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Internal kinematics of galaxies, traced through the stellar rotation curve or two dimensional ve-
locity map, carry important information on galactic structure and dark matter. With upcoming
surveys, the velocity map may play a key role in the development of kinematic lensing as an as-
trophysical probe. We improve techniques for extracting velocity information from integral field
spectroscopy at low signal-to-noise (S/N), without a template, and demonstrate substantial advan-
tages over the standard Penalized PiXel-Fitting method (pPXF) approach. We note that Robust
rotation curves can be derived down to S/N ≈ 2 using our method.
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I. INTRODUCTION

The importance of the internal kinematics of galaxies
in the fields of cosmology and astrophysics cannot be un-
dermined. Galaxy dynamics are pivotal in understand-
ing galactic structures, comprehending galaxy dynamics
within clusters, and offering vital insights into unraveling
the enigmas of dark matter. Dark matter, an essential
component of the Universe, holds indispensable clues to
solving numerous cosmological questions. However, its
elusive nature, characterized by a lack of interaction with
baryonic matter, poses significant challenges to its com-
prehension.

The existence of an anomalous gravitational field
in and around galaxies was first suggested by Zwicky
through observations of velocity dispersion for galaxies
in the Coma cluster [1]. This was the first discovery of
dark matter. Subsequently, discrepancies in the galaxy
rotation curve compared with the optical stellar disk were
reported, indicating the presence of an unknown source of
gravitational field at the outskirts of galaxies [2]. Further
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studies of spiral galaxies confirmed the existence of dark
matter at their outskirts [3–5]. As the galaxy rotation
curve provides evidence for the presence of dark matter,
the accurate estimation of these curves has become in-
creasingly important in contemporary astrophysics.
There have been numerous significant discoveries in

galaxy dynamics, including the Fundamental plane [6, 7]
and Fabor-Jackson relation [8] for elliptical galaxies, and
the Tully-Fisher relation [9] for spiral galaxies, and so
on. The measurements of line-of-sight (LOS) galaxy dy-
namics are important for understanding the dark matter
distribution within galaxies. [10–14].
For observations, the Integral Field Unit Spectroscopy

(IFU) has become increasingly important. IFUs of-
fer spectral information across a spatially extended
field of view, facilitating extended spectral observa-
tions of astronomical objects such as nebulae and
galaxies. Several large-scale surveys have been con-
ducted, including CALIFA (https://califa.caha.es/) [15,
16], SAMI (https://sami-survey.org/) [17, 18], MaNGA
(https://www.sdss4.org/surveys/manga/) [19, 20], and
KMOS (https://www.mpe.mpg.de/ir/KMOS3D/) [21,
22], have compiled IFU databases of thousands of galax-
ies.
In traditional methods, determining galaxy kinemat-
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ics involves matching spectra through spectral template
fitting [23–28]. However, these methods heavily rely on
templates, making it challenging to accurately estimate
LOS velocities in low S/N galaxies or on the outskirts
of galaxies. For instance, the Penalized PiXel-Fitting
Method (pPXF) [23, 28, 29], which is a technique used
in Spectral Energy Distribution (SED) fitting. It employs
maximum penalized likelihood to determine the LOS ve-
locity distribution. Nevertheless, this method also strug-
gles with high uncertainty when dealing with low S/N
data.

Recently, [30] introduced a model independent ap-
proach for measuring LOS velocities using cross-
correlation with iterative smoothing to calculate galaxy
rotation curves. They showed the effectiveness of this
method for high S/N galaxy, while also suggesting its po-
tential applicability for low S/N galaxies. Following this,
[31] used a model independent method across a 2D array
of spaxels (spectral pixels: datacube with angular posi-
tion plus spectrum) from an integral field spectrograph
to determine galaxy rotation curves. They improved the
robustness of the method, enabling results for lower S/N
data, and extended this approach from 1D to 2D, suc-
cessfully reconstructing a 2D galaxy stellar velocity map.

In this paper, we present an enhanced template-free
technique designed to calculate the velocity differences
between a pair of spaxels. This method utilizes it-
erative smoothing and cross-correlation techniques ap-
plied to IFU data spectra, as discussed in [30]. Specif-
ically, we aim to address the challenges posed by high
noise data in reconstructing galaxy rotation curves, fo-
cusing on extremely low S/N MaNGA galaxies. By esti-
mating Doppler shifts through the cross-correlation of
spectra, along with both smoothing and the selection
of the particular parts of spectra, we successfully cal-
culate the rotation curves for low S/N galaxies. Our
method offers several advantages over standard methods
as it does not require templates and is not dependent on
specific individual features. Furthermore, our approach
demonstrates outstanding performance, particularly for
low S/N galaxies, compared to other methods such
as pPXF (https://pypi.org/project/ppxf/) and Marvin
(https://pypi.org/project/sdss-marvin/), the tool which
is used to analyze and visualize the MaNGA data [32].
Additionally, we validate the consistency between our re-
sults and other results obtained for the high S/N galaxy.
In summary, our method exhibits robust performance re-
gardless of S/N levels.

This paper is organized as follows. In Section II, we
explain the novel approach used in this paper, compris-
ing iterative smoothing and cross-correlation, and apply
these techniques to analyze low S/N MaNGA galaxies.
Following that, we present results and analysis based on
galaxy rotation curves for each galaxy in Section III. In
Section IV, we compare our rotation curves with the tra-
ditional pPXF results. Finally, we conclude and discuss
future works in Section V.

TABLE I. The details of 10 low S/N MaNGA galaxies used
in this paper are presented, with the galaxies sorted by their
median S/N . For galaxy #6, no redshift information is avail-
able in the MaNGA database. Galaxy #0 is included as a
“Good” quality galaxy for comparison purposes.

No. Name z median S/N
#1 12495-12704 0.0450 5.55
#2 11950-12703 0.0966 4.46
#3 12495-12703 0.0689 3.87
#4 11950-12701 0.0413 3.53
#5 12490-12703 0.0386 3.00
#6 11950-12705 - 2.55
#7 12491-12702 0.0390 2.44
#8 12490-9102 0.0392 1.97
#9 12495-3702 0.0430 1.94
#10 12495-12701 0.1219 1.64
#0 7991-12701 0.0289 27.8

II. METHODOLOGY

The aim is to map out the rotation curves of galax-
ies, i.e., the differential velocity as they rotate around
their center. By observing the flux of the galaxy through
a spectrograph, we can gather information about each
spaxel in the 2D array. When comparing one spaxel to
another, we can detect LOS wavelength shifts due to the
Doppler effect caused by the rotation of the galaxy. For
instance, the spaxel moving away from the observer will
have a redshift compared to the center, while the oppo-
site side of the spaxel will have a blueshift. Consequently,
we can determine the velocity difference ∆V relative to
the central spaxel.
In this paper, we analyze 10 low S/N MaNGA galax-

ies using iterative smoothing and cross-correlation meth-
ods to estimate the galaxy rotation curve as suggested
in [30]. Table I presents the details of the selected 10 low
S/N galaxies used in this paper, including their number,
name, redshift, and median S/N . The galaxies are sorted
by their median S/N , and henceforth we will refer to each
galaxy by its number. For example, #2 11950-12703 is
referred to simply as #2. [30] presents a novel approach
employing iterative smoothing followed by spaxel cross-
correlation, which was validated using simulated data
and applied to a real galaxy, and further tested in [31]. To
estimate the rotation curve, we select an axis including
the central spaxel in the 1D array, typically the galaxy
major axis is selected.
In the next subsections, we introduce the details of

iterative smoothing, cross-correlation to calculating ∆V ,
and some technical aspects for applying them to low S/N
galaxies.

A. Iterative smoothing for the galaxy spectra

Traditional fitting methods like pPXF fit raw, noisy
stellar population spectra using model stellar templates.

https://pypi.org/project/ppxf/
https://pypi.org/project/sdss-marvin/
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Our template-free method uses both raw and smoothed
spectra to handle noise; raw spectra shapes are often un-
suitable for direct cross-correlation due to observational
noise, which can sometimes obscure the true wavelength
shift from the Doppler effect. Thus, we have adopted
the iterative smoothing method using a Gaussian ker-
nel, as described in [33–36]. This smoothing renders our
method less sensitive to noise and eliminates the reliance
on strong spectral features.

The smoothed spectrum obtained in the n-th iteration
step from the previous (n− 1)-th step is given by

F s
n(λ) = F s

n−1(λ) +N(λ)
∑
i

Fobs (λi)− F s
n−1 (λi)

σ2
obs (λi)

× exp

[
− (λi − λ)

2

2∆2

]
, (1)

where

N(λ)−1 =
∑
i

exp

[
− (λi − λ)

2

2∆2

]
1

σ2
obs (λi)

. (2)

Here, Fobs(λi) and σobs(λi) represent the i-th data
point and its uncertainty. F s

n−1(λ) is the smoothed spec-
trum calculated from the previous iteration, starting with
a first guess model F s

0 (λ). N(λ) is a normalization factor,
and ∆ is the width of smoothing.

In this cycle, the first iteration begins with F s
0 (λ) =

constant. The result of the first smoothing is F s
1 (λ), the

next iteration calculates F s
2 (λ) and so on. With a suf-

ficient number of iterations Nit the results tend to be
independent of the initial guess model, and moreover the
smoothed fit generally captures the essential features in
the actual data at the applied smoothing scale.

The smoothing scale ∆ plays an important role in han-
dling the noise for low S/N galaxies. In Section IIC, we
discuss the impact of different choices of ∆ values on the
final results.

B. Calculating ∆V using cross-correlation

To obtain the LOS velocity difference ∆V between a
pair of spaxels, we cross-correlate the two spectra at mul-
tiple wavelength shifts. We expect an excess power in the
correlation coefficient when the wavelength shift matches
the Doppler shift. To preserve the maximum information
in the data, while handling the noise, we employ one
raw and one smoothed spectrum. The weighted cross-
correlation coefficient between the spectra of two spaxels
A and B is

rAsB(∆V ) ≡ F s
A(λ+∆λ)⊗ FB(λ) =

∑
i wi ∆F s

A(λi +∆λi)∆FB(λi)√∑
i wi [∆F s

A(λi +∆λi)]
2
√∑

i wi [∆FB(λi)]
2
, (3)

FIG. 1. S/N ratio for fluxes in the spaxels is presented
for 10 different low S/N galaxies, as listed in Table I. Labels
indicating the names sorted by the median S/N for individual
galaxies (last number in the label). Galaxy #0 is included as
a reference for a “Good” quality galaxy. All of our other
galaxies have a low median S/N ≤ 5.55.

where ∆λi = λi (∆V/c), and ∆F = F − ⟨F ⟩w. We use
inverse variance weights wi = 1/σ2

Bi, where σBi is the
uncertainty of unsmoothed spectrum B, and the index i
runs over data points in wavelength. The maximum of
the correlation function determines ∆V .
The shifted smoothed spectrum F s

A(λi + ∆λi) is de-
rived from the original spectrum FA(λi) as described in
the previous subsection. Again note only one spectrum
is smoothed using Eq. (1), while the other is left unal-
tered. As a form of cross-validation, we then interchange
which of the pair is smoothed. That is, at first we cross-
correlate the shifted smoothed spectrum F s

A with the un-
smoothed spectrum FB , and get ∆VAB . Then we inter-
change their roles and do the same calculations to get
∆VBA, so we obtain the LOS velocity difference between
F s
B and FA. The correlation functions rAsB and rBsA

should ideally have their maximum at the same ∆V but
with opposite signs, i.e.

∆VAB ≈ −∆VBA . (4)

C. ∆V estimation for low S/N galaxies

Our major goal is to extend the cross-correlation and
iterative smoothing techniques for calculating galaxy ro-
tation curves to lower S/N galaxies. In [30] the method
demonstrated its effectiveness by analyzing a MaNGA
galaxy (#0 in Table I). In the Marvin database, galaxy
#0 is classified as “Good” quality data according to
MaNGA criteria and exhibits a high S/N , with S/N val-
ues of spaxels defined following [37]. Shown in Figure 1,
the S/N for this galaxy has a maximum of 47.5, and a
median of ∼ 27. In [31], the enhanced technique was
again applied to this galaxy and applied to simulations
of lower S/N galaxies.
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(a) 15 bins

(b) 30 bins

FIG. 2. The spectra of MaNGA galaxy #2 are shown for
three spaxels, labeled by the 2D position in the IFU grid, with
(37, 37) representing its central spaxel. Close to the central
spaxel, the spectra show similar shapes, but these can differ
for spaxels further away. The entire range is divided into 15
bins (top) and 30 bins (bottom), with contaminated regions λ
< 3850 Å and λ > 9850 Å discarded.

Here, to further evaluate our model independent
method’s performance for galaxies with low S/N ratios,
we select 10 additional MaNGA galaxies, all of which are
labeled with a“Warning” label in the MaNGA criteria.
All selected MaNGA galaxies have a median S/N be-
low 5.6, with spaxels away from the center approaching
S/N ≈ 1.
Therefore we adjust the technique with respect to spec-

tral bins and velocity consistency criterion. In [30, 31],
the entire spectra were divided into 4 wavelength bins for
galaxy #0, and the smoothing scale is set to ∆ = 1.5 Å
for iterative smoothing. Additionally, they imposed the
following consistency criteria to select the good bins for
cross-correlation:

|∆VAB +∆VBA| ≤ 0.05|∆VAB −∆VBA|
or ≤ 10 km/s. (5)

The velocity estimation is calculated with respect to
the central spaxel, and whichever is the looser criterion
of the two is adopted.

For low S/N galaxies these criteria are too restrictive,

(a) 37 ⊗ 40

(b) 40 ⊗ 37

(c) 37 ⊗ 56

(d) 56 ⊗ 37

FIG. 3. The correlation coefficient of galaxy #2 is shown as a
function of trial velocity difference ∆V with a smoothing scale
of ∆ = 6.0 Å. Two example spaxel pairs and their inverses
(smoothed on the other member of the pair) are shown; spaxel
(37, N) is simply referred to as spaxel N . The consistency
criteria check that the correlation coefficient for a given pair
and its inverse agree (with a minus sign); 11 wavelength bins
pass for the inner spaxel (40) while only 5 pass for the outer
(56) where the S/N ≈ 1. The gray region is the estimated
velocity and its uncertainty from the cross-validation check.
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making it challenging to find bins that fit into the criteria.
Moreover, determining the maximum cross-correlation
values becomes difficult if the pair of spectra differ too
much in shape, due to noise plus stellar population shifts
in different galaxy regions. Therefore, we divide the
spectra into 15 and 30 wavelength bins for more effec-
tive cross-correlation results. Figure 2 illustrates divided
spectra range into 15 and 30 bins respectively. In addi-
tion, we relax the consistency criteria for low S/N galax-
ies to

|∆VAB +∆VBA| ≤ 0.3|∆VAB −∆VBA|
or ≤ 20 km/s. (6)

Although we divide numerous bins and relaxed selec-
tion criteria from Eq. 6 to calculate cross-correlation, es-
timating galaxy rotation curves remains challenging. For
instance, it is still quite hard to estimate the velocity of
the outskirts of the galaxy because of too low S/N .

Figure 3 illustrates the cross-correlation coefficient for
galaxy #2, showing only the bins that passed the consis-
tency criteria of Eq. 6. To achieve cross-correlation with
good bins, we initially examine the trend of the rotation
curve around the central spaxel where the S/N is rela-
tively high, to determine if the rotation direction is clock-
wise or counterclockwise. Subsequently, based on this
determination, we selectively choose the bins exhibiting
the correct direction, as shown in Figure 3. For instance,
if ∆V is positive for spaxel (40), we exclusively consider
positive ∆V values for larger spaxels, such as for spaxel
(56). After cross-validation with the criteria based on
Eq. 6, the average value between ∆VAB and −∆VBA will
represent the ∆VAB of each bin. The mean and standard
deviation of all the passed bins will estimate final ∆VAB

and uncertainty respectively, as shown in the gray region
of Figure 3.

We implement several crosschecks to establish the ve-
locity through the cross-correlation. These include con-
sistency criteria upon switching which spectra of the pair
are smoothed, multiple wavelength regions for indepen-
dent analysis, and consistency between the 15 bins and 30
bins analysis. We further require that more than 25% of
wavelength bins pass to ensure reliable results. In other
words, when there are 15 bins and 30 bins, only cases
where at least 4 bins and 8 bins passed are selected re-
spectively. For example, in Figure 3, spaxels (40) and
(56) are considered reliable results because 11 and 5 out
of 15 bins passed, respectively. In situations where fewer
bins pass our criteria, we utilize interpolation. For in-
stance, if spaxel (N) only passes 3 bins, which is insuffi-
cient to meet our criteria, we omit the calculation of ∆V
for spaxel (N) and instead interpolate this point between
spaxels (N − 1) and (N + 1).
As expected, ∆V (relative to the center spaxel 37) for

outer spaxels with lower S/N becomes more challenging
to measure. We see that 11 out of 15 bins pass the criteria
for the inner spaxel (40), whereas only 5 passed for the
outer spaxel (56).

While calculating ∆V for all pairs of spaxels relative
to each spaxel might seem ideal, it introduces a challenge
due to the high correlation between them. This correla-
tion implies that calculated ∆VAB can significantly influ-
ence the velocity estimation not only for spaxel VA but
also for spaxel VB . Hence, spaxels in regions with lower
S/N might yield inaccurate results or introduce bias, af-
fecting not only their own velocity estimations but also
those of the higher S/N spaxels. To mitigate this issue,
we designate anchor spaxels around the central spaxel,
usually in the highest S/N region, and consider the ve-
locities of all spaxels with respect to only each of the an-
chor spaxels in our final calculation. This way we ensure
that the low S/N outer spaxels have minimal influence on
the velocity estimation of inner spaxels, thereby reducing
bias in the final calculation.
We set five anchor spaxels including the center spaxel,

with ± 2 intervals around the central spaxel for each
galaxy to calculate the galaxy rotation curve. For in-
stance, if the center spaxel for galaxy #2 is 37, then 33,
35, 37, 39, and 41 could be the anchor spaxels, result-
ing in a total of five spaxels being used. We calculate
all cross-correlations for those five spaxels as the center
and determine ∆Vij for all pairs of spaxels with respect
to each anchor. In ∆Vij , j runs over all anchor spax-
els, and i runs over all spaxels. Subsequently, we employ
the Hamiltonian Monte Carlo (HMC) method with the
pystan package [38] to obtain the final galaxy rotation
curves. ∆V and uncertainties are the mean and standard
deviation of the HMC results respectively.
Furthermore, a short smoothing scale ∆ = 1.5 Å does

not work well for low S/N galaxies due to noise fluctu-
ations. We tested a number of values for ∆ and found
that ∆ = 6.0 Å worked best. It will be discussed further
in Appendix A.

III. ROTATION CURVE RESULTS

Figure 4 and 5 present our derived velocities for the 10
low S/N galaxies with those obtained from stellar and
gas velocities in both pPXF and Marvin for the compar-
ison, respectively. They show the final LOS velocities
of the spaxels with respect to the centers of the respec-
tive galaxies. Recall that the median S/N ranges from
5.55 for galaxy #1 to 1.64 for #10. Even for the lowest
median S/N case, we obtain reasonable-looking rotation
curves and good consistency between the 15 and 30 bins
analyzes.

Both estimations from pPXF and Marvin involve two
different methods of velocity estimation: stellar veloc-
ity and gas velocity (Hα emission line of Balmer series).
The dark matter distribution dominates the mass within
galaxies, hence primarily driving the kinematics of the
baryons within it. Hence, the observed kinematical pro-
file is an essential tool in astronomy to model the dark
matter profile of a galaxy. Both estimations have dif-
ferent characteristics, and the connection between stellar
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(a) Galaxy #1 (b) Galaxy #2

(c) Galaxy #3 (d) Galaxy #4

(e) Galaxy #5 (f) Galaxy #6

(g) Galaxy #7 (h) Galaxy #8

(i) Galaxy #9 (j) Galaxy #10

FIG. 4. Galaxy rotation curves reconstructed for 10 low S/N MaNGA galaxies, shown for our method with 15 (blue) and
30 (orange) wavelength bins. We also plot the stellar velocity estimation for the comparison of traditional pPXF (green) and
Marvin results (pink). (Note for galaxy #6, no redshift information is available in the MaNGA database, hence no pPXF
result is shown.) In this low S/N regime, the method presented here appears robust, while pPXF and Marvin begin to exhibit
pathologies.
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(a) Galaxy #1 (b) Galaxy #2

(c) Galaxy #3 (d) Galaxy #4

(e) Galaxy #5 (f) Galaxy #6

(g) Galaxy #7 (h) Galaxy #8

(i) Galaxy #9 (j) Galaxy #10

FIG. 5. Same as Figure 4, but using Hα gas velocity estimation from pPXF and Marvin. Both pPXF and Marvin estimates
differ from the stellar velocity estimation, depending on the characteristics of galaxies. Note that in galaxies #1 and #4 where
the quality of data is better, we have impressive consistency between all estimations.
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FIG. 6. As in Figure 4, but for the high S/N galaxy #0.
In this case, we also plot the previous results from [30, 31]
(gray and purple). In this high S/N regime, the different
approaches match quite well.

and gas velocity and the mass profile of the galaxy de-
pends on the galaxy type. For example, there exists a
well-defined relation between stellar velocity dispersion
and mass, but this is limited to quiescent galaxies be-
cause these galaxies are dispersion dominated. On the
other hand, some galaxies could have strong outflows
from their central supermassive black hole, starbursts,
or supernova explosions, which would influence the gas
more significantly than the stars due to its fluid nature.
In this paper, we will assume a simplistic model of galaxy
dynamics ignoring the effects of these above-mentioned
disturbances. This is apt for our work, as the purpose
of this paper is to restricted to study of observed galaxy
dynamics and not delve deeply into the influence of dark
matter.

pPXF uses spectral features, such as stellar absorption
and gas emission, to estimate the dynamics, as well as
the spectral shape-profile to estimate the morphology of
a galaxy. Upon examining pPXF results, they appear to
perform well in estimating dynamics near the center for
galaxies with the highest median S/N galaxies. However,
for lower S/N galaxies, the dynamics derived from pPXF
tend to have significantly higher uncertainty. Therefore,
the pPXF results have diminished utility for low S/N
data. Interestingly, the effectiveness of different estima-
tion methods varies depending on the characteristics of
galaxies. For instance, galaxies #2 and #3 exhibit good
results for stellar velocity in Figure 4, while galaxies #1,
#4, and #5 show better performance for gas velocity in
Figure 5. Further discussion on this topic will be pro-
vided in Section IV.

On the contrary, Marvin results are unfortunately even
less reliable than pPXF in these situations in general. It
appears that Marvin results are more reliable for gas ve-
locity rather than stellar velocity, with unusually small
uncertainty. From Figure 4, Marvin fails to construct ro-
tation curves altogether for stellar velocity in most cases,
providing only a single or a few values, typically calcu-
lated only at the center of the galaxy. These rotation

curves are often flat, indicating either a lack of meaning-
ful data or a failed fit. In contrast, for gas velocity in
Figure 5, Marvin demonstrates better overall results, es-
pecially for galaxies #1, #4, and #5. They also exhibit
similar trends to those from pPXF. Consequently, Mar-
vin results are generally considered highly unreliable for
low S/N galaxies for stellar velocity. They demonstrate
better rotation curves for gas velocity compared to stel-
lar velocity. However, similar to pPXF, Marvin also can
only estimate velocities for relatively high S/N galaxies,
not for low S/N galaxies.
As a crosscheck, Figure 6 presents the rotation curve

for the high S/N galaxy #0, calculated under the same
conditions as Figure 4. Additionally, we include results
for stellar velocity from both pPXF and Marvin, and the
rotation curves estimated from [30, 31] for comparison.
Note our results are calculated from 15 bins and 30 bins
with smoothing scale ∆ = 6.0 Å, while results from [30,
31] were estimated from 4 bins with ∆ = 1.5 Å.
In this case, all results, including those from pPXF

and Marvin, appear consistent within uncertainty. Al-
though estimates from our larger ∆ value may lack pre-
cision compared to the smaller ∆ used previously, the
consistency remains noteworthy. And of course, for the
low S/N galaxies we find that the larger ∆ proves es-
sential to tame bias from the noise. Overall the iterative
smoothing plus cross-correlation techniques are found to
be effective across a wide range from high S/N galaxies
down to quite low S/N galaxies.

IV. COMPARISION WITH PENALIZED
PIXEL-FITTING (PPXF)

In this section, we focus on comparing our estimation
method with pPXF. These comparisons reveal intriguing
insights, particularly concerning the differences between
the estimations derived from stellar velocity and gas ve-
locity. Unlike pPXF, Marvin estimations lack strong
constraining power for stellar velocity estimation. How-
ever, pPXF generally produces better results for both
stellar and gas velocities compared to Marvin, especially
for higher S/N galaxies.
pPXF is a SED fitting code that uses maximum pe-

nalized likelihood in pixel space to solve for the line-
of-sight velocity distribution (LOSVD) described by a
Gauss-Hermite series of stars within either a stellar pop-
ulation or a galaxy spectra, including photometry. If
required, pPXF can also solve for likely multiple stellar
populations, their morphology, and can perform addi-
tional multi-component emission line fitting to study gas
emission. pPXF takes stellar population models from a
standard library, such as MILES [39, 40] and uses it to
find the best solution with multiple stellar populations
and morphology. Due to its simplicity and ease of use,
in the last few decades, pPXF has largely become the
standard SED fitting code for fitting stellar populations
and galaxy spectra in the optical. For our work, we have
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specifically fit one stellar component along with one gas
component for each of our spaxels within the galaxy us-
ing pPXF.

In [30], they compared their estimated velocity re-
constructions from different noise sets with the stan-
dard traditional fitting approach based on the pPXF,
using MILES templates. [30] showed that pPXF result
matched well for the low noise set, however, it does not
fit well for a high noise set, with larger errors for low S/N
cases. In general, S/N of the galaxy is the highest around
the center and it decreases gradually for the outskirt of
the galaxy as shown in Figure 1. Although the pPXF
method matched well in the central region, it failed to
accurately reflect the rotation curve in the outskirts of
the galaxy, corresponding to the low S/N region.

In Figures 4 and 5, we compare our estimations with
pPXF results for stellar and gas velocities respectively,
as we focus on the analysis of low S/N galaxies. As
previously shown by [30], pPXF is not accurate for low
S/N cases.

As discussed in Section III, the accuracy of estimation
varies depending on the specific characteristics of galax-
ies and their median S/N values. Generally, higher S/N
galaxies tend to exhibit closer agreements between our
estimation and those obtained from pPXF. For example,
galaxies #2 (median S/N = 4.46) and #3 (median S/N
= 3.87) in Figure 4 show a notable alignment between our
results and pPXF estimated from stellar velocity, par-
ticularly in the central regions where the S/N is high.
However, as we move towards the outskirts of galaxies,
discrepancies become more prominent, accompanied by
increased uncertainties. Galaxies #1 and #4 also demon-
strate good matches with our estimations. Conversely,
for galaxies with lower S/N values, such as those be-
low galaxy #5 (median S/N = 3.00), pPXF tends to
perform poorly, yielding unrealistic larger uncertainties
when it goes to the outskirts. In short, pPXF estima-
tions for stellar velocity start to improve significantly for
S/N ≳ 3.00.

On the other hand, pPXF estimations derived from gas
velocity in Figure 5 illustrate better performance com-
pared to those calculated from stellar velocity overall.
Notably, galaxies #1 (median S/N = 5.55) and #4 (me-
dian S/N = 3.53) show remarkable agreement across all
estimations. Galaxies #2 and #3, which gave satisfac-
tory results in stellar velocity, have numerous fluctuations
in gas velocity estimations. For galaxy #5 onward, such
as galaxies #5, #7, and #8, accurate estimations are
primarily confined to the central spaxels, with pPXF re-
sults deteriorating notably towards the edges. Moreover,
for galaxies with even lower S/N values, such as galax-
ies #9 and #10, pPXF estimations deviate significantly
from the expected patterns, indicating a loss of accuracy.

In summary, the two different estimations from pPXF
for stellar and gas velocities offer distinct perspectives.
Some galaxies exhibit better performance for stellar ve-
locity, whereas others show better alignment with gas
velocity due to the dependence on spectral lines. For rel-

atively higher S/N galaxies, pPXF could estimate rea-
sonable results, such as in galaxies #1, #2, #3, and #4.
Note that almost perfect agreement for galaxies #1 and
#4 with gas velocity, providing strong evidence support-
ing the consistency between our estimations and pPXF.
Despite their relatively higher S/N values, it is clear that
they still qualify under the category of low S/N galaxies.
Indeed, our estimation method demonstrates the capa-

bility to estimate accurate galaxy rotation curves regard-
less of the characteristics of galaxies. For example, while
galaxies #2 and #3 perform better for stellar velocity,
galaxies #1 and #4 show superior alignment with gas
velocity. Our estimations maintain consistency without
assuming any specific velocity profile, offering improved
precision as well.
From another perspective, there appears to be consis-

tency between our estimates and pPXF for the central
region around the anchor spaxel in some galaxies. How-
ever, pPXF fails to accurately reconstruct rotation curves
beyond certain boundaries. Specifically, some of the re-
sults at the edges have excessively large error bars. This
suggests that while pPXF can estimate rotation curves
around the center of galaxies, it struggles with accurately
capturing dynamics beyond certain regions.
In other words, the uncertainty of the pPXF result at

the outskirts of galaxies is significantly larger than ours,
sometimes leading to unrealistically large errors. It ap-
pears that pPXF results are unable to accurately esti-
mate the entire rotation curves for low S/N galaxies, es-
pecially at the edges of each galaxy. In particular, pPXF
results fail to reconstruct rotation curves when the me-
dian S/N is lower, as observed in galaxies #7, #8, #9,
and #10.
Additionally, considering the consistent results of Fig-

ure 6 and agreement in estimations from relatively higher
S/N galaxies such as galaxies #1, #2, #3, and #4, we
have shown that our estimated velocities remain consis-
tent regardless of the smoothing scale ∆ for higher S/N
galaxies. Moreover, our estimation shows robust perfor-
mance even for lower S/N galaxies. Therefore, we can
expect our velocity estimation from Figure 6 to be reli-
able even for lower S/N galaxies in Figures 4 and 5.
Consequently, our estimations outperform those from

pPXF in all low S/N galaxies, exhibiting consistent small
uncertainty regardless of S/N .

V. CONCLUSIONS AND DISCUSSION

Internal dynamics of galaxies, including the rotation
curves, provide valuable insights into revealing the prop-
erties of dark matter. They can be utilized not only for
investigating dark matter but also for creating velocity
maps in the development of kinematic lensing techniques
for upcoming surveys aimed at unveiling unsolved cosmo-
logical questions [41, 42]. Traditional methods for esti-
mating rotational velocity typically involve fitting a tem-
plate and calculating the velocity based on the Doppler
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shift of various spaxels.
In this paper, we explore a template-free approach

for estimating the velocity field in galaxies using itera-
tive smoothing and cross-correlation techniques applied
to the spectra of IFU data. We demonstrate the effective-
ness of this method by applying it to 10 very low S/N
MaNGA galaxies, illustrating its capability to produce
accurate velocity estimations in such challenging condi-
tions.

By comparing one spaxel to another, we can obtain
LOS wavelength shifts resulting from the Doppler effect
caused by galaxy rotation. Iterative smoothing of spectra
is applied before cross-correlation, which is crucial, espe-
cially for low S/N galaxies since raw spectra are often
contaminated by strong uncertainties that can obscure
the true wavelength shifts.

Cross-correlation is used to calculate velocity differ-
ences ∆V . We find that subdividing the spectra into 15
or 30 wavelength bins is crucial for estimation with low
S/N galaxies, since the spectra between pairs of spax-
els often have different shapes due to stellar population
shifts, with high noise complicating its recognition.

In our technique all of these different aspects are im-
portant: proper smoothing scales ∆, the number of bins
for cross-correlation, and the consistency criteria, to en-
able robustness for low S/N galaxies.
We carried out a direct comparison with the tradi-

tional fitting method of Penalized PiXel-Fitting (pPXF),
as well as the results provided by Marvin, using two dif-
ferent velocity estimations: stellar velocity and gas ve-
locity. Our velocity estimation method significantly out-
performs both pPXF and Marvin regardless of velocity
profiles, particularly at low S/N . pPXF struggles to cal-
culate rotation curves accurately for low S/N galaxies,
often resulting in near-zero velocities or unrealistically
large error bars. In contrast, our estimation method con-
sistently provides reliable results across all 10 galaxies
analyzed, passing several crosschecks, and demonstrat-
ing smaller uncertainty.

Indeed, an advantage of our approach is its indepen-
dence from any templates and specific velocity profiles,
as well as its lack of reliance on strong spectral features.
We do not need to consider the specific characteristics
of galaxies, which can vary widely and pose challenges
for accurate estimation, particularly in cases of low S/N
galaxies. This independence allows for more robust and
accurate estimations, making our method particularly ef-
fective in scenarios where traditional methods may strug-
gle due to low S/N .
In conclusion, our model independent approach to

galaxy velocity estimation, utilizing iterative smoothing
and cross-correlation methods, appears to be a clear im-
provement, particularly for galaxies with low S/N . We
have demonstrated the effectiveness of our method across
a range of S/N levels, down to median S/N = 1.64,
providing accurate estimations with smaller uncertainty.
Moving forward, we plan to extend our approach to
merge with that of [31] that goes from 1D to 2D, for

(a) 15 bins

(b) 30 bins

FIG. 7. The galaxy rotation curves for galaxy #2 are com-
pared using different smoothing scales ∆ = 1.5, 6.0, and 10.0
Å, with the spectra range divided into 15 bins (top) and 30
bins (bottom). We select ∆ = 6.0 Å as the main result of
this paper. Note that there are discontinuous regions around
anchor spaxels in ∆ = 1.5 Å.

reconstructing full 2D galaxy velocity maps in low S/N
galaxies.
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(a) 15 bins

(b) 30 bins

FIG. 8. The standard deviation of accepted bin estimates
for galaxy #2 (blue) and the average of 10 low S/N galaxies
(orange), as a function of ∆ for 15 bins (top) and 30 bins
(bottom). Note that the scatters are the greatest for ∆ =
1.5 Å, and they gradually decrease until reaching ∆ = 6.0 Å.
When ∆ ≥ 6.0 Å, the standard deviations saturate, showing
minimal change.

Appendix A: Comparison of Different Smoothing
Scale ∆

Estimating galaxy rotation curves for low S/N galaxies
is challenging, particularly due to their sensitivity to the
smoothing scale ∆. As discussed in Section IIC, a smaller
∆ = 1.5 Å for iterative smoothing is adequate for galaxy
#0 (median S/N = 27.8). However, this approach is not
suitable for low S/N galaxies.

Figure 7 illustrates the comparison of galaxy rotation
curves for galaxy #2 using three different ∆ values: ∆ =
1.5, 6.0, and 10.0 Å. For smaller ∆, such as ∆ = 1.5 Å,
we see overly small standard deviations and some artifi-
cial linear regions around the anchor spaxels, regardless
of the number of bins. When using smaller ∆ values,
cross-correlation performs well in the higher S/N region,
particularly around the anchor spaxels. However, beyond
certain boundaries, it produces a correlation coefficient
curve with excessive fluctuations and peaks, leading to
significant discontinuities despite dividing them into nu-
merous bins.

Interestingly, these discontinuities disappear when ∆
≥ 6.0 Å. Therefore, we evaluate the robustness of esti-
mation for five different values: ∆ = 1.5, 3.0, 6.0, 8.0,
and 10.0 Å. Figure 8 demonstrates the robustness of es-
timation as a function of ∆ for both galaxy #2 and the
average of 10 low S/N galaxies. It represents the scatter
of the standard deviation, i.e., the standard deviation of
the standard deviation. These scatters are largest for ∆
= 1.5 Å, and they gradually decrease until ∆ = 6.0 Å.
Beyond ∆ = 6.0 Å, they saturate and show almost no
change. This suggests that the scatter of the standard
deviation saturates after a certain ∆ for low S/N galax-
ies, supporting the robustness of the estimation when ∆
≥ 6.0 Å. Therefore, we choose ∆ = 6.0 Å for the optimal
result.
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