel of Figure 9 in Event
Horizon Telescope Collaboration et al. 2025). Shaded re-
gions mark 90% credible intervals from the posteriors. The
lower panel includes the distance uncertainty D = 16.8± 0.7
Mpc. A separate analysis of the same 2017 and 2018 EHT
data by Chang et al. (2025) (‘C25’ in legend) yields lower θg,
as indicated by the horizontal blue and orange bars, which
also indicate the 90% credible intervals (the vertical position
is arbitrary).

prior stellar-population measurements in our assumed

radial profile of the M∗/L parameter (see Sec. 4.1). A

joint study of spatially resolved stellar kinematics and

population data would be an interesting next step for

M87.

The mass of the M87 black hole has been indepen-

dently constrained through horizon-scale observations

by EHT. In the initial analysis of their 2017 data, the

EHT Collaboration measured the angular size of the

gravitational radius (also referred to as the mass-to-

distance ratio) from lensed emission surrounding the

black hole to be θg ≡ GMBH/(c
2D) = 3.8 ± 0.4 µas.
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The corresponding SMBH mass is MBH = (6.5 ± 0.2 ±
0.7) × 109M⊙ (The Event Horizon Telescope Collab-

oration et al. 2019). In the subsequent multi-epoch

analysis of the 2017 and 2018 data, the same team

used an expanded library of GRMHD simulations and

a newly developed Bayesian multi-epoch scoring frame-

work, obtaining a combined mass-to-distance ratio of

θg = 3.62+0.41
−0.34 µas, corresponding to MBH = 6.16+0.71

−0.57×
109M⊙ (Event Horizon Telescope Collaboration et al.

2025). The slightly lower central value relative to 2019

was attributed in part to a preference for retrograde ac-

cretion models in the multi-epoch scoring, which tend to

produce less compact images and correspondingly lower

mass estimates. An independent analysis by Chang

et al. (2025), who fit a semi-analytic dual-cone syn-

chrotron emission model directly to the EHT visibility

data using Bayesian inference, found θg within the 95%

highest probability density interval of (2.84, 3.75)µas for

the 2017 data and (2.93, 3.44)µas for the 2018 data. No-

tably, while θg remained stable across the two epochs de-

spite striking differences in the observed ring morphol-

ogy, several other model parameters (e.g., inferred spin-

axis orientation, fluid velocity direction) shifted signifi-

cantly, highlighting that intrinsic variability introduces

systematic uncertainties that are not yet fully captured

by current models.

Figure 6 compares the posterior of our dynamically de-

termined θg (top panel) and MBH (bottom panel) with

the EHT results. While the peak of our posterior is

lower than the peaks of the EHT 2017 and 2018 posteri-

ors reported in Event Horizon Telescope Collaboration

et al. (2025), their 90% credible intervals overlap. Our

results are also fully consistent with the lower θg inferred

from a re-analysis of the same EHT data in Chang et al.

(2025). We suggest that θg from our stellar-dynamical

work be used as a prior in new EHT analyses to sharpen

inferences on M87’s black hole spin and enable a more

detailed characterization of the plasma conditions, mag-

netic field structures, and intrinsic variability of the ac-

cretion flow.
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APPENDIX

A. CORRECTING “WIGGLE” ARTIFACTS WITH

HYPHEN

A.1. ‘Wiggles’ in the detector image

The NIRSpec PSF is undersampled in the IFU and

MSA modes, producing substantial resampling artifacts.

The peak flux of a point source is highly dependent on

its position in the pixel grid. Near the center of a pixel,

its light will land primarily within that pixel, while near

the edge of a pixel, the light is split across neighboring

pixels, reducing the peak flux (Law et al. 2023).

On the JWST NIRSpec detector, light from a fixed sky

location is dispersed approximately along the detector

x-axis. Importantly, the spectral trace produced by the

dispersed light is not perfectly parallel to the x-axis and

is slightly curved. This is visible in the detector image
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in Figure A1. As these traces cross successive detector

rows, the point source’s light alternates between being

concentrated within one row and being split between

adjacent rows as the wavelength changes.

Figure A1 shows the shapes of spectral traces which

lie at different locations on the NRS1 detector. Traces

in low-numbered slices pass through fewer detector rows

than high-numbered slices, and there is a discontinuity

in the trace shape between slices 15 and 16.

The wavelength-dependent frequency of the ‘wiggle’

artifacts has been a challenge for previous attempts to

correct the effect (e.g. Perna et al. 2023; Dumont et al.

2025; Shajib 2025). The wiggle pattern originates in

the spectral trace repeatedly crossing into different de-

tector rows at different wavelengths. When the shape

of the spectral trace on the detector (that is, the func-

tions x(λ) and y(λ)) is known, the spectra can be in-

dexed by the detector row coordinate y rather than λ.

In this coordinate, the wiggles have a fixed period of ap-

proximately one pixel. Accordingly, the local frequency

(in wavelength) of the wiggle pattern is |dy/dλ|. Fig-

ure A2 shows a representative central spectrum indexed

by wavelength and by the detector row coordinate y.

The Fourier amplitudes show a peak at approximately

one cycle per detector pixel and its harmonics, which are

absent after use of our wiggle correction code hyphen

(Figure A3).

Recently, the adaptive trace method (Law & Clarke

2026) was integrated into the JWST Science Calibration

Pipeline. When applying that method to our M87 data,

we found substantial residual wiggle artifacts, leaving

the central part of the data unusable for the work in

this paper (Figure A4). For observations of other ETGs,

ATM performs similarly to our code hyphen. We antic-

ipate that ATM will be sufficient in many cases, but

provide hyphen to the community for cases where ATM

leaves residual artifacts.

A.2. The hyphen model

The hyphen model uses each exposure’s 2D detector

image and corresponding rectified 3D datacube. Within

each cube, we identify the bright point source associ-

ated with wiggle artifacts and a target region around

it (the central 0.′′45 for our M87 analysis). WCS trans-

formations between the image and datacube associate

each target spaxel with a spectral trace on the detector,

whose shape describes how the wiggle frequency varies

with wavelength. The model described below fits and

subtracts the quasiperiodic wiggle signal from each tar-

get spaxel’s spectrum. The result is a corrected 3D dat-

acube for each exposure. If the input cubes share a

common spatial and spectral grid, the corrected cubes

can optionally be combined into a single datacube. The

implementation is described in Appendix A.3.

In the hyphen code, we model the spectrum in a target

spaxel i as the sum of a field spectrum Fi and a contri-

bution from the PSF wings of the central point source

Pi. That point-source-like spectrum is modulated by a

‘wiggle’ term Wi, which is quasiperiodic in wavelength

with a varying frequency. When using hyphen to cor-

rect the spectra7, we subtract the wiggle term from the

observed spectrum. That is, the observed spectrum Oi

is modeled as Oi ≈ Fi + Pi + Wi, and the corrected

spectrum is O′
i = Oi −Wi ≈ Fi + Pi.

For each exposure, we construct a pair of reference

spectra F and P by coadding spectra from a region far

from the central point source (typically 1.′′0 ≤ R ≤ 1.′′5)
and a region dominated by the central point source

(R ≤ 0.′′2), respectively. Both reference spectra are nor-

malized to have unit median flux. The contribution of

these components to the spectra of individual spaxels is

then specified by a pair of fit parameters with Pi = αiP
and Fi = γiF . We typically treat αi and γi as constants

in wavelength. In some cases where there is a mismatch

between the reference spectra and the spaxel spectra,

we find that the fit is substantially improved by instead

modeling αi and γi as low-order Legendre series in wave-

length. Constant envelope functions are equivalent to

order-zero Legendre series. The Legendre series orders

are chosen adaptively, as described in Appendix A.3.

As shown in Figure A2, while the wiggle artifacts are

quasiperiodic in λ, they are periodic in the detector row

coordinate y. We model this periodic shape with a si-

nusoidal series:

w(y) =

Nw∑
n=1

[an sin(2πnfy) + bn cos(2πnfy)] .

We allow for a frequency adjustment term f ≈ 1 to

accommodate a slight mismatch between the expected

and actual base wiggle frequency. The wiggle order Nw

is chosen adaptively (Appendix A.3). The amplitude

and phase of each Fourier mode (set by the an and bn
coefficients) are left as fit parameters.

We generally allow for the wiggle amplitude to be a

weak function of wavelength with a third envelope term

βi ≈ 1. As with αi and γi, βi is modeled as a low-order

Legendre series in wavelength with an adaptively chosen

order, starting with order 0. The zeroth-order term of

this Legendre series is fixed to unity, since the Fourier co-

7 As a shorthand, we refer to application of the hyphen method
as ‘hyphenation’ of the data. We also interchangeably refer to
the hyphen model and code as ‘hyphen’.
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Figure A1. (Left) A representative NRS1 detector image. Colored curves mark one spectral trace in each slice. Lines of
constant wavelength (0.1µm steps) are shown as slanted grey lines. The spectral traces are not perfectly horizontal and are
slightly curved (inset). (Right) The shapes of the spectral traces vary across the detector, with traces on one side crossing
roughly five more detector rows than those on the other side, producing a spatially varying wiggle frequency.

efficients already set the overall wiggle amplitude. The

wiggle term is then Wi = wiβiPi.

The full hyphen model is

Oi ≈ γiF + (1 + wiβi)αiP,

and the hyphenation process is

O′
i = Oi − wiβiαiP.

We denote the orders of the Legendre series αi, βi, and γi
as Nα, Nβ , and Nγ , respectively. An order-N series has

N +1 coefficients, and the zeroth-order coefficient is the

constant term of the series. In total, the hyphen model

has 2Nw free parameters from the phase and amplitude

of each order of the wi series, Nα +1 from the αi series,

Nβ from the βi series (as the zeroth-order coefficient is

fixed to 1), Nγ +1 from γi, and optionally an additional

parameter if f is allowed to vary. This totals 2Nw+Nα+

Nβ + Nγ + 2 free parameters (plus one if f is allowed

to vary), which must be determined from each spaxel’s

spectrum.

A.3. Implementation of the hyphen Model

The hyphenmodel is implemented in efficient and flex-

ible Python code. The code is run through a command-

line interface and all configuration is specified through

human-readable yaml text files. The code and its de-

pendencies can be installed using the pip package in-

staller. Documentation of the hyphen code is provided

at the project’s GitHub webpage.8 We provide a brief

overview of the procedure followed by the code here.

The hyphen code is designed to operate on individ-

ual exposures of NIRSpec IFU or MSA data, expecting

both the 2D detector image and the corresponding rec-

tified 3D datacube for each exposure. If those exposures

are to be combined, then during rectification a common

spatial and spectral grid should be used. Each exposure

is dewiggled separately; the corrected datacubes are op-

tionally merged into a combined datacube.

After loading the data for a given exposure, the code

first computes and normalizes the point-source and field

reference spectra. The location of the point source is ei-

ther provided by the user or determined by finding the

brightest spaxel in the cube. Spaxels within a specified

radius of the point source (typically R ≤ 0.′′5) are se-

lected and their spectra from the 3D datacube are fit in

parallel, as described in Appendix A.2. For each spaxel,

we use the WCS transformations between the 2D detec-

tor image and 3D datacube to determine the spectral

trace at its location within the field of view. The spec-

tral trace gives the detector coordinates x(λ) and y(λ)

of the dispersed light associated with that 3D spaxel.

We use this trace to index the spectrum by the detector

row coordinate y.

The initial fit for each spaxel uses Nw = Nα =

Nβ = Nγ = 0, with no wiggle terms and constant

envelope terms. The fit is done using the trust re-

8 https://github.com/EmilyLiepold/hyphen

https://github.com/EmilyLiepold/hyphen
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Figure A2. (Top) The spectral trace for a representa-
tive spaxel near the AGN on the NRS1 detector is described
by y(λ), the detector row coordinate as a function of wave-
length. (Middle) When the spectrum is indexed by wave-
length, the wiggle artifacts have a varying period, which
becomes shorter near the blue side of the NRS1 detector.
(Bottom) When the spectrum is indexed by the detector
row coordinate y, the period of the wiggle artifacts is ap-
proximately one pixel. To guide the eye, vertical grey lines
are drawn at integer values of the detector pixel index. The
peaks and troughs of the wiggle pattern appear at a consis-
tent location between each pair of grey lines.

gion reflective least-squares algorithm implemented in

scipy.optimize. We compute the root-mean-square

fractional residual over the fitted wavelengths, normal-

izing each residual by the observed flux. If this value

exceeds a user-specified threshold (typically 5%), we in-

crease the model complexity by adding wiggle terms or

increasing one of the orders of the Legendre series. If the

more complex model does not improve the fit beyond
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Figure A3. When the spectrum is indexed by the detector
row coordinate y, the wiggles have a fundamental frequency
of roughly one cycle per detector pixel. Fourier amplitudes of
four wiggle-impacted spectra are shown before (colored) and
after (black) hyphenation. The four spectra here are shown
in Figure A4. The wiggle artifact is clearly seen as a peak
centered at f = 1 with diminishing harmonics at f = 2, 3, 4.
After hyphenation, these peaks are no longer present, leaving
amplitudes similar to those at neighboring frequencies.

some chosen threshold (typically an absolute reduction

in the RMS fractional residual of 0.01%), we revert to

the previous model and try increasing a different compo-

nent. This procedure continues until the RMS fractional

residual falls below the specified threshold, no increase

in the series orders sufficiently improves the fit, or the

maximum allowed value for each series order is reached.

The final model is then used to compute the wiggle-free

spectrum for that spaxel.

For each input exposure, we apply this procedure to

all selected spaxels, resulting in a set of wiggle-free

3D datacubes. The code can then optionally combine

these datacubes on the same spatial and spectral grid

through a weighted average of the exposure fluxes, us-

ing the interpolation weights determined during rectifi-

cation. Merging uncorrected datacubes with hyphen re-

produces the combined datacube produced by the JWST

pipeline’s cube build step.

B. STELLAR KINEMATICS OF THE

BEST-FITTING ORBIT MODEL

The stellar kinematics of the best-fitting orbit model,

as described in Section 4, are shown in Figure B1.
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Figure A4. Comparison of uncorrected (colored) and dewiggled (black) spectra at various distances from the center of the
datacube for a single NIRSpec IFU exposure. These spaxels trace a path to the NE of the center. The uppermost spectra
are dominated by AGN light, making stellar kinematic measurements intractable, even after correction. CO-bandhead features
become visible between 0.′′1 and 0.′′2 and grow more prominent at larger radii. (Top) After correction with hyphen, no discernible
wiggle artifacts remain. (Bottom) Same as top, but now comparing uncorrected (colored) and ATM-dewiggled (black) spectra.
For our data, the adaptive trace method (Law & Clarke 2026) leaves substantial residuals, most of which are at a higher
frequency than the original wiggle artifacts.
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