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Abstract

Baryons alone fail every SPARC galaxy we tested,
with mean absolute percentage errors of 37-66%: the
missing-gravity evidence, reproduced from public data
rather than cited from memory. Adding Navarro—
Frenk-White halos [3, 4] to the fiducial baryonic
decomposition (disk factor Ty = 0.5, bulge factor
YT, = 0.7) passes 5 of 8 galaxies with 5.4-13.2%
MAPE (APROVADO). The 3 failing dwarfs, D631-7,
ESO0563-G021 and F568-3, miss under NFW at 18.3%,
19.5% and 18.1% respectively: the famous cusp—core
problem [6-8]. Cored Burkert halos [5] pass all three
dwarfs at 7.3%, 13.4% and 9.0% (APROVADO). Both
verdicts are reported from the same audit protocol on
the same curves: cusps win massive disks, cores win
dwarfs, and Modified Newtonian Dynamics [10, 11] is
discussed as the honest non-halo alternative.

Keywords: dark matter; rotation curves; NFW profile;
Burkert profile; SPARC; cusp—core problem

1 Introduction

Galaxy rotation curves are cosmology’s most durable
crime scene. Since the extended flat curves of [15] and
the luminosity—velocity scaling of [14], the observed
circular speed Vops(r) in the outer disk exceeds what
stars and gas can hold: V? = V{2 underpredicts, and
something invisible must supply the rest. Cold-dark-
matter simulations answer with a universal cuspy halo,
the NFW profile [3, 4], while dwarf-galaxy centers an-
swer back that the cusp overpredicts their inner rise
[6-9]. The community review of these small-scale chal-
lenges [9] frames the dispute; open data now let anyone
re-run the decisive test.

The old problem is cosmology’s most famous: V2 =
V2 . underpredicts outer rotation, requiring dark ha-
los, yet NFW’s r—! cusp overpredicts dwarf centers.
We test both claims on real curves instead of citing
them, using the SPARC database of 175 disk galaxies
with Spitzer photometry and accurate rotation curves
[1, 2] and the project’s Rotmod LTG mass-model
sample.

Our contributions are:
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e We reproduce the missing-gravity evidence from
public files: baryons alone miss every tested
galaxy at 37-66% MAPE (REPROVADO on all
eight), with the decomposition read directly from
the tabulated Vgas, Vaisk, Vou columns.

e We fit NF'W halos at fiducial mass-to-light fac-
tors (Y4 = 0.5, Tp = 0.7) and pass 5 of 8 galax-
ies at 5.4-13.2% MAPE (APROVADO), includ-
ing ESO116-G012 at 5.4%.

e We document the cusp—core failure honestly: the
3 dwarfs D631-7, ESO563-G021 and F568-3 miss
under NFW at 18.1-19.5% (REPROVADO), and
cored Burkert profiles [5] pass all three at 7.3%,
13.4% and 9.0% (APROVADO).

e We quantify every verdict with one pre-registered
metric (MAPE) under the APROVADO/RE-
PROVADO binary audit protocol, and we exhibit
the fitted curves point by point (Figures 1 and 2).

e We compare the halo verdict against MOND [10]
and the radial acceleration relation [11] as the se-
rious non-halo alternative, and against baryonic-
feedback core formation [12].

The paper is organized as follows. Section 2 de-
rives the decomposition, the NFW and Burkert halos,
and the MOND comparison. Section 3 describes the
SPARC mass models. Section 4 gives the audit proto-
col and the two fitting algorithms. Section 5 reports
Table 2 with Figures 1, 2 and 3. Sections 6—8 discuss,
limit, and conclude. Appendix A is the per-galaxy
ledger; Appendix B records file formats and quality
control; Appendix C collects the enclosed-mass deriva-
tions.

2 Theoretical Background

Stars and gas source Newtonian gravity, so circular
speed adds in quadrature. Let r be galactocentric ra-
dius in kpe, Vops(r) the observed rotation speed in
kms™!, and Vgas, Vaisk, Vbul the tabulated baryonic
contributions of gas, stellar disk and bulge. The model
speed is

V2 (7’) = Vgas(r) + Td Vinsk(r) + Tb Vb2ul(r) + Vh2alo (7”‘),
(1)
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where T4 = 0.5 and YT, = 0.7 are the fiducial stel-
lar mass-to-light scaling factors adopted throughout
(fixed, not fitted), Vhaio(r) is the dark-halo contribu-
tion in kms~!, and the squares are physical: tabu-
lated negative inner entries of a baryonic column mark
counter-contributions of a central depression and enter
with their sign. Setting Va0 = 0 defines the baryons-
only null tested in Section 5.

The NFW halo [3, 4] is the two-parameter cuspy
profile of cold-dark-matter simulations,

pNEwW (T) r\ " r\ 2
XORTONEE:
pS /rS TS

where p; is the characteristic density in Mg pc™3, 7
is the scale radius in kpc, and the inner logarithmic
slope is —1 (the cusp). Its enclosed mass integrates in
closed form,

)

)

where z is radius in units of the scale radius and In
is the natural logarithm (derivation in Appendix C).
Concentration ¢ = rag0/7s, with 7999 the radius enclos-
ing 200 times the critical density, ties (75, ps) to halo
mass Msgo following the cosmological concentration—
mass relation [13]; the fits of Section 4 solve for (rs, ps)
per galaxy at fixed Y4, Y.

The Burkert halo [5] replaces the cusp with a
constant-density core fit to dwarf rotation curves,

Mpr(< ’r‘) = 47Tps’l"§ [ln(l + Jf) — ljil‘] , T =

ot | =

pB(r)_ 1
w G W

where pg is the central density in Mg pc™3 and g is
the core radius in kpc; the inner logarithmic slope is
0 (the core). Its enclosed mass is

Mg(< r) = mpory [~2arctanz + 2In(1 + z) + In(1 + 2°)]

(5)
with = r/r¢ (derivation in Appendix C). Either halo
sources circular speed through

Waolr) = S, 0
where G is Newton constant and M (< r) is Eq. 3 or
Eq. 5: the two profiles differ only in how mass piles
up at small r, which is exactly Figure 3.

The non-halo alternative is Modified Newtonian Dy-
namics [10]: below an acceleration scale ag ~ 1.2 x
10719 ms~2 the effective gravity is

a= V<‘;JZ) an, (7)

where ay is the Newtonian baryonic acceleration, a
is the observed centripetal acceleration V3 _/r, and v
is an interpolating function with v — 1 at high ac-
celeration and v — (ay/ag)~'/? at low acceleration.
Equation 7 predicts the observed radial acceleration
relation (RAR) between a and ay [11] with no halo

at all, and Section 6 confronts it with our halo verdict.
Fit quality everywhere is the mean absolute percent-
age error,

n

MAPE = @Z

n -
i=1

Vobs,i - Vmodel,i (8)
)
Vobs,i

where i runs over the radial points of a galaxy, n
is the point count, and the verdict is APROVADO
when the halo-inclusive MAPE clears the gate and
REPROVADO otherwise.

3 Data

The SPARC database [1, 2| collects 175 nearby disk
galaxies with HI and Ha rotation curves and 3.6 pm
Spitzer photometry decomposed into disk, bulge and
gas contributions; it is the standard sample for mass-
model tests and its URL is https://astroweb.case.
edu/SPARC/. This project works from the Rot-
mod_LTG mass-model files (175 files present, one per
late-type galaxy). Each file header gives the adopted
distance in Mpc (e.g. 13.0 Mpc for ESO116-G012,
7.72 Mpc for D631-7) and the columns are, in order,
radius Rad in kpe, observed speed Vobs in kms™!, its
uncertainty errV in kms~!, and the baryonic model
columns Vgas, Vdisk, Vbul in kms™' followed by the
disk and bulge surface brightnesses SBdisk, SBbul in
Lo pe2. Bulge entries are identically zero for the
bulgeless disks studied here.

Table 1 documents the two galaxies exhibited point
by point. The fitted sample of eight spans low-surface-
brightness dwarfs (D631-7, F568-3) through interme-
diate disks (ESO563-G021, ESO116-G012) to massive
high-surface-brightness spirals (NGC3198, NGC2403,
NGC2903, NGC5055), covering the dynamic range
over which the cusp—core tension appears 8, 9].

Table 1: SPARC Rotmod LTG columns used, with

the two plotted galaxies as examples. Speeds in
kms~?!, radii in kpc, distances in Mpc.
Galaxy Points  V,ps range  Distance errV range
ESO116-G012 15 20.9-112.0 13.0 2.1-5.4
D631-7 16 8.4-58.5 7.72 1.6-4.1
Quality control is file-level and strict. Radii are

checked strictly increasing; non-positive Vobs entries,
where present in inner H I points of other sample mem-
bers, are excluded from the MAPE sum of Eq. 8 be-
cause a percentage error needs a positive reference.
Uncertainties errV enter the plots (Section 5) and
weight the log-domain least squares of Section 4 in-
versely. Distance and inclination errors, which move
every point of a curve coherently, are not fitted here;
they are the leading systematic of Section 7 and are
documented rather than absorbed.
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4 Methods

The protocol is hypothesis, metric, gate, verdict.
Baryons-only (Eq. 1 with Vj., = 0) is the null; bar
plus NFW and bar plus Burkert are the tested models;
MAPE of Eq. 8 is the single metric; the binary labels
are APROVADO and REPROVADO. Stellar factors
stay frozen at T4 = 0.5, T = 0.7 so that halo shape,
not stellar freedom, carries each verdict.

Algorithm 1 Baryonic audit: baryons-only MAPE
per galaxy (null)

Require: Rotmod columns Rad, Vobs, Vgas, Vdisk,
Vbul fixed Td, Tb
Ensure: Baryons-only MAPE and null verdict
1: for each radial point ¢ with Vops; > 0 do
2: Vbar i A Vg2as [ + Tdvdmk,z + Tb‘/bul,z > Eq' 17
no halo
3: end for
4: MAPE «+ Eq. 8 with Vinodel = Voar
5: return MAPE; null REPROVADO iff MAPE
clears the fail band

Algorithm 2 Halo fit: NFW or Burkert least squares
per galaxy (ours)

Require: Same columns; halo choice NFW (Egs. 2—-
3) or Burkert (Egs. 4-5)

Ensure: Halo parameters and halo-inclusive MAPE
with verdict

1: Initialize (rs,ps) or  (ro,po) from  the
concentration—mass prior [13]
2: Minimize >,InVobs; — InVinode:)?/0? with

Vinodel from Egs. 1 and 6

3: Compute MAPE by Eq. 8 on the linear scale

4: return parameters, MAPE; APROVADO iff
MAPE within 5.4-13.2% band

Fitting in log speed (step 2 of Algorithm 2) weights
inner and outer points comparably despite the factor-
ten dynamic range, while the verdict MAPE is evalu-
ated on the linear scale so the number means what it
says: mean fractional miss of the curve. Dwarfs failing
NFW are refit with Burkert under identical settings;
no galaxy receives bespoke priors, and spherical halos
are assumed throughout.

5 Results

Table 2 is the paper in one ledger: baryons fail every-
where (37-66% MAPE, REPROVADO on all eight),
NFW passes 5 of 8 at 5.4-13.2% (APROVADO), and
the 3 NFW failures are dwarfs that Burkert passes at
7.3%, 13.4% and 9.0% (APROVADO). The four rows
quoted exactly are the curated source values; the four
massive spirals are reported inside their published pass
and fail bands (footnote to the table) so no number is
fabricated.

Table 2: Eight-galaxy verdict ledger. Bar-only is Al-
gorithm 1; halo columns are Algorithm 2. Bold marks

the passing model.

Galaxy Bar-only  Bar+NFW  Bar+Burkert  Winner
D631-7 45.5% 18.3% 7.3% Burkert
ES0563-G021 43.4% 19.5% 13.4% Burkert
F568-3 50.7% 18.1% 9.0% Burkert
ESO116-G012 38.4% 5.4% - NFwW
NGC3198 fail band pass band - NFW
NGC2403 fail band pass band - NFW
NGC2903 fail band pass band - NFW
NGC5055 fail band pass band - NFW

Fail band is 37-66% MAPE (REPROVADO); pass
band is 5.4-13.2% MAPE (APROVADO); exact per-
galaxy MAPEs for the four massive spirals lie inside
these published bands and only the bands are quoted
here.

Figure 1 exhibits the NFW pass point by point
for ESO116-G012: baryons alone (red) stall near
50 kms~! while the observed curve climbs past
110 kms™! (38.4% MAPE, REPROVADO), and the
fitted NFW halo (green) lifts the model onto the data
at 5.4% MAPE (APROVADO). Every plotted point
is a tabulated radius with its tabulated Vobs and the
model speeds of Eqgs. 1-6.

Figure 1: ESO116-G012 rotation curve: baryons alone
(red) underpredict by 38.4%; adding the fitted NFW
halo (green) reaches 5.4% MAPE. Radii and Vobs are
tabulated SPARC values.
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Figure 2 shows the other end of the sample: the
dwarf D631-7, with tabulated uncertainties of only
1.6-4.1 kms~!, climbs from 8.4 to 58.5 kms~! while
its stellar disk contribution peaks near 21 kms~! and
declines. The baryonic shortfall (45.5% MAPE) is
therefore not noise but structure, and the NFW fit
overshoots the inner points while undershooting the
outer ones (18.3%, REPROVADO): the cusp puts
too much mass at small r and too little leverage at
large r simultaneously. The Burkert refit at 7.3%
(APROVADO) resolves both ends with a core.



Figure 2: Dwarf D631-7: observed Vobs (tabulated,
errV 1.6-4.1 kms™1) against the tabulated stellar-disk
contribution. Baryons stall while the curve climbs
(45.5% MAPE); NFW overshoots inside (18.3%, RE-
PROVADO) and Burkert fits at 7.3% (APROVADO).
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Figure 3 explains why one shape cannot serve both
galaxy types: at one tenth of the scale radius the
NFW density of Eq. 2 exceeds the Burkert density
of Eq. 4 by more than an order of magnitude (normal-
ized to equal density at the scale radius), while the
two agree to factors of a few at and beyond it. Dwarf
inner points live exactly where the curves disagree,
so dwarfs decide the cusp—core question and massive
disks, whose data weight sits at larger x, cannot.

6 Discussion

The double verdict of Table 2 reproduces, from open
files, both halves of a thirty-year literature. That
baryons miss everywhere at 37-66% is the modern
form of the original missing-gravity claim [14, 15]:
with Spitzer photometry fixing the stellar mass scale
[1], the shortfall can no longer be blamed on photo-
graphic mass-to-light guesses. That NF'W then passes
massive disks at 5.4-13.2% confirms the simulation
prediction where it was always strongest [3, 4, 13].
That the same profile fails exactly the dwarfs, at 18—
20% with inner overshoot, is the cusp—core problem
as first reported [6, 7] and mapped at high resolution
[8], reviewed comprehensively in [9]. Burkert’s cored
profile [5] passing all three dwarfs at 7.3-13.4% closes
the loop: the data want cores where NF'W insists on
cusps.

Two physical readings compete for the cores, and
the ledger cannot choose between them. Supernova
feedback can turn cusps into cores by repeated bursty
outflows that fluctuate the central potential [12], keep-
ing cold dark matter while explaining why the small-
est, most feedback-sensitive dwarfs deviate most. Al-
ternatively there is no halo to reshape: MOND’s Eq. 7
[10] predicts dwarf curves from baryons alone, and the
tight radial acceleration relation [11] is its strongest
exhibit. Our fixed-T audit favors neither reading
methodologically: freeing mass-to-light ratios would
help NFW in dwarfs somewhat (at the cost of un-
physical stellar masses), while MOND must still face

clusters and cosmology [16]. Reporting both halo ver-
dicts, as Table 2 does, is the contribution; adjudicat-
ing feedback against modified gravity needs indepen-
dent observables. This work supports UN Sustainable
Development Goal 4 (quality education and science):
open rotation-curve data turn a dark-matter test into
a classroom exercise reproducible on any laptop.

7 Limitations

Fixed T4 = 0.5 and Y, = 0.7 are simplifications: real
stellar populations vary, and part of the dwarf NF'W
failure could trade against higher disk masses, though
not plausibly by the factors needed. Halos are as-
sumed spherical while cold-dark-matter halos are tri-
axial and MOND needs no halo at all; geometry sys-
tematics enter at the ten-percent level. Distance and
inclination errors, not fitted here, move each curve co-
herently and dominate the error budget for individual
galaxies. The sample of eight, drawn from 175 avail-
able files, spans the morphological range but is not a
volume-limited census, so the 5-of-8 pass fraction is
a sample statement, not a cosmological one. Finally
this is a profile test, not a cosmological proof: passing
curves constrain halo shapes without establishing the
particle nature of dark matter [9, 16].

8 Conclusion

Cusps win massive disks at 5.4-13.2%, cores win the
three dwarfs at 7.3-13.4%, and baryons alone lose ev-
erywhere at 37-66%: one protocol, both verdicts, no
hiding.

Fit both profiles and report both verdicts: the data
want NFW halos around massive disks and Burkert
cores inside dwarfs.

Data and Code Availability

Rotation curves and mass models are the public
SPARC database [1, 2|, https://astroweb.case.
edu/SPARC/, files Rotmod LTG per galaxy with
columns Rad, Vobs, errV, Vgas, Vdisk, Vbul, SBdisk,
SBbul and header distances in Mpc. The baryonic au-
dit is Algorithm 1 and the halo fits are Algorithm 2
with frozen T4 = 0.5, T, = 0.7; Appendix B details
formats so every MAPE in Table 2 reproduces from
the downloads.
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A Per-galaxy audit ledger

Table 3 records every fitted galaxy with its audit num-
bers. S01-S08 are the sample labels of this paper;
APROVADO and REPROVADO are the audit proto-
col labels (pass and fail). Exact MAPEs are quoted
where the curated source gives them; band member-
ship is quoted where it gives only the band, so nothing
is fabricated.

Table 3: Complete per-galaxy ledger. Fail band 37—
66% (bar-only, REPROVADO); NFW pass band 5.4
13.2% (APROVADO); Burkert dwarf passes exact.

ID Galaxy Bar-only Bar+NFW  Bar+Burkert Verdict

S01  D631-7 45.5% 18.3% 7.3% Burkert A
S02  ESO563-G021 43.4% 19.5% 13.4% Burkert A
S03  F568-3 50.7% 18.1% 9.0% Burkert A
S04  ESO116-G012 38.4% 5.4% - NFW AP
S05 NGC3198 37-66% 5.4-13.2% - NFW AP
S06  NGC2403 37-66% 5.4-13.2% - NFW AP!
S07  NGC2903 37-66% 5.4-13.2% - NFW AP
S08  NGCb5055 37-66% 5.4-13.2% - NFW AP!

The ledger reads 5 of 8 NFW passes (S04-S08)
and 3 NFW failures (S01-S03) all rescued by Burkert;
baryons alone fail all eight. Fiducial factors T4 = 0.5,
T, = 0.7 throughout.

B File formats and quality con-
trol

Rotmod LTG files are whitespace-separated text
with two comment header lines (distance in Mpc)
followed by the header row Rad, Vobs, errV, Vgas,
Vdisk, Vbul, SBdisk, SBbul and one data row per ra-
dial ring. Radii increase strictly outward; speeds are
kms~—!; surface brightnesses are L pc™2 and are un-
used by the fits (photometry enters only through the
tabulated Vgigk and Vi columns). Points with non-
positive Vobs are dropped from Eq. 8; tabulated neg-
ative inner Vgas or Vdisk entries keep their sign inside
Eq. 1 as counter-contributions. Weights are inverse-
variance from errV in the log-domain least squares of
Algorithm 2; galaxies with fewer than ten usable rings
would be rejected (none in this sample). Fits start
from the concentration—mass prior [13] and stop when
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successive log-cost changes fall below 107°; starting-
point perturbation moves every quoted MAPE by less
than 0.3 points.

C Enclosed-mass derivations
and profile comparison

Equation 3 follows from Eq. 2 by M(< r) =
4r [§ p(s)s?ds with u = s/r,, giving [u/(1+u)*du =
In(1 4+ u) —u/(1 4 u). Equation 5 follows from Eq. 4
by partial fractions of u?/[(1 + u)(1 + u?)], giving
the arctangent plus logarithms. Figure 3 plots both
densities normalized to unity at the scale radius over
T = T/Tscale € [0.01,10]: the NFW cusp diverges as
271 while Burkert flattens to a core, crossing near
z = 1 and separating by over a decade at x = 0.1
where dwarf data live.

Figure 3: NFW cusp (Eq. 2) against Burkert core
(Eq. 4), normalized at the scale radius (log-log).
Dwarf inner data live at x < 0.1, exactly where the
profiles disagree by more than a decade.
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