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Abstract

We present a new measurement of the Hubble constant, H0, following the gravitational-wave event GW170817
and Dark Energy Spectroscopic Instrument (DESI) observations. A standard siren measurement with a nearby
(luminosity distance ∼40 Mpc) event such as GW170817 is typically sensitive to the peculiar motion of the host
galaxy owing to local dynamics. Previous measurements from this event have taken advantage of peculiar
velocity measurements of nearby galaxies, including a handful of objects in the galaxy group that the host of the
event, NGC 4993, has been associated with. Still, the group’s properties and NGC 4993’s membership were
debated. We present DESI observations of thousands of galaxies in the vicinity of NGC 4993, resulting in 39
group galaxies and a fivefold increase in galaxies compared to previous observations, with many contributing to a
peculiar velocity measurement. Examining the local dynamics, our observations support the presence of a galaxy
group of which NGC 4993 is a part with a halo mass of order ∼1013M⊙. Using peculiar velocity measurements
from our fundamental plane galaxy observations, we find =

+
H 70.90 8.5

6.4 km s−1 Mpc−1. In addition, using a
peculiar velocity measurement for NGC 4993 from surface brightness fluctuations in Cosmicflows-4, we find
=

+
H 73.40 3.9

3.3 km s−1 Mpc−1. We study the impact of different galaxy selection criteria on the determination of
the peculiar velocity and, in turn, on the H0 measurement. Our results demonstrate the value of multiplexed
spectroscopic observations for probing the local environments of gravitational-wave events used in standard siren
measurements.

Unified Astronomy Thesaurus concepts: Observational cosmology (1146); Gravitational waves (678)

1. Introduction

Beyond its most basic significance as a measure of the
Universe’s “expansion rate,” the Hubble constant, H0, plays a
fundamental role in estimating the age of the Universe
(W. L. Freedman 2000), understanding the velocity compo-
nents of galaxy motions (T. M. Davis & M. I. Scrimgeour
2014), and the formulation and verification of dark matter
(E. Di Valentino et al. 2018) and dark energy (V. Poulin et al.
2019) models. Despite its ubiquity in cosmology, there still
remains an unresolved discrepancy concerning its value.
Currently, two methodologies dominate the landscape of
techniques for measuring the Hubble constant: forward
modeling of the cosmic microwave background (CMB), and
measuring the recessional velocities of standard candles. Using
the former method, the Planck Collaboration (Planck) has
found a value of H0 = 67.36 ± 0.54 km s−1 Mpc−1 (Planck
Collaboration et al. 2020); the latter method, however, has
yielded a value of H0 = 73.04 ± 1.04 km s−1 Mpc−1

(A. G. Riess et al. 2022). Recently, the disagreement between
measurements reached a 5σ level of significance, validating
concerns that the tension is trending away from resolution
(L. Verde et al. 2019; E. Di Valentino et al. 2021; P. Shah
et al. 2021).

A relatively new, independent method for measuring H0,
known as the standard siren method (B. F. Schutz 1986; see
A. Palmese & S. Mastrogiovanni 2025 for a review), could add
another competitive measurement to the fray, potentially
pointing to a pathway for the tension’s resolution. Abstractly,
one can ascertain a value for H0 by measuring the luminosity
distance, dL, and recessional velocity, vrec(zrec), from a single
object and then solving the approximate Hubble relation,
vrec(zrec) ≈ H0dL, for H0. The bright standard siren method
applies this reasoning to neutron star mergers with an
electromagnetic (or “bright”) counterpart for which one can

measure the luminosity distance via gravitational-wave (GW)

detection and the recessional redshift via electromagnetic
observation. The standard siren method also harbors an
advantage over distance ladder methods: the method relies
on a “primary” measure of distance inferred from gravitational
waves, obviating the need for calibration of an empirical
distance relation as is the case for “secondary” distance ladder
methods. Thus, concerns regarding distance calibration
validity are, for the most part, irrelevant in the case of
standard sirens.
The standard siren method can indirectly depend on a

distance calibration through the method’s connection to
peculiar redshift. A galaxy’s total redshift, ztot, can be
separated into two components: the recessional redshift, zrec,
and peculiar redshift, zpec. The peculiar redshift results from
the galaxy’s local motion rather than the global motion that
stems from cosmic expansion. In order to make a standard
siren measurement, one must isolate the recessional comp-
onent of the total redshift by separately measuring the galaxy’s
peculiar redshift. This peculiar redshift can be determined
either via a density-field-based reconstruction of the peculiar
redshift (S. S. Boruah et al. 2021; S. Mukherjee et al. 2021;
C. Blake & R. J. Turner 2025) or via a distance calibration to
directly measure the peculiar redshift. The primary pitfall of
the reconstruction method is that it usually relies on a set of
assumptions—e.g., that observed redshifts accurately trace the
matter density field (M. J. Hudson et al. 2004)—and/or
introduces choices within the framework of the ΛCDM model
(R. Graziani et al. 2019). Conversely, directly measured
peculiar redshifts typically involve a distance calibration,
which increases uncertainty and potential for systematics
biases (see C. Howlett & T. M. Davis 2020 for some
examples). In the future the best option for measuring peculiar
redshift might be through multimessenger GW sources
themselves (A. Palmese & A. G. Kim 2021), but more GW
events are needed to perform such measurements. In our
standard siren measurement, we choose to measure peculiar
velocities (PVs) directly. We use two types of direct
measurement calibrations: the fundamental plane (FP) and
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Tully–Fisher (TF) relations. Since we implement a direct
measurement method, we also probe how different choices in
our PV analysis systematically affect our H0 result.

GW170817 (B. P. Abbott et al. 2017c), the only GW event
with a confirmed electromagnetic counterpart that has
produced a bright standard siren measurement of H0

(B. P. Abbott et al. 2017b), was detected in 2017 by the
Advanced Laser Interferometer Gravitational-Wave Observa-
tory (LIGO; LIGO Scientific Collaboration 2015) and
Advanced Virgo interferometer (Virgo; F. Acernese et al.
2014). This GW observation was quickly followed by a
gamma-ray burst (B. P. Abbott et al. 2017a) and lower-energy
observations of the electromagnetic emission (B. P. Abbott
et al. 2017d) that led to the identification of NGC 4993
as the galaxy host of GW170817. Further studies indicated that
NGC 4993 was potentially a member of a galaxy group (e.g.,
J. Hjorth et al. 2017; A. Palmese et al. 2017). At the time
of the GW detection, the PV of the NGC 4993’s group had
already been measured as part of a number of PV surveys
(A. C. Crook et al. 2007, 2008; G. Lavaux & M. J. Hudson
2011; D. Makarov & I. Karachentsev 2011; E. Kourkchi &
R. B. Tully 2017), but subsequent studies further refined these
measurements (J. Hjorth et al. 2017; M. Cantiello et al. 2018;
C. Howlett & T. M. Davis 2020; C. Nicolaou et al. 2020;
R. B. Tully et al. 2023). The NGC 4993 PV could be made
more precise by combining PV measurements from other
galaxies in the same group. Yet all reliable studies only
combined PV measurements from at most three group galaxies
(C. Howlett & T. M. Davis 2020). Studies that incorporated
more galaxies tended to not thoroughly vet these galaxies’
group membership status. It is within this context that we
present observations from the Dark Energy Spectroscopic
Instrument (DESI; M. Levi et al. 2013) of 14 galaxies near
NGC 4993 in order to improve on previous measurements of
the NGC 4993 PV and, in turn, the standard siren measurement
of H0.

The outline of the paper is as follows: In Section 2, we
describe the target selection process, our PV galaxy samples,
and the GW data. In Section 3, we parameterize the posterior
formulation for a bright standard siren H0 measurement,
parameterize our implementation of the FP and TF relations,
and describe the zero-point calibration procedure for these
relations. In Section 4, we present our measured values of the
group PV and the Hubble constant while performing a number
of measurements relating to the group’s virialization and
relaxation. In Sections 5 and 6, we provide a short discussion
and summary of our results. All uncertainties reported are 1σ,
and we report the median along with the 68% highest density
interval when quoting results from our posteriors.

2. Data

2.1. DESI Observations

To measure the PV of NGC 4993, we use spectroscopy from
DESI and photometry from the Dark Energy Camera Legacy
Survey (DECaLS) in the 10th data release (DR10) of the DESI
Legacy Survey (A. Dey et al. 2019). DESI utilizes the Mayall
4 m telescope, located at Kitt Peak National Observatory
(DESI Collaboration et al. 2022), to take spectroscopic
observations primarily in the northern portion of the sky.
DESI consists of 10 spectrographs each connected to 500
robotically operated optical fibers, allowing for simultaneous

observation of 5000 unique sky locations in a region with a

∼1°.63 radius (DESI Collaboration et al. 2016b; T. N. Miller
et al. 2024; J. H. Silber et al. 2023; C. Poppett et al. 2024). The
primary role of DESI is to probe the Universe’s expansion
history in order to better characterize the nature of dark energy
(M. Levi et al. 2013), with recent results already yielding
exciting constraints on the dark energy equation of state (DESI
Collaboration et al. 2025b, 2025c). To this end, DESI has
measured over 50 million redshifts—surpassing its 5 yr goal of
40 million redshifts (DESI Collaboration et al. 2016a). In this
work, redshifts are measured via the standard spectroscopic
reduction pipeline (desispec/0.59.0) that relies on matching
spectra to templates (J. Guy et al. 2023). Since NGC 4993
lies outside the DESI footprint, our observations signify a
departure from the typical survey operation schedule
(E. F. Schlafly et al. 2023) as part of a tertiary target program
(A. D. Myers et al. 2023) to specifically characterize the PV
and environment of NGC 4993. Our PV measurement is rooted
in FP (Section 3.2) and TF (Section 3.3) PV calibrations,
which were constructed using data from the DESI Survey
Validation observations (DESI Collaboration et al. 2024a) as
found in the DESI Early Data Release (DESI Collaboration
et al. 2024b), as well as observations from the DESI Year 1
(Y1) observing run (DESI Collaboration et al. 2025a), which
corresponds to Data Release 1 (DR1). This work marks one of
the first instances in which these PV calibrations were used to
measure a galaxy’s PV outside of the fiducial DESI sample.
As mentioned above, the measurement of the NGC 4993 PV

requires measurements from other galaxies in the NGC 4993
group. However, the task of observing galaxies in the NGC
4993 group presents an issue: we seek to observe TF and FP
galaxies within the group, but until they are observed we
cannot determine (a) their membership in the group a priori
and (b) whether or not their PVs can be measured. The
simplest and most comprehensive resolution to this issue is to
observe as many galaxies as could potentially be used in our
group PV measurement. Without a multiobject
spectrograph with thousands of fibers like DESI, completing
this task in a reasonable amount of time would be unfeasible.
With this task in mind, we culled a subset of 923 objects from
the targets selected for the DESI Peculiar Velocity Survey and
observed them in 2023 June. In anticipation of a second set of
observations in 2024 June, we added 52 galaxies to our
original set of targets based on visual inspection of our
photometric observations. When considering our full list of
targets, 828 targets were classified as FP targets while 147
were classified as TF targets based on the photometric
selection criteria outlined in C. Saulder et al. (2023). The 52
galaxies added for the second observing run were categorized
as TF or FP by visual inspection and color characterization—
bluer indicating a TF galaxy and redder indicating an FP
galaxy—with the more quantitative selection criteria described
below being invoked after observation. In addition to our PV
targets, the DESI LOW-Z Survey (E. Darragh-Ford et al.
2023) simultaneously submitted 47,071 galaxy targets near
NGC 4993 for observation as part of an unrelated scientific
analysis; we have included these galaxies as part of our group
membership determination in Section 4.2. After acquiring
DESI spectroscopic redshifts for both the LOW-Z and our PV
targets, we focus on galaxies with redshifts in the regime
0.008 < ztot < 0.012. This regime is close to the redshift of
NGC 4993, but we justify this choice further in Section 4.2.
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Invoking this redshift cut, we find 17 potential TF galaxies and
9 potential FP galaxies to be used in our PV analysis. All
targets that were observed by DESI are shown in Figure 1. In
this figure, we specify general targets (blue), TF group targets
(green), FP group targets (orange), and non-PV group
targets (red).

In order to measure its PV, each TF galaxy was observed at
its center and at a distance from the center along its semimajor
axis of 40% of R26, where R26 is the radius within which the
magnitude density is 26 mag arcsec−2 in the r band. This very
specific off-center requirement is chosen to match the DESI
DR1 TF Peculiar Velocity Survey calibration radius (K. Dou-
glass et al. 2025a). We determine R26 for each galaxy using the
legacyhalos software,52 which determines a galaxy’s
isophotes and position angle via an ellipse-fitting procedure.
Using these fitted parameters, we determine two off-center
target observations for each TF galaxy along its major axis.

We also use legacyhalos more generally for measuring
and deriving uncertainties on all photometric quantities in this
study. We use the output from the tractor software53

(embedded in the legacyhalos package) for FP-related
photometry (D. Lang et al. 2016) and legacyhalos’s
ellipse-fitting techniques for TF-related photometry. The

difference in source of photometry is reflective of the DESI
FP and TF calibrations, which use tractor and legacy-
halos ellipse fitting, respectively.

2.2. GW and Afterglow Data

As part of our standard siren H0 measurement, we require
the posterior of the GW170817 luminosity distance and
inclination angle. Although the strain data for GW170817
were made public as a part of GWTC-1 (B. P. Abbott et al.
2019b), we found estimating GW parameter posteriors directly
from the strain data to be computationally prohibitive and
excessively time-consuming. Instead, we glean information
regarding the merger’s luminosity distance and inclination
angle from the public high-spin GW170817 posterior
samples54 (B. P. Abbott et al. 2019a). Using a 12-component
Gaussian mixture model from scikit-learn, we recon-
struct a 2D posterior surface from the luminosity distance and
inclination angle samples.
We also consider inclination angle information derived from

the merger’s afterglow as part of our measurement. Following
A. Palmese et al. (2024), we fit a 12-component Gaussian
mixture model from scikit-learn to reconstruct a 1D
posterior surface of the inclination angle based on the posterior

195.5 196.0 196.5 197.0 197.5 198.0 198.5 199.0
RA (deg)

25.5

25.0

24.5

24.0

23.5

23.0

22.5

D
E

C
 (d

eg
)

DESI
Observation
Group Galaxy
Potential
Tully-Fisher
Potential
Fundamental
Plane
NGC 4993
Group Center

Figure 1. On-sky depiction of DESI observations. Each blue circle indicates one of the 47,071 observations—as targeted by our PV Survey and the DESI LOW-Z
Survey—in the on-sky vicinity of NGC 4993. Each red circle indicates a galaxy in the same galaxy group as NGC 4993 that is neither an FP nor a TF galaxy. Our TF
group targets are demarcated by green squares, and the FP group targets are demarcated by orange diamonds. One of the FP galaxies is NGC 4993 itself, indicated by
a black cross. The approximate center of the galaxy group is designated by a black star.
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samples derived using the JetFit package (Y. Wu &
A. MacFadyen 2018). The afterglow data are compiled in
A. Hajela et al. (2022) with data observed by Chandra X-ray
Observatory, Karl G. Jansky Very Large Array, Hubble Space
Telescope, and MeerKAT (K. D. Alexander et al. 2017;
G. Hallinan et al. 2017; R. Margutti et al. 2017, 2018;
D. Dobie et al. 2018; K. D. Alexander et al. 2018;
K. P. Mooley et al. 2018a, 2018a; W. Fong et al. 2019;
A. Hajela et al. 2019). Both the GW and afterglow posteriors
are used as a part of our posterior determination of H0 (see
Section 3.1).

3. Methods

3.1. Standard Siren Posterior

We now turn to the construction of a Bayesian probability
model for the posterior distribution of H0 as has been similarly
derived in previous work (B. P. Abbott et al. 2017b). In a
departure from the more common posterior definition in terms
of PV, we choose to work in terms of log-distance ratio, η,
defined as

( )
( )

( )

( ) ·
( )

( )

( ) ·
( )

( )
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=

= +

+

z z d H
d z H

d z H
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cmb 0

cmb 0

10 tot
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cmb 0

where ztot is the total redshift in the heliocentric frame, zcmb is

the total redshift in the CMB frame, dc(z, H0) is the comoving

distance as a function of a redshift and a Hubble constant

value, and dL (zcmb, H0) is the luminosity distance derived from

the GW event waveform. Log-distance ratios can be

considered preferable to PVs since the former are directly

derived from observables, require few simplifying approxima-

tions, and possess statistical uncertainties that are reasonably

approximated by a Gaussian distribution (C. Howlett &

T. M. Davis 2020). Moreover, in the redshift regime of

NGC 4993, log-distance ratios can be converted to PVs via the

approximation derived in R. Watkins & H. A. Feldman (2015),

( )
( ) · ( )

+
v

cz

z1
ln 10 , 2pec

mod

mod

where zmod is an expansion of zcmb in terms of deceleration

parameter, q0, and jerk, j0, such that
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= +

+

z z q z

q q j z
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1
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1 3 . 3

mod cmb 0 cmb

0 0

2

0 cmb

2

This redshift modification has been added in order to account

for cosmic acceleration (T. M. Davis & M. I. Scrimge-

our 2014). We assume =q 1 0.53551m0

3

2
, using

Planck’s measured matter density, Ωm (Planck Collaboration

et al. 2020), and neglecting the small density contributions

from curvature and radiation. We assume j0 = 1, which is the

value it takes in a flat ΛCDM cosmology. We note that our PV

results are robust to alternative values of q0 and j0.

With this understanding of log-distance ratio in hand, we
can now formulate a posterior for H0. We begin by writing
down the conditional probability of observing X, the data
associated with the merger, given θ, the set of true parameters
that describe the merger and the Universe. We define
X = {XGW, XEM, ηobs}, where XGW represents the GW data,
XEM represents the EM data, and ηobs is the observed log-
distance ratio of the host group. We also define

{ ( ) }= d z H, , cos ,L tot 0 , where dL is the group luminosity
distance, ztot is the total group redshift in the heliocentric frame
(taken to be the redshift of the brightest galaxy in the group),
and ( )cos is the cosine of the angle between our line of sight to
the merger and the axis of rotation of the binary neutron star
system (i.e., the inclination angle). We then separate p(X|θ)
into three independent probabilities,

( ) ( ( )) ( ) ( )

( )

=p X p X d p X z p z d H, cos , , .

4

L LGW EM tot obs tot 0

Invoking Bayes’s theorem and marginalizing over all para-

meters in θ besides H0, we find

( ) ( ) ( ) ( ( ))

( ) ( )

( ) ( ) ( ( )) ( )

×

×

p H X p H dd z d p X d

p X z p z d H

p d p z p

d cos , cos

, ,

cos , 5

L L

L

L

0 0 tot GW

EM tot obs tot 0

tot

where p(H0) is a uniform H0 prior between U[20, 120]

km s−1Mpc−1, p(ztot) is U[0.0077, 0.0125], and ( ( ))p cos is

U[0.3, 0.6]. We have chosen to ignore both the evidence from

Bayes’s theorem and a term to account for selection effects

since both would only amount to a constant factor in the H0

posterior in the case of a measurement from only GW170817

(B. P. Abbott et al. 2017b). The distributions

( ( )) ( )p X d p d, cosL LGW and p(XEM|ztot) are derived from

posterior samples as described in Section 2.2. Lastly, we take

p(ηobs|ztot, dL, H0) to be a Gaussian with a mean of ηobs and

standard deviation
obs
, with these values being measured from

our DESI galaxy observations. The log-distance ratio domain

of this Gaussian is constructed from parameters ztot, dL, and H0

using Equation (1).
We use Equation (5) for our fiducial measurement of the H0

posterior, but we also modify Equation (5) to examine
alternative characterizations of the standard siren posterior.
One alteration changes p(ηobs|ztot, dL, H0) to
p(ηobs|ztot, dL, H0, s), where s is a “smoothing kernel” used
to assign a weight to each galaxy’s log-distance ratio
considered for the PV measurement. Incorporating s allows
for a down-weighting of galaxies farther from the kernel center
that are less likely to be group members. Since we are careful
in our treatment of group membership, smoothing kernel
considerations are unnecessary for our fiducial posterior
analysis, but we include it as an ancillary analysis to see
whether it can significantly alter our results. Under the
smoothing kernel conception of the H0 posterior, the weight
for the ith galaxy is parameterized as

( )=w e , 6i

s

v

2

i

2

where Δvi is the difference in CMB-frame velocity of the ith

galaxy and kernel center velocity in the supergalactic Cartesian

frame. With this parameterization of p(H0|X), we marginalize

over s as was first done in C. Nicolaou et al. (2020).
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A second alteration to our parameterization of the H0

posterior accounts for differences between group and NGC
4993-specific quantities. When determining η via Equation (1),
one ought to use the redshift of the merger. Since we cannot
measure that redshift, we can use the redshift of the merger’s
galaxy host as an approximation of the actual merger redshift.
In our analysis, we take this approximation one step further:
we approximate the redshift of the host galaxy to be the same
as the redshift of the group as a whole. It should be noted that
the usage of the group redshift rather than the galaxy host
redshift denotes a conceptual consistency with the usage of the
group PV rather than the galaxy host PV. This extra
approximation, however, comes at a systematic cost: there is
a fixed—albeit minute—difference between the group center
and galaxy host redshifts. Thus, our analysis assumes a merger
redshift that is known to be systematically off from its true
value. Since we surmise that the merger occurs within the
group, this systematic offset ought to be so minute that it will
not affect our H0 posterior. To examine this hypothesis, we
model this offset as a free perturbative term to dL in
Equation (1) such that the host is allowed to be at a different
distance than the group. Heuristically, we set a uniform prior
on this parameter, allowing it to vary within plus or minus one
virial radius of the group. To recapitulate, the smoothing
kernel and dL perturbation forms of the H0 posterior will be
examined, but our fiducial H0 measurement makes use of the
posterior outlined in Equation (5).

We approximate the integral in Equation (5) by taking many
prior-constrained samples of the parameters in θ, evaluating
the likelihood for each set of samples, and constructing the
posterior from these likelihood evaluations. This procedure is
implemented using the static nested sampling code found in
dynesty (J. Skilling 2004, 2006; J. S. Speagle 2020;
S. Koposov et al. 2024) via the Bayesian inference Python
package bilby (G. Ashton et al. 2019).

3.2. Fundamental Plane

The FP is an empirical relationship for elliptical galaxies
between three galaxy observables: the galaxy’s effective radius
Re, the mean surface brightness Ie, and central velocity
dispersion σ0. As mentioned in Section 1, the measurement of
ηobs, which appears in Equation (5), necessitates the measure-
ment of log-distance ratios from NGC 4993 group galaxies.
Following C. Howlett et al. (2022) and C. E. Ross et al. (2025),
we outline how the three observables quantities are themselves
calculated from more fundamental photometric and spectro-
scopic observables.

The effective radius can be calculated via the following
relation:

·
( )

( )=
+

R r
b

a

d z

z1
, 7e

c cmb

helio

where r is the half-light radius in arcseconds, b
a
is the axis ratio

that characterizes a fitted ellipse of the galaxy, dc(zcmb) is the

comoving distance as calculated from the galaxy’s total CMB-

frame redshift, and zhelio is the total heliocentric-frame redshift.

Parameters r and b

a
are determined by performing ellipse-

fitting photometry in a similar fashion to that described in

J. Moustakas et al. (2023). It is important to note that, using

Equation (7), one can calculate Re in units of Mpc h−1 by

calculating dc(zcmb) in those units; thus, Re is a quantity that is

H0 independent.
Moving to the next axis of the FP, we define the mean

surface brightness as the fraction of observed brightness
contained within the area of an ellipse parameterized by r

and b

a
,

( ) ( )
[ ]

= +

+

I
r

z
10

2
1 , 8e

M m z k

b

a

0.4 0.85

2
helio

4

r
r rcmb

where =M 4.65
r sets the conventional brightness scale to the

Sloan Digital Sky Survey r-band absolute magnitude of the

Sun (C. N. A. Willmer 2018), mr is the galaxy’s r-band

apparent magnitude (corrected for Milky Way extinction), r is

the half-light radius computed in radians, and kr is a k-

correction factor to the apparent magnitude as described in

I. V. Chilingarian et al. (2010). Equation (8) also contains two

other necessary magnitude corrections: the ( )+ z1 helio
4 factor

corrects for cosmological surface brightness dimming

(R. C. Tolman 1930), while the 0.85zcmb factor corrects for a

surface brightness bias at higher redshifts (M. Bernardi et al.

2003). We tested an alternative 1.1zcmb correction factor in

concordance with C. E. Ross et al. (2025) but found the effects

at the low redshift of NGC 4993 to be negligible.
The final FP observable, the central velocity dispersion σ0,

is defined as the standard deviation of the velocities of stars
contained within a galaxy. The velocity dispersion is different
from the other FP observables in that it is directly measured
from a galaxy spectrum using the penalized pixel-fitting
(pPXF) Python package. To measure velocity dispersion,
pPXF fits an observed galaxy spectrum to a convolution of
stellar templates and a line-of-sight velocity distribution where
the velocity dispersion characterizes the broadening of the
stellar emission and absorption peaks (M. Cappellari 2023).
For the fitting, we use stellar templates from the Indo−U.S.
Coudé Feed Spectral Library (F. Valdes et al. 2004). We then
convert this fitted velocity dispersion of the entire galaxy, σ, to
a velocity dispersion of the galaxy’s central region, σ0, via the
equation (similar to the one derived in I. Jorgensen et al. 1995)

( )
/

=

r b a

8
, 90

ap

0.04

where θap = 0.75 is the radius of a DESI fiber.
We have now demonstrated how the three FP parameters

can be derived from basic photometric and spectroscopic
observables. These three observables are also related to one
another via the FP relation. Using this relationship, one can
arrive at a calibrated value for the effective radius Re

cal:

( ) ( ) ( ) ( )= + +R a b I clog log log , 10e e10
cal

10 0 10

where a and b are the relation’s calibrated slope parameters,

while c is the relation’s calibrated zero-point. DESI has

already produced measurements of these calibration para-

meters using data from the survey validation phase of

operations (K. Said et al. 2025) and the DR1 data release

(C. E. Ross et al. 2025), which we use to calculate the effective

radius. Equation (10) represents a second method of calculat-

ing effective radius in addition to the direct photometric

method shown in Equation (7). Re in Equation (7) reflects an
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effective radius that is either over- or underestimated owing to

the presence of PVs. On the other hand, Re
cal in Equation (10)

reflects the true effective radius since the relationship filters

out the random spread of PVs by calibrating with a large

sample of galaxies. The ratio of these two radii therefore

contains information about the galaxy’s PV. In fact, by

converting these radii into angular diameter distances, one can

show that

( )=

R

R

log , 11
e

e

gal,FP 10 cal

where ηgal,FP is the log-distance ratio of a single galaxy (as

opposed to ηobs, which is the log-distance ratio of NGC 4993,

derived by combining the log-distance ratios of a number of

group galaxies). Thus, from a combination of photometry,

spectroscopy, and the FP calibration, we can derive the log-

distance ratio for the observed elliptical galaxies in the NGC

4993 group.
To derive an uncertainty on ηgal,FP, we use a log-likelihood

minimization technique. We closely follow the minimization
procedure outlined in C. Howlett et al. (2022); we point the
reader to that work for a more thorough description of this
procedure. The uncertainty on ηgal,FP derives from two
sources: intrinsic scatter on the FP relation and photometric
measurement error. The intrinsic scatter is measured on each
of the three FP axes as part of the FP calibration procedure
(C. E. Ross et al. 2025), while the photometric errors are
derived using tractor. From these uncertainties, we
construct a covariance matrix for each galaxy. We then
perform a log-likelihood minimization over a range of log-
distance ratios using our measured FP observables, FP
calibration parameters, and the covariance matrix. The
minimization provides a posterior distribution for ηgal,FP of
each galaxy. We then fit the uncertainty on each ηgal,FP
posterior with a skew-normal distribution. Lastly, we note that,
based on Figure 9 in C. Howlett et al. (2022), we determine
that the selection biases for galaxies at or around the distance
of NGC 4993 (i.e., ∼40 Mpc) should be negligible and are
therefore ignored.

3.3. Tully–Fisher

For spiral galaxies in the NGC 4993 group, one can also
derive log-distance ratios using a TF calibration. Unlike the FP
relation, the TF relation consists of only two axes: one from
the galaxy’s rotational velocity, and the other from its absolute
magnitude. We will outline how these quantities are derived
from more fundamental observables and then explain how to
derive log-distance ratios using the TF relation. The derivation
of the TF observables closely follows a similar procedure
described in K. Douglass et al. (2025a) since our measured TF
observables must conform to those used in the TF calibration
sample.

One can determine the rotational velocity of a galaxy by
observing the difference in redshift at the center and edge of a
galaxy. As in the DESI DR1 TF calibration, we define the
“galaxy edge” to be the point(s) along the semimajor axis that
lie at a distance of 0.4R26 from the center (with this quantity
already being defined in Section 2.1). In instances when we
have multiple off-center redshift measurements, we determine
the rotational velocity using a weighted average of the

differences between the off-center redshifts and center
redshift. For galaxies with multiple off-center redshifts but
no measured central redshift, we use the weighted average of
the off-center redshifts as a proxy for the central redshift and
then derive the redshift difference. Scaling the difference in
redshift by the speed of light gives an initial estimate of a
galaxy’s rotational velocity, Vrot

0 . If the galaxy’s axis of
rotation, however, is not perpendicular to our line of sight, we
will only measure a portion of the galaxy’s total rotational
velocity, namely, the portion projected along our line of sight.
To correct for this, one can normalize the rotational velocity
according to its inclination, i, by dividing the rotational
velocity by sin(i), where i is defined via the equation

( )
( )

( )
/

=i
b a q

q
cos

1
, 12

2 2

2

where q = 0.2 is chosen to be the smallest discernible axis

ratio in conformity with that of the TF calibration. We

therefore arrive at a measurement of the TF observa-

ble, ( )/=V V isinrot rot

0 .
The second observable—the absolute r-band magnitude, M

—can be derived from zcmb and mr, the galaxy’s measured
apparent magnitude (corrected for Milky Way extinction).
These three quantities are related via the following equation:

·
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·
( ) [ ]
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dust 10
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3
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where dL(zcmb, h) is a function for computing the luminosity

distance, ( )E z is the dimensionless Hubble parameter, kr is a

k-correction factor to the apparent magnitude computed using

the kcorrect package (M. R. Blanton & S. Roweis 2007),

Adust is the DR1 TF relation internal dust correction dependent

on axis ratio, and h is defined in terms of the Hubble constant

as =h km s Mpc
H

100

1 10 . At this point in the analysis, we

assume h = 1, but this assumption is later undone during the

zero-pointing process (see Section 3.4). M directly depends on

the total redshift, zcmb, and therefore is perturbed from the true

absolute magnitude to a degree proportionate to its peculiar

redshift. The two TF observables are related via the following

calibration equation:

· ( )= +M a
V

V
blog , 14cal 10

rot

0

where a = −7.16 ± 0.01 is the slope parameter and

b = −20.59 ± 0.01 is the y-intercept derived using the DESI

DR1 PV calibration sample, while V0 is a constant chosen to

be ∼150 km s−1, which is the median rotational velocity of the

calibration sample. The DR1 TF calibration fits a different y-

intercept, b, for different redshift regimes; following the DR1

analysis, we assume a value for b from the lowest DR1 redshift

regime (0.03 < zcmb < 0.035) even though the redshifts of the

current analysis are smaller than 0.03. For a given galaxy, the

calibratedMcal is assumed to capture the galaxy’s true absolute
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magnitude, which, unlike M, is unperturbed by the galaxy’s

PV. Using the definition of log-distance ratio in Equation (1),

as well as the conversions between luminosity distance,

distance modulus, and absolute magnitude, one can arrive at

the following equation:

( )=

M M

5
, 15gal,TF

cal

where ηgal,TF is the log-distance ratio of a single spiral galaxy

in our TF sample. These log-distance ratios can then be used

for the standard siren analysis.
As was the case for our FP log-distance ratios, our TF

sample is not significantly affected by a selection bias caused
by our apparent magnitude cut of 18. We come to this
conclusion by using a conservative estimate for the
maximum group galaxy distance based on the GW distance
— ·+ =d 5 49.2L d,GW L,GW

Mpc (A. Palmese et al. 2024)—to
calculate a maximum observable absolute magnitude. The
DESI DR1 TF relation is calibrated for a population of
galaxies with absolute magnitudes below −17. Based on our
apparent magnitude threshold and maximum group galaxy
distance, we expect to observe all group galaxies below an
absolute magnitude of −16. We therefore observe all relevant
TF group galaxies such that no Malmquist bias correction is
required.

We use Monte Carlo resampling to derive an uncertainty on
ηgal,TF. The underlying parameters with nonnegligible uncer-
tainties in Equation (15) are mr, Adust, zcmb, a, b, and Vrot.
Additionally, there is an intrinsic scatter, σTF = 0.44, on the
TF relation that contributes to the uncertainty on Mcal. We take
10,000 samples of each of these underlying parameters from
their respective Gaussian posterior distributions. From these
posterior samples, we compute a posterior distribution for
ηgal,TF with the width of a skew-normal fit to this distribution
serving as uncertainty on ηgal,TF.

3.4. Log-distance Ratio Zero-point

The FP and TF relations both assume that the observables
derived from the respective relations are not significantly
perturbed by PV. This assumption can be reformulated as the
following claim: the average log-distance ratio of each
calibration sample is negligible. Due also to the fact that
DESI is not an all-sky survey, this claim is unlikely to be true
for either the FP or TF calibration sample. One could,
however, make this claim true by adding a constant offset to
our measured log-distance ratios such that the overall average
log-distance ratio of each calibration set is zero. There are a
number of methods for determining such an offset, with each
being accompanied by its own set of assumptions and potential
biases. Following the DR1 analysis outlined in A. Carr et al.
(2025), we zero-point our log-distance ratios using the Type Ia
supernovae in A. G. Riess et al. (2022) and D. Scolnic et al.
(2022). This procedure amounts to an undoing of the assumed
fiducial cosmology in the FP and TF analyses in which
H0 = 100 km s−1 Mpc−1. The DR1 analysis derived that all FP
log-distance ratios ought to be shifted down Δηzp = 0.139 ±
0.007, and we apply this offset to our FP log-distance ratios
accordingly.

For the TF galaxies, we derive a zero-pointing value that
departs slightly from that derived in the DR1 analysis,
ultimately leading to our choice to exclude these galaxies

from our fiducial Hubble constant analysis. The DR1 analysis
applies a shift to TF log-distance ratios that enforces
agreement between the average TF and FP log-distance ratios
of galaxies in the same group. The justification for this shift is
that one would expect the average log-distance ratio calculated
from TF galaxies in a given group to be the same as that
calculated from FP galaxies in the same group. In the DR1
analysis, the TF log-distance ratios are shifted by
ΔηTF = −0.005 ± 0.004. In NGC 4993’s group, after
applying Δηzp, we observe a much larger discrepancy than the
DR1ΔηTF between the weighted average TF log-distance ratio
(−0.11 ± 0.04) and the weighted average FP log-distance ratio
(0.11 ± 0.04). The large discrepancy is in line with the TF−FP
divergence in the DR1 data at the redshifts of these galaxies
(0.0095 < zcmb < 0.0125). These redshifts are toward the edge
of the fiducial DR1 redshift regime (zcmb = 0.01), where
A. Carr et al. (2025) report known issues aligning log-distance
ratios from DESI and other calibrators (such as supernovae).
We calculate the weighted average of the TF and the FP
galaxies in the 0.0095 < zcmb < 0.0125 regime and calculate
the discrepancy between them to be ΔηTF = −0.05 ± 0.02.
This discrepancy is then applied as a shift to all TF log-
distance ratios. We note that our H0 measurements neglect the
log-distance ratio systematic uncertainties, as they are all at
least an order of magnitude smaller than our average statistical
uncertainties.
We choose to apply the ΔηTF shift to the TF log-distance

ratios rather than the FP log-distance ratios because of the
redshift regime of the DESI TF calibration. As mentioned in
Section 3.2, the calibrated TF y-intercept derives from data at a
redshift that is at least 0.03, which is higher than the redshifts
in the NGC 4993 group. In fact, the final DR1 TF sample
includes very stringent rotational velocity and apparent
magnitude cuts such that no galaxies at NGC 4993’s redshift
are included in the DR1 sample. For this reason, we surmise
that the FP calibration is more reliable at the NGC 4993 group
redshift and choose to apply the ΔηTF shift to our TF log-
distance ratios.
Even after adding the ΔηTF shift, the discrepancy between

the TF and FP galaxies in the NGC 4993 group remains
suspiciously large. To quantify this effect, we perform a Mann
−Whitney U analysis (H. B. Mann & D. R. Whitney 1947) to
determine whether the FP and shifted TF PVs derive from the
same underlying distribution. We use each PV measurement
and uncertainty to construct a normal distribution from which
we select one sample. We use the mannwhitneyu function
from scipy to extract a p-value associated with the null
hypothesis that these two datasets derive from the same
distribution. We perform this procedure 10,000 times, leading
to 10,000 p-values, with the scatter in these values deriving
from the PV measurement uncertainties. The 1σ range of p-
values spans from 0.03 to 0.34, indicating that if the two
datasets derived from the same distribution, we would expect
to see a discrepancy this large 3%−34% of the time. The
Mann−Whitney U analysis therefore shows that it is more
likely that either the TF or the FP galaxies do not trace the
underlying PV distribution of the NGC 4993 galaxy group.
Although the discrepancy may still be attributed to a statistical
fluctuation, in light of the fact that the TF PVs cannot be
trusted at the redshifts of interest (as shown for the DESI DR1
analyses), we choose to not include the TF log-distance ratios
as part of our fiducial H0 analysis. Instead, we let our fiducial
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dataset only consist of FP measurements and compare with the
H0 result derived from only TF measurements.

4. Results

4.1. Observed Peculiar Velocity

The original DESI dataset of observed PV targets in the
group includes nine FP galaxies and 17 TF galaxies. We
remove three FP galaxies from our sample since they possess
velocity dispersions well below the DESI
spectrograph resolution limit of 50 km s−1. We also remove
nine TF galaxies from our sample since they exhibit TF-
calibrated absolute magnitudes greater than the cutoff of −17.
In K. Douglass et al. (2025b), all galaxies with absolute
magnitudes above the cutoff are considered dwarf galaxies for
which the calibrated TF relation does not hold. In order to
preserve the purity of the calibration cutoff, K. Douglass et al.
(2025a) make this cutoff more stringent, requiring that all
galaxy apparent magnitudes be larger than the minimum of
17.75 and ( )µ +z h h, 17 5 logcmb 10 , where μ(zcmb,h) is the
distance modulus at redshift zcmb. Because our analysis does
not require the same level of purity as the calibration sample,
we adopt the earlier cutoff value, thereby permitting a larger
number of galaxies to be included in our sample. After these
quality cuts, the fiducial sample consists of six FP galaxies and
eight TF galaxies. At this stage, we convert the log-distance
ratios in this fiducial sample into PVs using Equation (2) in
order to plot the phase-space diagram shown in Figure 2.

We layer Figure 2 with group escape velocity curves based
on a Navarro–Frenk–White profile (assuming h = 0.7) given
various dark matter halo virial radii (and corresponding dark

matter halo virial masses). We also calculate a projected virial
radius, rvir,proj ≈ 0.92 Mpc, from our observed galaxy dataset
using the equation

( )
/

>

r
N

R1
, 16

i j ij

vir,proj

2

where N = 39 is the number of galaxies observed in the group

and Rij is the projected distance between the ith and jth

galaxies. In Figure 2, we plot our value of rvir,proj along with

the projected virial radius from E. Kourkchi & R. B. Tully

(2017). We note that most characterizations of the virial radius

(except for our own) would exclude two TF galaxies as group

members. We also include the PV measurements from

Cosmicflows-4 (CF4) for four galaxies contained in both our

DESI sample and CF4. We note that all PVs in this plot are

offset so that the weighted mean PV of DESI galaxies in the

plot is zero.
Before measuring the observed log-distance ratio, ηobs, to be

used in the standard siren H0 posterior, we construct a number
of group galaxy samples in addition to the fiducial sample,
which includes the log-distance ratios of all DESI FP galaxies
plotted in Figure 2. We measure H0 for each distinct sample in
order to understand the effect of different choices on our result.
The posterior log-distance ratios and PVs of these subsamples
are tabulated in Table 1; shorthand designations for each
subsample are shown in parentheses. We first construct a
subsample consisting of only TF galaxies. We then construct a
subset that conforms to the group redshift regime claimed in
J. Hjorth et al. (2017) to examine whether our more lax

0.0 0.2 0.4 0.6 0.8 1.0
Projected Distance From Group Center [Mpc]

4000

3000

2000

1000

0

1000

2000

3000

4000

V p
ec

V p
ec

 [k
m

 s
1 ]

rvir, proj = 0.28 Mpc
 Mvir = 1013 M
rvir, proj = 0.61 Mpc
 Mvir = 1014 M

DESI FP
DESI TF
CF4

NGC 4993
Virial Radius (Kourkchi & Tully 2017)
Virial Radius (this work)

Figure 2. PV phase-space diagram of group galaxies. The x-axis displays each galaxy’s projected distance from the brightest group galaxy (an approximation of the
group center), where all galaxies are assumed to be at the same comoving distance. The y-axis indicates each galaxy’s PV offset by the weighted average PV. We
also display PVs from group galaxies in CF4 for comparison. We demarcate escape velocity envelopes for galaxy groups of differing halo masses, along with their
corresponding projected virial radii. Additionally, we delineate the projected virial radii measured from galaxy samples in E. Kourkchi & R. B. Tully (2017) and
this work.
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redshift cuts affect the H0 posterior (“H17”). Our next subset
consists of galaxies that lie within the projected virial radius of
E. Kourkchi & R. B. Tully (2017; “KT17 rvir,proj”). The final
subset invokes the following three “strict” criteria (“Strict”). In
this sample, we exclude one FP galaxy that narrowly fails a
calibration sample cut requiring the difference between the g-
band and r-band absolute magnitudes to be greater than 0.68
(C. Saulder et al. 2023). Given that the determination of
quality cut bounds requires some discretionary judgment, it is
reasonable to apply the FP calibration to this one galaxy since
it conforms to all other FP magnitude and velocity dispersion
quality controls. Yet we exclude this galaxy from our strict
sample. By measuring H0 from these different samples, we can
discern potential biases relating to inclusion and exclusion of
certain galaxies from the group.

For each of our samples, there remains a question of how
exactly one ought to combine the log-distance ratios of many
galaxies into a single value for ηobs. In previous studies, a
smoothing kernel centered on the sky location of NGC 4993
was incorporated into the calculation of ηobs in order to
upweight the log-distance ratios (or, equivalently, the PVs) of
galaxies closer to NGC 4993 (B. P. Abbott et al. 2017b;
C. Howlett & T. M. Davis 2020; C. Nicolaou et al. 2020). For
some of these studies, an entire catalog of galaxies was
included in the determination of ηobs, so the incorporation of a
smoothing kernel ensured that galaxies not endemic to the
group did not significantly affect the H0 measurement. We
eschew the smoothing kernel in our work in favor of

determining ηobs via a simple weighted average of the
measured log-distance ratios. Since ηobs is meant to be a
measure of the group’s log-distance ratio, no preferential
weighting should be given to galaxies in the NGC 4993 locale.
Furthermore, so long as the galaxies we include in our
weighted average are actually group galaxies, there is no
reason to penalize galaxies farther away from NGC 4993.
We also construct two additional samples from which we

compute ηobs based on observations that are external to DESI.
One measurement computes ηobs from the Cosmicflows-3
(CF3) distance moduli of three group galaxies (R. B. Tully
et al. 2016) that were designated as such in R. B. Tully
(2015). We use CF3 rather than CF4 in order to compare to
C. Howlett & T. M. Davis (2020), which predates CF4.
The second measurement derives from the distance modulus
of NGC 4993 itself—rescaled slightly in CF4 (R. B. Tully
et al. 2023) to minimize disagreement with other distance
indicators—as measured via surface brightness fluctuations
(SBFs; M. Cantiello et al. 2018). Although M. Cantiello et al.
(2018) used this SBF distance to measure an H0 value, our
work is the first to utilize SBF to measure the PV of NGC 4993
in the context of a standard siren H0 measurement. In both
the CF3 and SBF samples, we convert distance modulus to a
log-distance ratio using the H0 measured from the overall
Cosmicflows catalog, either CF3 or CF4. These two non-DESI
samples provide an important point of comparison for our
ultimate H0 posterior results.

4.2. Group Membership and Virialization

After analyzing the dynamics of galaxies near NGC 4993, it
becomes natural to ask: is NGC 4993 actually in a galaxy
group? Previous studies have noted that NGC 4993 shows
signs of having recently undergone a galaxy−galaxy merger
(A. Palmese et al. 2017; I. Ebrová et al. 2020), which are more
frequent in galaxy groups compared to isolated galaxies,
potentially supporting the point that NGC 4993 is indeed in a
larger structure. As noted in S. Adhikari et al. (2020), NGC
4993 may lie at the outskirts of the group when the center is
taken to be the brightest group galaxy. This is surprising in
light of the relatively high stellar mass of NGC 4993
((3.8 ± 0.20) × 1010M⊙; A. Palmese et al. 2017), as
dynamical friction would facilitate the infalling of massive
galaxies toward the center. We further explore this question of
group membership in this subsection.
Until this juncture, we have only invoked two criteria to

determine whether or not a galaxy is in the same group as
NGC 4993. We first require that the galaxy is a part of our
observations, meaning that it lies within ∼2°.3 of NGC 4993 on
the sky. Second, we require that the galaxy has a redshift
between 0.008 and 0.012. Using these criteria, we observe 39
galaxies—of which 14 are PV targets—that ought to be
considered as part of the group. The first of our criteria is
relatively imprecise since it is set by the size of the DESI tiles
used to take the observation. The second, however, is justified
by the redshift-space diagram of our observations in Figure 3.
Previous work (J. Hjorth et al. 2017) had chosen more
stringent bounds, roughly equivalent to (0.00934, 0.01002),
based on redshift-space gaps that had been observed beyond
these bounds. In our redshift-space diagram, no clear gap
appears until our chosen boundaries are reached, justifying our
choice of redshift regime.

Table 1
Results from Different Log-distance Ratio Samples

ηobs vpec H0

(km s−1)

(km s−1

Mpc−1)

Fiducial (FP) +
0.10 0.04

0.05 +
850 320

380 +
70.9 8.5

6.4

No afterglow +
0.10 0.04

0.05 +
850 340

380 +
72 11

14

Tully–Fisher +
0.04 0.03

0.05 +
330 280

380 +
98.9 9.9

9.5

H17 +
0.11 0.05

0.05 +
910 420

400 +
69.9 8.0

8.6

KT17 rvir,proj
+

0.11 0.04

0.05 +
930 390

380 +
69.7 8.3

7.9

Strict +
0.10 0.05

0.04 +
800 430

340 +
71.8 6.8

9.3

Cosmicflows-3 +
0.11 0.04

0.03 +
930 330

270 +
69.4 6.1

7.0

SBF +
0.05 0.02

0.01 +
360 110

110 +
73.4 3.9

3.3

B. P. Abbott et al. (2017b) ⋯
+

310 150

150 +
74 12

8

C. Nicolaou et al. (2020) ⋯ ⋯
+

69 9

14

C. Howlett &

T. M. Davis (2020)

+
0.11 0.04

0.04 +
860 300

300 +
58.0 5.3

6.1

S. Mukherjee et al. (2021) ⋯
+

390 130

130 +
68.3 4.5

4.6

A. Palmese et al. (2024) ⋯
+

290 160

160 +
75.5 5.4

5.3

Note.We provide the standard siren posterior values for ηobs, log-distance

ratio; vpec, PV; and H0. We delineate three types of posteriors: (1) posteriors

from different galaxy subsamples of our DESI data (see Section 4.1 for the

criteria of each subsample); (2) results from our own posterior calculations of

two non-DESI samples, CF3 group galaxies and a single SBF measurement of

NGC 4993 from CF4; and (3) posterior values (when available) from prior

studies. Note that the results from C. Nicolaou et al. (2020) and A. Palmese

et al. (2024) are obtained after marginalization over a range of kernel sizes

centered on NGC 4993. When reporting the results of C. Howlett &

T. M. Davis (2020), we select the results from their R. B. Tully (2015) group,

which utilizes the maximal number of reliable galaxy PVs. All reported

uncertainties are at the 68% credible intervals on the respective posteriors.
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Yet satisfaction of these initial criteria is not sufficient to
justify a galaxy’s membership in the galaxy group. In search of
such justification, we appeal to Figure 2. If a galaxy is truly
part of the group, then it should be gravitationally bound to the
group. In terms of velocity, we expect the galaxy to possess a
PV in the group rest frame smaller than the maximum escape
velocity predicted from the group’s dark matter halo mass. The
PVs in Figure 2 are approximately in the rest frame of the
group since the weighted mean group velocity has been
subtracted off. Thus, the remaining PV components displayed
in Figure 2 are peculiar to the individual galaxies rather than
the group as a whole. The galaxies in Figure 2 seem to trace
out a galaxy group with a suggested halo mass of order
1013−1014 M⊙, with two galaxies falling well beyond the
projected virial radius corresponding to a halo mass of order
1014 M⊙. While some previous work has suggested a halo
mass closer to 1012 M⊙ (S. Adhikari et al. 2020), E. Kourkchi
& R. B. Tully (2017) report a virial radius that would be more
in line with a halo mass between 1013 and 1014 M⊙. We note
that if only FP galaxies are considered, as done in the
following sections for the fiducial standard siren analysis, the
scatter is slightly reduced, but the group remains consistent
with a ∼1013 M⊙ halo. A similar conclusion is reached when
analyzing the scatter of the approximated recessional velo-
cities, cz, of all potential group galaxies around their mean
value. Although Figure 2 is by no means conclusive, it
conforms to the claim that our measured PVs derive from
group galaxies and that the halo mass is of order 1013 M⊙.

Next, we consider the specific position of NGC 4993 in the
group. Based on the velocity phase-space diagrams we
investigate, if NGC 4993 were to be the central galaxy of
the group halo, it would exclude a number of candidate group
members, which are otherwise consistent with being part of the
group when the brightest galaxy is instead taken as the center.
In our fiducial analysis, NGC 4993 is therefore placed in the
outskirts of the galaxy group. Given also the ∼1013M⊙ halo
mass and the relatively high mass of NGC 4993, it is possible

that NGC 4993 has only recently fallen into the group and
experienced a galaxy merger (A. Palmese et al. 2017) as part
of the process.
One might still question whether these supposed “group

galaxies” even form a group with PVs scattered about a
coherent group PV component. To determine whether the PVs
of these galaxies are coherent, one can examine whether the
collection of galaxies is virialized. To probe the hypothesis
that this group is relaxed, we perform a Dressler–Shectman
(DS) test (A. Dressler & S. A. Shectman 1988; C. Halliday
et al. 2004) as an examination of potential substructure.
Following N. Rumbaugh et al. (2018), we calculate the DS
statistic, Δ, using the equation

[( ) ( ) ] ( )= +

=

v v
11

, 17
i

i i

1

39

gr
2 gr

2
gr

2

where vi and σi are the average and standard deviation,

respectively, of the total observed line-of-sight velocities from

the 10 galaxies in closest proximity to the ith galaxy in the

collection, with the index i running over all 39 unique galaxies

in our collection. Parameters vgr and σgr are the average and

standard deviation, respectively, of all the velocities in the

collection. To display the significance of Δ, we randomly

assign each of the 39 velocities to each of the 39 galaxy

coordinates and compute Δ, repeating this procedure 2000

times. Using these randomly sampled Δ values, we compute a

percentile in which the Δ of the actual galaxy collections falls.

We findΔ = 48.53, where 90.0% of random runs produce a Δ

below our measured value. Since a higher Δ indicates less

substructure, our DS test suggests that there is little evidence

of substructure in the galaxy collection. If there was evidence

of substructure, it would suggest that the collection was not

relaxed. We emphasize, however, that even without the

presence of substructure the collection could still not be

relaxed.

2800 2900 3000 3100 3200 3300 3400
Vhelio (km/s)

24.50

24.25

24.00

23.75

23.50

23.25

23.00

22.75

22.50
D

E
C

 (d
eg

)
Low-Z
FP
TF

0.004 0.006 0.008 0.010 0.012 0.014 0.016
Zhelio

This Work
Hjorth 2017

Figure 3. Velocity and redshift space of observations. Left: for each galaxy, we plot its decl. vs. its heliocentric velocity (i.e., the speed of light multiplied by the
heliocentric redshift), distinguishing our TF (green squares) and FP (orange diamonds) targets from the DESI Low-Redshift Survey targets (blue circles). Previous
work (J. Hjorth et al. 2017) had observed a gap in redshifts from 3005 to 3169 km s−1. Our observations demonstrate that this gap does not exist. Right: a comparison
between the chosen redshift bounds of our work (dashed) and previous work (J. Hjorth et al. 2017; dotted). Given our observations, we select boundary edges at the
points where a gap first appears in redshift space.
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The relaxation hypothesis can also be probed by estimating
the relaxation time for a collection of galaxies given their
characteristic radius and velocity dispersion. One can make a
rough estimation of the relaxation time, trelax, using the
equation

·
( )

( )t
R N

N8ln
, 18relax

vir

gr

where Rvir is the virial radius of the group and N is the number

of galaxies in the group. Previous work has ostensibly used

this approximation to estimate a large relaxation time

(1010 yr), suggesting that the collection of galaxies might not

be relaxed (J. Hjorth et al. 2017). Using our observations that

incorporate more galaxies, we calculate a similar estimate

using our measured values of ·R r 1.4vir 2 vir,proj Mpc,

σgr ∼ 230 km s−1, and N = 39; this results in a relaxation time

of ∼8 × 109 yr. For the purposes of comparison, we also

examine the case where the group is in reality very small, with

N = 5 members, Rvir ∼ 0.26 Mpc, and σgr ∼ 190 km s−1. This

characterization results in a relaxation time of ∼5 × 108 yr.

Given that the age of the Universe is estimated to be

1.38 × 1010 yr old (Planck Collaboration et al. 2020), it is

possible that the collection of galaxies in question has reached

a stage of relaxation (and even more likely if the group is

smaller than we have observed). Like the DS test, however,

this approximation leaves the question of relaxation

unresolved.
In an attempt to reach a conclusion regarding the question of

this group’s relaxation and virialization, we assemble a
number of pieces of evidence: a redshift-space diagram in
Figure 3, a phase-space diagram in Figure 2, a DS test, and an
approximation of the relaxation time. Based on this set of
evidence, we cannot resoundingly claim that this group is or is
not virialized. In Section 5, we discuss the impact of
virialization on our standard siren measurements and clarify
which of our measurements remain robust even when the
virialization and/or relaxation conditions are not achieved.

4.3. Standard Siren Posterior

In Figure 4, we plot the posterior of the Hubble constant
using ηobs from the fiducial sample of galaxies, along with
the subsamples delineated in Section 4.1. We also display
a summary of these results in Table 1. The fiducial constraint
on the Hubble constant from FP galaxies alone is =H0

+
70.9 8.5

6.4 km s−1 Mpc−1, which agrees with the H0 measure-
ments from both Planck and SH0ES at the 1σ level. Using only
TF galaxies, we arrive at a constraint (not pictured in Figure 4)

of =
+

H 98.90 9.9

9.5 km s−1 Mpc−1, which markedly departs from
our fiducial H0 measurement from FP galaxies. The H0

discrepancy between these samples is attributable to their
difference in log-distance ratio: the posterior group log-
distance ratio (PV) is =

+
0.10

obs 0.04

0.05 ( =
+

v 850pec 320
380 km s−1)

for FP galaxies and =
+

0.04
obs 0.03

0.05 ( =
+

v 330pec 280
380 km s−1)

for the TF galaxies.
Comparing our fiducial measurement to the other PV

subsamples that we measure, we find minimal change in the
location of the H0 posterior. The primary difference between
our fiducial and alternative subsamples is that the latter tend to
yield broader H0 constraints (due to a less constrained log-
distance ratio) with little evidence of a systematic shift in the

posterior value. Still, one can observe that even these small
variations in ηobs affect H0 such that H0 tends to increase with
decreasing ηobs. Since including or excluding galaxies from
our fiducial sample does not alter the average observed log-
distance ratio, our H0 posterior is quite robust to alternative
subsamples.
In addition to examining the effect on H0 of using different

log-distance ratio subsamples, we also demonstrate how the
different characterizations of the H0 posterior calculation (as
outlined in Section 3.1) affect our H0 measurement. Figure 5
displays the resulting H0 posterior for each characterization;
the label for each characterization in Figure 5 is indicated in
the parentheticals below. We examine the effect on H0 when
(1) we incorporate a free parameter that accounts for the
difference in distance between NGC 4993 and the group center
(“dL Perturbation”), (2) we weight galaxy log-distance ratios
using a smoothing kernel (“Smoothing Kernel”), (3) we center
the group at NGC 4993 and use its redshift as the group
redshift (“NGC 4993 Center”), and (4) we utilize a smoothing
kernel while also centering the group at NGC 4993 (“NGC
4993 Center and Smoothing Kernel”). We first note that
adding a smoothing kernel—in either our fiducial case or the
NGC 4993 Center case—does not drastically alter the H0

posterior. The result is unsurprising given the relatively small
scatter between FP PVs shown in Figure 2. Similarly, we find
that the posterior that uses the “dL Perturbation” method differs
very little from the fiducial H0 posterior. One may have
expected to observe a broadening of the posterior upon adding
the free perturbative term since it is degenerate with most of
the other posterior parameters. We find, however, that any
broadening of the posterior from this additional parameter is
negligible. In contrast, the “NGC 4993 Center” method
distinctively moves H0 to lower values. This alteration relates
to the issue (described in Section 4.3) of using both group and
merger host quantities in the standard siren analysis,
specifically the value used for ztot in Equation (1). In this
posterior analysis we assume ztot to be the DESI-measured
redshift of NGC 4993, ztot = (9.83 ± 0.03) × 10−3, rather than
our fiducial measurement of the brightest central group galaxy
redshift ztot = (1.090 ± 0.003) × 10−2. The difference
between these redshifts outpaces the precision on either of the
redshifts. If one seeks a redshift compatible with the GW
luminosity distance of the merger, then one ought to use the
NGC 4993 redshift if a PV measurement of NGC 4993 alone is
also available. If, however, one prefers a redshift that conforms
to the group PV used in the standard siren analysis, one ought
to use the central group galaxy redshift. Since in our fiducial
analysis we use the group’s PV, and since we have deemed the
group center to be consistent with the brightest group galaxy,
we suggest that the latter option is the appropriate one in this
case. It is also important to note that the different choices are
still consistent within the uncertainties.
For the purposes of comparison to other GW170817

standard siren measurements, we also display the H0 posterior
without the degeneracy-breaking afterglow data in Figure 6.
Expectedly, the H0 constraint in this case is much broader than
our fiducial constraint. In Figure 6, we also display an H0

posterior using log-distance ratios from CF3 galaxies and
using an SBF-measured PV of NGC 4993 alone (as described
in Section 4.1). The corresponding H0 constraints from each of
these samples are listed in Table 1. In fact, the tightest
constraint in Table 1 comes from the SBF-measured PV with
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=
+

H 73.40 3.9

3.3 km s−1 Mpc−1. We compare these results
(along with our fiducial results) with the H0 posteriors from
previous work in Section 5.

5. Discussion

We first analyze the results from our two primary DESI
samples: the fiducial FP sample and the TF sample. As Table 1
shows, there is a ∼2σ discrepancy between the average PVs
and resulting H0 measurements from these two samples. Given
the issues described in Section 3.4 regarding the zero-pointing
of the TF log-distance ratios, we deem the constraints from the

TF sample to be unreliable compared to the fiducial

constraints.
We next compare the precision of our H0 constraint to

previous studies. At first glance, Figure 6 suggests that DESI

PVs yield less precise constraints than those from other

studies. Without afterglow information, the DESI result is less

constrained than the original LIGO measurement, =H0

+
74 12

8 km s−1 Mpc−1, in B. P. Abbott et al. (2017b). Similarly,

our fiducial DESI result shows broader constraints than the

most recent analysis by A. Palmese et al. (2024), which found

=
+

H 75.50 5.4

5.3 km s−1 Mpc−1. Furthermore, H0 constraints
from CF3 (which combines PVs from three galaxies) and from
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Figure 4. H0 posteriors with varying PV samples. Bottom panel: H0 posteriors for a number of DESI galaxy subsamples. See Section 4.1 for details about the
selection criteria of each subsample. Top panel: for each subsample, the posterior group-average log-distance ratio is plotted against the posterior H0. The vertical
bands represent the 1σ and 2σ constraints from SH0ES and Planck, respectively.
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SBF (which uses only NGC 4993’s PV) are tighter than our

fiducial result despite using fewer galaxies than our six-galaxy

DESI sample. These comparisons raise an important question:

why do our DESI results show less precision than previous

studies?
For many studies, direct comparison is complicated by

methodological differences that likely account for much of the

apparent difference in constraining power. For example,

B. P. Abbott et al. (2017b), C. Nicolaou et al. (2020), and

A. Palmese et al. (2024) model peculiar motion by combining

catalog galaxy PVs weighted by their distance from NGC

4993. This approach can assign nontrivial weights to galaxies

outside the host group, meaning that some constraining power

derives from galaxies that may not be associated with the

GW170817 host. In contrast, our analysis restricts the group

PV measurement to galaxies we confidently identify as group

members. We further test (in Section 3.1) whether our results

remain robust to the inclusion or exclusion of several

questionable group members. Without such precautions,

previous measurements may underestimate the uncertainty
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Figure 5. H0 posteriors with varying methods. The top and bottom panels are similar to those in Figure 4. The different posteriors derive from the fiducial posterior
characterization (“Fiducial”), a parameterization that accounts for the comoving distance between NGC 4993 and the group center (“dL perturbation”), a posterior
that incorporates a smoothing kernel into the log-distance ratio averaging (“Smoothing Kernel”), a posterior with the group centered on the coordinates of NGC 4993
(“NGC 4993 Center”), and a posterior with a smoothing kernel centered on NGC 4993 (“NGC 4993 Center and Smoothing Kernel”). The vertical bands represent the
1σ and 2σ constraints from SH0ES and Planck, respectively.
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on the standard siren H0 posterior. We further note that the
uniform H0 prior we use in this analysis may lead to broader
constraints and larger values than the aforementioned analyses,
as those typically use a flat-in-log prior.

A more straightforward comparison can be made to the
results in C. Howlett & T. M. Davis (2020) since they
carefully select group galaxies for their PV sample. The

measurement of =
+

H 58.00 5.3

6.1 km s−1 Mpc−1 in C. Howlett
& T. M. Davis (2020) of three group galaxies from
R. B. Tully (2015) is similar to our measurement since
both (a) only use galaxies verified to be in the group
in the PV sample and (b) include the maximal number of
group PV measurements available. In fact, we attempt to
recover the result using our likelihood formulation (from
Section 3.1) by using the same three group galaxy log-
distance ratios (derived from the distance moduli and fitted
cosmology in CF3). We show the resulting posterior in
Figure 6, which is shifted to a noticeably higher value of

=
+

H 69.40 6.1

7.0 km s−1 Mpc−1. The increase can mostly be
attributable to our choice of ztot. We use the brightest group
galaxy redshift for ztot, while C. Howlett & T. M. Davis (2020)

use the redshift of NGC 4993. As shown in Section 4.3, this
choice can have a significant effect on the location of the final
H0 posterior. When we use the reported values from C. Howlett
& T. M. Davis (2020) for ztot and ηobs, we confirm that we

recover a value of =
+

H 60.30 6.3

6.6 km s−1 Mpc−1 in confor-
mance with that reported in C. Howlett & T. M. Davis
(2020).

We make a final comparison to the results of S. Mukherjee
et al. (2021), which uses the method of velocity reconstruction
to determine the PV of NGC 4993. Rather than determining
the coherent group velocity of the merger’s host group, a
velocity reconstruction approach extracts the host PV from a
broader, three-dimensional velocity map of the Universe at the
coordinates of the host. This map is constructed by combining
the data of galaxy surveys that comprehensively characterize
the large-scale structure of the Universe with an assumed
model of gravitational dynamics. Using this technique,
S. Mukherjee et al. (2021) find vpec = 390 ± 130 km s−1

and =
+

H 68.30 4.5

4.6 km s−1 Mpc−1. The PV and H0 central
values from velocity reconstruction are both lower than our
fiducial results, which is interesting since PVs and H0 are
inversely related. In fact, Table 1 shows a few measurements
with PVs near that of S. Mukherjee et al. (2021), but all of
these measurements have higher posterior H0 values. This
might point to a difference in modeling the posterior that does
not relate to PVs (such as the question regarding the value of
ztot when comparing to C. Howlett & T. M. Davis 2020). In
any case, this measurement agrees with our fiducial result at
the 1σ level, demonstrating the consistency of different
methodological approaches to determining H0 from standard
sirens.
Returning to the comparative H0 precision of the CF3, SBF,

and DESI results, the broader DESI constraints simply reflect
the larger uncertainties in DESI galaxy PVs compared to those
from CF3 and SBF. As shown in Figure 2, the galaxy at the
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Figure 6. H0 posterior comparison with non-DESI PV samples and prior studies. We compare our fiducial DESI result (with and without the inclusion of H0-
constraining afterglow information) to the original standard siren result from B. P. Abbott et al. (2017b) and a more recent measurement from A. Palmese et al.
(2024). We also show the posterior that we have computed using PV samples from group galaxies in CF3 and an SBF-based PV measurement of NGC 4993 alone
from CF4. The top panel displays the 68% highest density interval for each posterior.
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group center is in both the Cosmicflows and the DESI fiducial
FP sample, and the PV of this galaxy is measured to a similar
precision of 0.1

obs
in both surveys. This level of precision

is generally representative of our uncertainties on FP galaxy
log-distance ratios. The other two CF3 galaxies, which we also
observed as part of our TF survey, have significantly better
precision of 0.06

obs
. We note that

obs
is known to be

smaller in CF3 compared to DESI when considering TF
galaxies (K. Douglass et al. 2025b). Given this better
precision, it is unsurprising that CF3 provides a better H0

constraint than DESI even though more galaxies are involved
in the calculation of the DESI group PV. A similar line of
reasoning explains why the SBF measurement—which
typically provides better precision than both TF and FP
calibrations—provides significantly tighter H0 constraints than
that of both CF3 and DESI. Impressively, the SBF precision
leads to a 5% uncertainty on H0.

More than providing tighter H0 constraints, the SBF PV
measurement avoids the assumption that NGC 4993 lies in a
relaxed group, which underpins the group-averaging method
for determining PV. In Section 4.2, we used optical DESI data
to make an initial foray into this topic, but our results provide
no conclusive evidence on whether or not the group is relaxed.
Although prior studies have noted that X-ray observations
suggest a lack of relaxation (J. Hjorth et al. 2017), we know of
no systematic study of this group’s virialization status. Such
observations might definitively determine the veracity of the
relaxation assumption. If this assumption were to fail, it is
likely that the dominant component of NGC 4993’s peculiar
motion would not necessarily be attributable to its broader
group motion. Under such a circumstance, our measurement of
ηobs would inaccurately reflect the log-distance ratio of NGC
4993 even if our individual galaxy log-distance ratio
measurements were accurate. One would be required to only
use log-distance ratio information from NGC 4993 itself
(rather than its group neighbors) to measure the true log-
distance ratio of the standard siren event. We in fact utilize this
“host-galaxy-based” approach when using ηobs from a single
SBF measurement of NGC 4993. A further benefit of only
measuring the log-distance ratio of NGC 4993 relates to the
question of whether to use the group or NGC 4993 redshift for
ztot. This issue becomes irrelevant when only measuring the
log-distance ratio of NGC 4993. Since both the luminosity
distance and PV are directly measured from the merger galaxy
host, it is unambiguous that the value of ztot should the galaxy
host redshift. A final benefit to only using one PV measure-
ment relates to covariance between log-distance ratios
calculated using the same FP calibration. In our DESI sample,
for example, there is a covariance between all FP log-distance
ratios since they all derive from the same FP calibration. Given
the magnitude of our uncertainties on log-distance ratios, we
have been justified in neglecting this covariance. If, however,
these covariances were nonnegligible, accounting for them
would make the computation of Equation (5) more complex.
When measuring only a single log-distance ratio, the issue of
covariance between measurements disappears, adding another
great benefit to the “host-galaxy-based” approach.

As a last note, we turn to a systematic that lurks in all
standard siren measurements that account for PVs via direct
measurement. In Section 3.4, we fixed the PV zero-point using
a sample of Type Ia supernova distances. This set of distances
conforms to a value of H0 derived via the distance ladder used

in the SH0ES analysis. Thus, in a sense, our standard siren
measurement conforms to a distance ladder H0 measurement.
Since the primary benefit of standard siren analyses is that they
should be unaffected by the same systematics that might
plague distance ladder measurements, the fact that PV
measurements utilize distance ladders tarnishes the claim that
standard siren H0 measurements serve as an independent check
on distance ladder H0 measurements. For direct measurements
of PVs, this reality is unavoidable so long as the PV of the
galaxy host is nonnegligible. If new nearby standard siren
events are detected and the standard siren precision improves,
this systematic may make standard sirens less of an
“independent check” on the measurement of H0. It is worth
noting that future DESI standard siren analyses will be
calibrated following other calibrators beyond supernovae, as
the calibration of the DESI Data Release 2 (DR2) PV analyses
will allow for larger statistics for the calibration sample and
hence a larger overlap with other distance indicators, which
can be used to produce PV measurements independent of
supernovae. Once those calibrations are available, the results
of this work can also be updated. For what concerns the
currently available calibration from A. Carr et al. (2025), we
note that the SBF-based calibration yields results that are
consistent with the fiducial supernova-based result, which is
expected since in both cases the distance ladder is Cepheid
calibrated. In other words, it is reasonable to assume that our
result is robust to different choices of the third distance ladder
rung, whether that is supernovae or SBF, acknowledging that
our result relies on calibrated Cepheid distances.
It is important to note that this distance ladder dependence is

not expected to affect velocity reconstruction approaches to
standard siren PVs. In fact, S. Mukherjee et al. (2021) note that
their velocity reconstruction method—which assumes an H0

value—is mostly insensitive to the choice of this value.

6. Conclusion

Many bright standard siren measurements have been made
using GW event GW170817 and its host galaxy, NGC 4993, to
derive a value for H0. When EM observations of the jet and its
afterglow enable stronger constraints on the luminosity
distance, the PV can become the dominant uncertainty on
the measurement of H0 (J.-h. He 2019; H. Nimonkar &
S. Mukherjee 2024). We have performed a dedicated set of
DESI observations to explore the PVs of galaxies in NGC
4993’s group to better constrain the group PV and H0. Our
fiducial sample includes PVs measured from six FP galaxies
using the DESI DR1 PV calibration. We also measure PVs of
eight TF galaxies, which are excluded from our sample owing
to zero-pointing complications. Our galaxy samples were
selected using the same photometric selection criteria used in
the DESI Peculiar Velocity Survey (C. Saulder et al. 2023).
Our fiducial sample has double the number of group members
contributing to the PV sample compared to previous studies,
yet our H0 constraint shows little improvement owing to large
PV uncertainties on individual galaxies. All of our DESI
results demonstrate good agreement with both Planck and
SH0ES H0 measurements at the 2σ level. Using a single (non-
DESI) SBF measurement of the PV of NGC 4993 alone, we
are able to place the tightest standard siren constraint on H0 to
date at 5%. Since our results demonstrate that the galaxy group
may not be virialized, this approach is preferable, as it avoids
the problematic assumption of virialization.
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In the near future, we expect tens of GW events to be
accompanied by a detectable kilonova (e.g., K. Kunnumkai
et al. 2025a, 2025b) or even a jet afterglow (e.g., R. Kaur et al.
2026), leading to 2% level precision on the Hubble constant
(R. W. Kiendrebeogo et al. 2023). Careful estimates of the host
PV may be even more crucial when combining a number of
nearby multimessenger events to reach that level of precision
with accuracy. Even though SBF measurements provide better
constraints on H0 for GW170817 compared to those from
DESI, we note that SBF might not be the best PV
measurement method for future standard siren galaxy hosts.
SBF measurements are best for galaxies that are nearby
(≲100 Mpc), are not heavily contaminated by dust, and have
smooth brightness profiles (M. Cantiello & J. P. Blakeslee
2023), while FP and TF PV measurements can be made for a
wider population of galaxies. Thus, future standard siren
events are more likely to be amenable to FP and TF host
galaxy measurements such as those we presented from DESI
rather than SBF measurements. Overall, this work shows the
promise of multiobject spectroscopic observations by DESI to
provide insights on standard siren H0 constraints, while also
probing the environments around compact object mergers
(A. Palmese et al. 2019; S. Adhikari et al. 2020).
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