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SUMMARY

Mostgalaxies exhibitflatrotation curves, indicating the
presence of dark matter. However, recent observations
reveal outlier galaxies exhibiting more Keplerian
rotation curves, suggesting they have negligible
amounts of dark matter. Here we reexamine the
galactic kinematics of relic galaxy NGC 1277, a galaxy
recently identified as deficient in dark matter, through
a reproduction of the rotation curve, using data from
the George and Cynthia Mitchell Spectrograph. We
hypothesized that its galactic rotation curve could be
used on its own to closely model its mass distribution.
However, we calculate a total mass of 5.8x10" M
within five effective radii, three times lower than the
current predicted mass, showing that rotation curves
do not account for all mass within a specified orbit.
To understand the difference between our result and
previous results, we consider different sources of
error in our computation, such as inclination angle,
bulge-disk geometry, velocity dispersion, and the
possibility of an over-massive black hole. Our study
shows how the shape of a rotation curve of a compact
lenticular galaxy is not as closely dependent on
its dark matter fraction as previously assumed, as
well as the importance of modelling its shape and
stellar composition for determination of its mass
distribution. This has important implications for the
utility of rotation curves for the discovery of additional
galaxies with anomalous dark matter fractions.

INTRODUCTION

Rotation curves have played an important role in the
discovery of dark matter and the development of matter
distribution models in galaxies (1). A rotation curve describes
the rotational velocities of a sample of stars as a function of
their radial distance to the center of the galaxy. According to
Kepler’s third law, which states that the square of a planet’s
orbital period (T) is proportional to the cube of its average
orbital radius (r) or T2 a r3, objects orbiting a center of gravity
at a greater distance should orbit more slowly than those
within smaller orbits. Although Kepler’s third law applies to
planetary motion, when applied to stellar rotation in galaxies,
it leads to predictions that diverge from observation. The

observation of “flat” rotation curves, indicating a more or
less constant velocity in outer orbiting stars, was key in Vera
Rubin’s discovery of dark matter; an excess of undetectable
matter further from the center of the galaxy was needed to
explain why these stars would orbit at such high velocities
(Figure 1) (2).

The term “escape velocity” is used to refer to the velocity
an orbiting object needs to reach to leave the system.
Typically, this term is applied to satellites of planets or planets
within a solar system. The equation for escape velocity,

2GM
v= |—
=

where G is the gravitational constant and r is the distance to
the central massive object, relies heavily on the mass of the
central object M (i.e. the mass of the planet or the mass of
the star). For stars around a galaxy, however, the observed
velocities of single stars or groups of stars depend on the
total mass (e.g. black holes, stellar mass, and dark matter)
contained within their orbits. However, the observed velocity
of stars exceeds the escape velocities predicted for visible
matter, which is the key observation leading to the theory of
dark matter. If there were no dark matter, the stars in outer
orbits would exceed the escape velocity. In other words, the
mass around which the outermost stars or star clusters orbit
would essentially reach a limit, increasing relatively little,
and, given the formula above, r should reflect a characteristic
Keplerian inverse proportionality, resulting in a decrease in
velocity proportional to the increase in radius.

In 1914, Slipher discovered that the Andromeda “nebula”
(now known as galaxy M31) rotates, and by 1917, Francis
Pease calculated a constant angular velocity for the central
region (3, 4). In the 1930s, based on these and additional
calculations, several studies inferred the total mass of M31
and discussed its unexpectedly high mass-to-light ratio (M/L
ratio) (5—-7), suggesting the existence of some kind of non-
luminous matter. In 1933, Fritz Zwicky studied the velocity
dispersion of galaxies in the Coma cluster and coined the term
“dark matter” to explain why visible mass could not account
for the system’s gravitational binding (8). However, it was not
until the 1970s that the existence of additional matter in some
galaxies was explicitly argued as the result of the discrepancy
in outer regions of the galaxies between the photometric data
(apparent luminosity of the stars and respective density)
and the kinetic energy of the stars (derived from spectral

(Equation 1)
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Figure 1: Series of rotation curves for spiral galaxies. Rotational
velocities in km/s for seven galaxies as a function of their distance
from the nucleus in kpc. Curves were smoothed to minimize
variations across spiral arms and remove small differences between
measurements from opposite sides of each nucleus. Galaxies are
prefixed with their Hubble type. Curves for NGC3145 and NGC7664
are the “flattest” and are plotted with dashed lines. Reproduced with
permission from Rubin, Ford, and Thonnard, et al. 1978 (2).

data using the 21 cm Hydrogen absorption lines). Several
authors confirmed flat rotation curves of many galaxies out
to the largest radius observed (Figure 1), concluding that the
largest radii cannot be assumed to be the edge of the galaxy.
Therefore, spiral galaxies must extend further than their
apparent luminous size based on star and gas distribution (2,
9). By 1978, work by Albert Bosma proved the extension of
galaxies beyond their optical size, and Vera Rubin provided
the first persuasive evidence of dark matter by analyzing the
kinematics of ten spiral galaxies, all of which presented flat
rotation curves (2).

However, while the necessity of dark matter to fit standard
gravitational models is acknowledged, there is no agreement
on what this dark matter could be. Proposed candidates
include subatomic particles (such as neutrinos, weakly
interacting massive particles [WIMPs], and axions), brown
dwarfs, neutron stars or primordial black holes (10-16). To
better understand the nature of dark matter, there has been
a recent focus on galaxies exhibiting unusual distributions
of dark matter. Since the Hubble Space Telescope (HST)
observations of dark matter deficient galaxy NGC 1052-
DF2 in 2018, growing observations of galaxies deficient
in dark matter, including the model dark matter deficient
galaxies NGC 1277 (Figure 2) and FCC 224, have made
them an evident yet unresolved mystery (17, 18). Possible
explanations for the apparent lack of dark matterin NGC 1277
include that it was born with little dark matter; lost it during
its “blue nugget” phase due to cluster interactions; formed
from high-velocity gas collisions where baryons remained but
dark matter escaped; or, more generally, that dark matter was
removed through tidal stripping as proposed for other dark
matter deficient galaxies (19-21).

Focusing on the characteristics of these anomalous dark
matter deficient galaxies promises to shed some much-
needed light on dark matter. While current cosmological
simulations predict that in relic galaxies with masses similar
to NGC 1277, the dark matter fraction (DMF) should vary
from about 15% in the first effective radius (R, also known
as the half-light radius, the radius within which a specific
astronomical object, such as a galaxy or globular cluster,

https://doi.org/10.59720/25-050

emits half of its total luminosity) up to approximately 60%
within five R, Comeron, et al. report a DMF of only 1.8%
within five R, (22). Here we have chosen to re-analyze the
rotation curve of NGC 1277. The rotation curve is a logical
simplified calculation that has been crucial in the discovery
of dark matter, which can explain the tension between the
observed flattening of rotation curves and the kinematic
curves predicted by Kepler’s laws. It follows that the rotation
curve of galaxies with low DMF should better fit the ideal
Keplerian curve, allowing one to model their mass distribution
and determine total enclosed mass (also known as integral
mass) more closely. Here we determine the rotation curve of
NGC 1277, which shows that stellar velocities peak at three
kiloparsecs (kpc) from the galaxy center and then decrease.
The enclosed mass appears to plateau at this point as well,
suggesting an insignificant effect of dark matter in these outer
orbits. However, contrary to our expectations, our estimation of
total enclosed mass, or dynamical mass, at five R_ (five times
the half-light radius) is substantially lower than our estimate
for luminous or stellar mass. We conclude that rotation curves
may still help detect dark matter deficient galaxies but cannot
on their own be utilized to directly estimate the DMF.

RESULTS

To plot the rotation curve of NGC 1277, we used the
kinematics previously derived from spectroscopic data from
the George and Cynthia Mitchell Spectrograph (GCMS, 26).
The shape of NGC 1277’s rotation curve (Figure 3) does
not appear to plateau as rotation curves characteristically
do, indicative of the effect of dark matter in the outer parts
of the galaxy. Instead, the data shows that objects reach a
maximum velocity of 248+4 km/s approximately 3 kpc from the
center and, as the Kepler model would predict, decrease with
additional distance, indicating the possible deficiency of dark
matter. Additional data points beyond 6 kpc would provide
additional support for this trend; however, the spectrographic
data corresponding to these points proved less reliable and

Figure 2: Image of NGC 1277 in the Perseus Cluster. The
main image is 31 arcmin across (about 2 million light-years); Inset
image is 1 arcmin across (about 64,000 light-years). RA Position:
03:19:51.482. Dec. Position: +41:34:24.902. Original image by
Hubble Space Telescope, NASA, ESA (47). HST data obtained from
program 14215 (48).
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Figure 3: Rotation curve of NGC 1277. Rotational velocity of
the selected data (Table 1) plotted as a function of their distance r
(computed from original x and y coordinates) relative to the galactic
center of NGC 1277. The trendline (gray dashed line) was calculated
using the loess local regression function in R v4.4.2 with default
parameters. The distances corresponding to o1 R_ (1.2 kpc)and 5 R,
(6 kpc) are indicated with vertical dashed lines.

was excluded due to any one of the following criteria: either
signal to noise ratio was too low (<7), kinematic error was
too high (>65 km/s), or velocity dispersion was outside a
reasonable range (10 km/s to 350 km/s) (22).

We then studied the mass distribution in NGC 1277 by
equating the centripetal and gravitational forces. From our
calculations (Table 1), we deduced a relationship between
mass and distance by fitting the data to a logarithmic function
(Figure 4). The square of the coefficient of determination (R?)
describes a good fit of the data to the regression model, with
a value of 0.942.

M, [Mg] = 1.26 x 10 + 2.55 x 10°In (r[1 kpc]) (Equation 2)

Taking the equation of the function (Equation 2), an
interpolation of galactic mass (measured in M a function
of radial distance (r), we use logarithmic interpolation and
extrapolation to determine that the mass enclosed within
1R, (1.2 kpc) is (1.7 £ 0.2)x10"° M, and the mass enclosed
within 5R_ (6 kpc) is (5.8 £ 0.3)x10" M.

https://doi.org/10.59720/25-050

Finding the fraction of dark matter making up the total
mass of NGC 1277 is synonymous with finding the difference
between total dynamical mass, calculated above, and
baryonic mass, the latter being “normal” matter comprised
of stars, dust and gas, planets, etc., in addition to the black
hole mass (estimated at 5x10° M) (26). To find the stellar
mass, the major component of normal baryonic matter in
early type galaxies, we calculated the total luminosity, from
which we derived a total stellar mass of 1.4x10" M. Our
estimate of the dynamical mass of 5.8x10" M, (95% Cl =
5.3-6.3x10" M) within a radius of 6 kpc falls well short of
both our predicted stellar mass of 1.4x10" M based on
photometric data and the more rigorously estimated value
of 1.8x10™ M, for the total mass of NGC 1277 which used
Jeans Anisotropic MGE (JAM) modeling to incorporate both
the surface brightness profiles and the stellar kinematics
to generate a best-fit total mass model (22). Therefore, the
difference between dynamical and baryonic mass becomes
negative, rendering a negative DMF, which does not make
physical sense.

DISCUSSION

Using experimental kinematic data from the George and
Cynthia Mitchell Spectrograph, we calculated a rotation curve
for the dark matter deficient relic galaxy NGC 1277. This
confirmed a decrease in velocity as a function of distance that
appears to follow the inverse relationship given by Kepler’s
third law, which suggests the lack of a dark matter halo.
However, the dynamical mass that we estimated using the
rotation curve is approximately one third of the previously
reported total galaxy mass of 1.8x10" Mg, which was
estimated assuming a Salpeter initial mass function (presence
of many redder low-mass stars) and took into account both
stellar velocity and dispersion and a high mass-to-light ratio
(22). Our initial assumption that the kinetic data alone, as
analyzed through the rotation curve and mass-to-radius graph,
accounts for all the mass within the orbits corresponding to the
radii, is inaccurate for NGC 1277: our simple calculation does
not incorporate the full complexity of current galactic models.

Itis possible that our own calculations of the rotation curve,
and estimation of enclosed mass based on it, were sensitive
to the limited range and precision of the spectrographic
V corr (KM/s)

Mr (Mo) Mrﬁcorr (MO)

X (arcsec) vy (arcsec) r (kpc) v(km/s)
1.61 0.76 0.62+0.02 -114.6+4.1
-1.74 -1.26 0.75+0.02 141436
5.21 -1.24 1.88+0.05 -233.6+3.0
-5.34 0.74 1.89+0.05 233.7+3.0

8.8 0.56 3.10£0.09 -248.0+3.5
-8.98 -1.34 3.19+£0.09 248.0+3.4
12.4 -1.44 44+01 -210.2+5.6

-12.58 0.66 44+01 219.5+6.2
15.84 0.61 56+0.2 -211.4+8.3
-16.24 -1.45 5.7+0.2 183.2+9.2

118.1+42 (1.9+02)x10° (2.0+0.2) x 10°
1457437 (35+0.3)x10° (3.7+0.3)x 10°
2408+31 (24+0.1)x10" (2.5%0.1)x 10
2409+31 (24+01)x10" (2.6+0.1)x 10
2556+36 (4.4+02)x101" (4.7+0.3)x 10
2556+35 (4.6+0.3)x10" (4.8 0.3)x 10
2166+58 (4.5+04)x 101" (4.8+0.4)x 101
2262+6.4 (5.0%04)x 10" (5.3 0.4)x 10
217.9+86 (5.8+0.6)x 101" (6.1+0.7) x 101
188.8+9.5 (4.5+0.6)x 1010 (4.7 +0.6) x 101

Table 1: Radius, velocity, and estimated enclosed galaxy mass for the ten fibers whose center is within the restricted radius. The
estimated galactic center is located at the origin (0,0) and x,y coordinates are relative to the galactic center given in arcsec. Velocity v and

estimated enclosed galaxy mass M, are shown without correction for inclination angle and with correction: velocity v

= v/sin(76°), which

corr

accounts for the inclination angle. Galaxy mass estimations, in solar masses, are derived from rotational curve (radii and rotational velocities)

by applying Equation 3.
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Figure 4: Integral mass of the galaxy enclosed within a given
radius. The fitted logarithmic function is plotted as a solid black line,
with the 95% confidence interval plotted as a blue ribbon. Error bars
represent standard error in both radial distance and mass enclosed
within that radius.

measurements. The original spectrographic data from the
GCMS with sufficient quality extends out to 6 kpc while the
galaxy extends to perhaps 10-12 kpc. We cannot be certain
that the rotation curve will continue to fall according to the
Keplerian model past 5R_. Likewise, the mass function can
be extrapolated, but not to the same precision as it can be
interpolated. To add to the error in observational data, the
spectrograph had a spatial resolution of only 4.16” (where the
galaxy measures 20"), whereas Ferré-Mateu, et al. obtained a
resolution of 1", and calculated higher velocities (by ~30 km/s)
and a higher mass (1.3 £ 0.3)x10" M, (23).

Another source of uncertainty is the size of the over-massive
black hole at the center of NG1277. Every star in NGC 1277
is older than 8 Gyr, therefore the black hole must be at least
as old, as it is unlikely for a black hole to be accreted without
star formation. In 2012, van den Bosch et al. presented an
estimation of NGC 1277’s black hole to be 59% of the mass
of the galaxy’s bulge (1.7x10" M) (24) and the masses of
the black holes are believed to correlate with properties of
the host-galaxy bulge component. Several explanations have
been proposed for the existence of these locally established
empirical relationships, including the non-causal, statistical
process of galaxy-galaxy merging, direct feedback between
the black hole and its host galaxy, and galaxy-galaxy merging
and the subsequent violent relaxation and dissipation.
The empirical scaling relations are therefore important for
distinguishing between various theoretical models of galaxy
evolution, and they furthermore form the basis for all black-
hole mass measurements at large distances. Observations
have shown that the mass of the black hole is typically 0.1 per
cent of the mass of the stellar bulge of the galaxy. Until now,
the galaxy with the largest known fraction of its mass in its
central black hole (11 per cent. While this would have obvious
repercussions in studying the galaxy’s matter distribution, it
has since been re-estimated at 5x10° M@, or about 3—-4% of
the galaxy’s mass (25, 26). An affirmation made in the same
article that the rotation curve of NGC 1277 stays flat out to
five R, clashes with our data and therefore questions this
article’s report on a normal dark matter halo (24). The level
of uncertainty regarding the black hole mass adds a layer

https://doi.org/10.59720/25-050

of complexity to any calculation of matter distribution being
made.

Our use of rotation curves to calculate the mass of
NGC 1277 could also be less reliable because the method
assumes an infinitesimally thin disk, where velocities reflect
the distribution of mass within the plane of the galaxy, but
NGC 1277 is a thick, bulge-dominated lenticular galaxy
in which significant mass lies outside the disk. Additional
uncertainty arises from the inherent ambiguity of bulge-to-
disk decomposition in lenticulars, which directly affects mass
modeling (27-36). Warping, though a common source of error
in spirals, can be ruled out for NGC 1277 given its highly
uniform, edge-on structure (37-39).

A final source of error worth mentioning is related to the
fact that NGC 1277 is a dispersion dominated galaxy, meaning
it has a high velocity dispersion relative to its rotation speed,
especially within the first R,. The high velocity dispersions
observed in the bulge of NGC 1277 are indicative of higher
pressure support, which plays a role in supporting the
galaxy against gravitational collapse, and would likely result
in lower rotational velocities (40). The formula we used to
derive enclosed mass given rotational velocities works well
for rotating gas in spiral galaxies but less so for this type
of galaxy, a compact galaxy with a large central bulge (as
explained above). The use of a Virial mass estimator may
have been a more straightforward way to estimate the mass
for NGC 1277. In this theorem, the mass in the system relies
similarly on its radius and the gravitational constant; however,
instead of using the squared velocities, it is a function of the
square of the velocity dispersion observed in the first R_. This
equation also includes a constant that is estimated based
on specific morphological aspects of the system, such as its
shape or density profile, which we cannot compute based
solely on kinematic data. For example, in a spherical system,
the standard proportionality factor applied to the Virial mass
equation is 3; whereas. for a compact, high-dispersion galaxy
like NGC 1277, a more appropriate factor is 5 (41) Given
these uncertainties, we opted to apply a simplified rotation
curve analysis to the dark matter deficient relic galaxy NGC
1277 using experimental kinematic data from the George and
Cynthia Mitchell Spectrograph. By applying Kepler’s third
law, we fit the relationship between radii and mass to find a
total mass of 5.8x10'° M within 6 kpc, which is substantially
lower than the 1.8x10" M reported in the literature for the
same region (22).

This discrepancy highlights the limitations of relying on
basic dynamical models. Throughout this paper’s exploration
of the rotation curve, as well as possible factors that influence
the results given by it, we have concluded that estimations
of mass distribution that consider only velocity measurements
are likely to diverge from more accurate, model-informed
results. Although rotation curves offer a logical and accessible
starting point, especially when data or resources are limited,
they cannot capture the full range of structural and dynamical
features found in real galaxies.

Due to a lack of information about bulge concentrations,
warps, precise black hole mass, percentage of dark matter
and many other factors not determined by kinematics, the
rudimentary rotation curve must be used alongside more
advanced techniques, including Multi-Gaussian Expansion
fitting and JAM models to achieve more accurate results.
Nevertheless, with the growing observations of dark matter
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deficient galaxies, rotation curves remain a valuable tool,
offering a quick way to get a visual assessment of whether
a galaxy has an unusual mass distribution, or an anomalous
DMF.

Our next steps will be to apply this method to efficiently
screen galaxies of varying age, size, and morphology for
Keplerian-like rotation curves, with the broader goal of
identifying new dark matter deficient candidates more rapidly
and accessibly, prior to engaging in extensive modelling. We
also aim to experiment with more complex galaxy models,
incorporating new data from galaxies with interesting or
suggestive rotation curves, and exploring how these inputs
may necessitate further refinement of the models themselves.
Unexpected cases, such as galaxies that appear to lack
dark matter, may challenge our current understanding of
galaxy dynamics, but they also offer valuable opportunities to
adapt our models and revise or reject theories based on new
observations.

Fritz Zwicky famously mentioned in 1937 that without
taking into consideration additional information one cannot
calculate galactic masses from observed rotations (1). We
conclude that this statement stays true even when we take
dark matter into account.

MATERIALS AND METHODS
Spectographic Fiber Selection

To plot the rotation curve for NGC 1277, we used a data
table that provides the kinematics (22, 42). These data were
extracted using the Penalized PiXel-Fitting (pPXF) method
from the reduced spectra obtained from the George and
Cynthia Mitchell Spectrograph (GCMS) on 29-31 Dec. 2019
for the Metal-THINGS program (43, 44). The field view of the
GCMS instrument consists of a bundle of 246 optical fibers with
a resolution of 4.16” (arcseconds) within the integral field unit
(IFU) that transmit light from the telescope to the gratings in
the spectrograph that split the light into separate wavelengths
(3400-6850 A with a resolution of 1-5.3 A depending on the
grating used) which are then detected on a 2048 x 2048 CCD
camera (45). The VP1 grating (grism) with a 5.3 A spectral
resolution was used in this study (22). Additionally, a three-
pointing dithering program was used to effectively increase
the number of fiber readings from 246 to achieve 738 fiber
coverage of the field of view. Observations taken in a 3-position
dither pattern provide essentially complete coverage within a
100%10? arcsecond field of view. At the distance of NGC 1277,
this corresponds to approximately 70 kpc with a resolution of
about 1.4 kpc per fiber.

First, we selected the angular velocity data points based on
their fibers’ corresponding spatial coordinates (Figure 5) and
selected those whose fibers’ centers were within a restricted
distance from the major axis (Table 1), determined to be at
a position angle of 92.9° from the celestial north pole. This
parameter is necessary for selecting fibers within the main
disk of the galaxy, as these are the ones whose kinematic
data, in terms of their horizontal component, will have the best
correlation with the rotational velocity. For this value we chose
2.08”, which corresponds to the fiber radius in arcseconds.

Data transformation and error propagation

The kinematic data obtained was in terms of km/s with
respect to the galaxy’s velocity, determined at 5097 km/s
for NGC 1277, and therefore was in no need of additional

https://doi.org/10.59720/25-050
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Figure 5: GCMS fiber selection. From the 47 GCMS fibers covering
the field of view of NGC 1277 (asterisks), those with y values falling
within 2.08” (dotted lines) of the kinematic major axis (PA 92.9)
(dashed line) were selected for plotting the rotation curve (Figure 4).
The estimated galactic center is located at the origin (0,0) and x,y
coordinates are relative to the galactic center. The Hubble Space
Telescope image of NGC 1277 was overlayed on the graph (48).

transformation. No uncertainty was given for the velocity of the
galaxy, but the kinematic data was already corrected for this
velocity and we can assume any error was propagated and
accounted for in the reported uncertainties for the kinematic
data. However, we transformed the spatial data, consisting
of x and y coordinates in arcseconds, to represent a radial
distance (kpc) from the center of the galaxy.

First, we derived the distance (kpc) between each optical
fiber and the center of the galaxy, from the arcsecond
coordinates, by taking the tangent of the angles and multiplying
by the distance to the galaxy, calculated to be 72.4 + 1.0 Mpc.
We found this distance by taking the mean of the co-moving
(72.4 Mpc), luminosity (73.6 Mpc), and angular diameter
distances (71.1 Mpc), where the error corresponds to the
standard deviation (22).

Subsequently, we derived the radial distance from the
coordinates, now in kpc, by using the Pythagorean theorem
to find the hypotenuse of the x and y vectors from the center,
with coordinates (0,0). The relative error for the radial distance
is therefore 1.4%.

Correction of velocities for inclination angle

The kinematic data obtained from the fibers only considers
the light received in the line of sight, taking the inclination
angle of the galaxy to be exactly 90°, i.e. edge-on. Using
simple trigonometric properties, this would suggest that
the horizontal component of the velocities, captured by the
spectrograph, is equal to the vectors of the velocities, since
dividing the two yields sin(i), which would be 1. However, the
inclination angle of NGC 1277 is closer to i = 76° (22, 24).
Therefore, we corrected reported velocities (corresponding
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only to the horizontal component) for i = 76" by dividing
each by sin(76) to yield corrected vector velocities (indicated
as v ) with higher magnitudes (Table 1). To propagate the
error corresponding to the corrected velocities, we maintain
the relative error by multiplying Av/v times v__, which has the
same effect as dividing the reported errors by sin(76) as we
take the inclination to be a constant with no associated error.

Both the original velocities and those corrected for
the inclination angle have been used to calculate the
corresponding uncorrected and corrected masses (Table
1). Though correcting for inclination is an important factor in
providing more accurate results, it only elevates measured
velocities by a maximum of 7.6 km/s, reflecting a maximum
rise in mass estimations of 0.3x10'° M~ in the outer orbits, a
value contained within the original mass uncertainties for larger
radii. Uncertainty in the inclination angle itself would increase
error in the mass, thereby allowing for a higher maximum
value (and a lower minimum value) for the estimated mass,
because larger inclination reflects higher velocities.

Dynamical mass estimation

Posing the galaxy as a rotating frame, the centripetal force
is the inward force required to keep objects (stars, dust, gas,
etc.) moving along a curved or circular path, always directed
toward the center of the galaxy, while the gravitational force
attracts the orbiting objects in the same direction, similarly
altering the direction of their rotational velocity vector. Thus, we
find the stable orbits which an object must complete according
to its many variables by setting centripetal and gravitational
forces equal to each other,

mv? _ GMm

- 2 (Equation 3)
where (m) is the dynamical tracer mass (in this case, the
group of stars within the field of a particular optic fiber of the
GCMS IFU) orbiting around a total mass (M) enclosed within
radius (r), G is the gravitational constant, and v is the rotational
velocity of stars orbiting along the specified orbit of radius r. Itis
important to note that this calculation makes the approximation

that most mass falls within the plane of the galaxy.
By simplifying the expression, solving for mass M,
rv?

M=—

G (Equation 4)

the experimentally measured velocity and radius can be
converted to a value for cumulative mass enclosed within
that radius. As velocity is not constant, we determined the
relationship between mass and any arbitrary radii by fitting a
logarithmic function to the data points using the Im function in
R v.4.4.2 and using the predict function with the new arbitrary
series of r values. As the geometry of NGC 1277 is elliptical
or lens-like with only a pseudobulge, this function fits the data
well. The enclosed mass as a function of radius (M) was
determined for different effective radii, where 1R _is the radius
within which half of the light of the galaxy is emitted and 5R _is
five times that radius.

Stellar mass estimation

To determine the total stellar mass using photometric data,
we used the 13 surface brightness values from Comerdn et
al. Table A.1 obtained from a Hubble Space Telescope image
(22). We computed the cumulative sum of the products of the

https://doi.org/10.59720/25-050

average surface brightness and the annular areas between
adjacent radii out to 5 kpc to derive a total luminosity of
2.1x10% Lo. To determine the total stellar mass enclosed
within 5 kpc, we multiplied the total luminosity by the published
M/L of 6.5 (the M/L scale is relative to that of the sun, which is
defined to be 1) (46).

Under some specific assumptions about the galaxy’s
geometry, symmetry, and stellar motion, which may or may not
hold in the case of NGC 1277, the discrepancy between total
mass determined using the rotation curve and the sum of all
the masses of the stars within the galaxy (or luminous matter)
and the central black hole can then be used to estimate the
fraction of dark matter making up the galaxy.
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