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Abstract

Understanding the diversity of star formation histories (SFHs) of galaxies is key to re-
constructing their evolutionary paths. Traditional models often assume parametric forms
such as delayed-t or exponentially declining models, which may not reflect the actual
variety of formation processes. We aim to assess what types of SFHs are consistent with
the observed present-day star formation rates (SFRg) and time-averaged star formation
rates ((SFR)) of galaxies in the Local Volume, without assuming any fixed functional form.
We construct a non-parametric framework by generating large ensembles of randomized
SFHs for each galaxy in the sample. For each SFH, we compute its predicted stellar mass
and present-day SFR and retain only those consistent with the observed values within a
20% tolerance. We then infer the statistical distribution of power-law slopes 7 (fitted as
SFR(t) o (t — tstart)") and 50% stellar mass formation times t59. Across the full sample of
555 galaxies, we find that ~70% have flat SFHs (|| < 0.01), ~24% are mildly declining
(n < —0.01), and ~6% are rising (7 > 0.01). In the low-mass bin (M, < 3 x 10° Mo),
rising SFHs slightly increase (~7%) but remain a minority as the majority have flat SFHs.
Both 7 and t5y correlate strongly with the SFR ratio (Spearman p > 0.75, p < 10719),
indicating that the shape and timing of star formation are primarily governed by this
ratio. The t5q distribution shows sharp spikes near 7.74 and 7.86 Gyr, which we attribute to
grid discretization combined with filtering, rather than a physical bimodality. Our results
confirm that strongly declining SFH templates are disfavored in the Local Volume: most
systems are consistent with flat long-term SFHs, with only mild decline or occasional
rising. Importantly, this is demonstrated through a fully model-independent, data-driven
approach, with per-galaxy uncertainties quantified using the standard error of 77 and t5
from the ensemble of accepted SFHs.

Keywords: galaxies; evolution—galaxies; star formation—galaxies; statistics—Local Group
methods; statistical methods; numerical

1. Introduction

Understanding how galaxies form their stars over cosmic time is a central objective
in galaxy evolution studies. A galaxy’s star formation history (SFH) traces its cumulative
growth, encoding the effects of internal processes such as gas accretion, feedback, and star
formation efficiency, as well as external influences including interactions, environmental
quenching, and cosmological gas supply. Accurately characterizing SFHs is essential for
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connecting observed properties such as stellar mass, morphology, and chemical composi-
tion to theoretical models of structure formation.

Traditionally, SFHs are modeled using simple parametric forms such as exponen-
tially declining, delayed-t, or lognormal models (e.g., Speagle et al. [1], Pacifici et al. [2]).
Among these, the delayed-t model is commonly adopted in SED-fitting and semi-
analytic frameworks:

SPR(t) o (L=l o=t M

where t is the time since the begining of the Universe and ts,+ is the time the galaxy
began to form its first stars, and 7 is the characteristic time-scale. These models assume
that star formation peaks early and declines over time—an assumption often motivated
by the observed apparent decrease in the cosmic star formation rate density since z ~ 2
(Madau and Dickinson [3]). While these forms are mathematically tractable and represent
ensemble properties, they may not accurately reflect the full diversity of SFHs, particularly
for low-mass, gas-rich, or isolated systems (Iyer and Gawiser [4]).

Recent observations of galaxies in the Local Volume (LV)—the nearby ~ 10 Mpc
region—have provided direct constraints on galaxy-scale star formation. Using tracers such
as Ha emission and ultraviolet fluxes, current star formation rates (SFR() can be measured
independently of past histories. In a comprehensive study, Kroupa et al. [5] compiled a
homogeneous catalog of 582 galaxies in the LV, estimating both SFRy and time-averaged
star formation rates (SFR) over the lifetime of each galaxy. Surprisingly, they found that a
large fraction of galaxies exhibit ratios SFR(/ (SFR) > 1, suggesting either constant or even
increasing star formation activity until the present epoch. These findings are consistent
with earlier studies based on Ha imaging and UV SFRs in nearby galaxies (Karachentsev
et al. [6], Hunter et al. [7]).

This result presents a challenge to the delayed-t framework, which naturally predicts
SFR) < (SFR) due to exponential decline. The findings by Kroupa et al. [5] suggest that
galaxies—especially dwarfs and irregulars—may follow flatter or rising SFHs that are
inconsistent with common template assumptions.

To reconcile this, Haslbauer et al. [8] proposed assigning each galaxy an analytically
fitted SFH—either delayed-T or power-law—such that its observed SFRj and inferred
stellar mass are reproduced. This approach allowed them to reconstruct a resolved cosmic
SFH for the Local Universe and provided important insight into population-level evolution.
However, by design, their method still assigns one specific parametric form per galaxy,
limiting the exploration of alternative or degenerate solutions.

In this work, we develop a complementary, model-independent framework for SFH
inference. Instead of assuming a functional form, we generate large ensembles of stochastic
SFHs for each galaxy and retain only those histories that simultaneously reproduce the
observed SFRy and estimated stellar mass M, (inferred from (SFR)). This filtering pro-
cess yields a distribution of viable SFHs for each system, reflecting the uncertainty and
degeneracy inherent in indirect SFH reconstruction.

From each accepted SFH, we extract two key diagnostics:

e The SFH slope 7, obtained by fitting a power law of the form SFR(t) o (t — tstart)".
®  The formation time fs59, defined as the time when 50% of the stellar mass has formed.

We then analyze how 5 and t5) vary as a function of SFRy/(SFR), and whether
galaxies with different star formation activity exhibit systematically different SFH shapes.
Our method enables a statistical, non-parametric test of whether rising, flat, or declining
SFHs are permitted by present-day constraints.

Our results confirm and extend the conclusions of Kroupa et al. [5]: galaxies with high
current SFRs relative to their historical average are only compatible with flat or rising SFHs,
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whereas declining histories are statistically ruled out for most such systems. Importantly,
this conclusion emerges not from any assumed SFH form, but directly from the ensemble
of histories allowed by the data. This approach provides a flexible, probabilistic foundation
for SFH inference in low-redshift galaxies and sets the stage for future extensions to higher
redshift and chemically enriched populations (Weisz et al. [9], Tacchella et al. [10]).

2. Observational Constraints

Our analysis is based on the LV galaxy catalogue compiled by Kroupa et al. [5] based
on Karachentsev et al. [11] and Karachentsev et al. [6], which includes 582 galaxies within
approximately 10 Mpc. This sample was specifically constructed to assess present-day star
formation activities in the nearby Universe and provides homogeneously measured esti-
mates of both the current star formation rate (SFRy) and the time-averaged star formation
rate ((SFR)) for each galaxy.

Star formation rates in the LV sample are derived using a combination of far-ultraviolet
(FUV) and Hu, corrected for internal extinction where applicable. This multi-wavelength
approach mitigates the systematic biases associated with any individual tracer by capturing
both unobscured star formation (traced by FUV and Ha). The resulting SFR estimates are
thus more robust than those derived from a single indicator, particularly in heterogeneous
galaxy populations. The sample spans a broad range in stellar mass (10°~10'° M), mor-
phological type (including dIrr, and late-type spirals), and star formation activity, with SFRg
values ranging from 10~ to 1 M, yr~! (Kroupa et al. [5]).

For each galaxy, we compute an estimate of its stellar mass using

<SFR> - tof
7@ ,

where t¢ = 12 Gyr reflects the star-forming lifetime, from fgart = 1.8 Gyr to the present

M* - (2)

epoch at t = 13.8 Gyr, and { = 1.3 is a correction factor accounting for stellar mass loss due
to winds and supernovae over time assuming an invariant canonical IMF (Kroupa et al. [12],
Jerabkova et al. [13], Gjergo et al. [14]).

We apply quality cuts by excluding galaxies with unphysical or undefined val-
ues—specifically, any with SFRy < 0 Mg, /yr or (SFR) < 0 Mg /yr. The remaining sample
constitutes our working dataset, which includes galaxies with active, quiescent, and inter-
mediate star-forming states.

To quantify each galaxy’s current activity relative to its historical average, we define

the di ionless SFR rati
e dimensionless ratio as SFRy

R = [SFR)”

©)

This parameter serves as the primary control variable in our analysis. The values of SFRg
and (SFR) adopted here are those compiled by Kroupa et al. [5] for the Local Cosmological
Volume sample and are not recalculated in this work. This ensures that the derived ratios
R = SFRy/(SFR) are directly comparable to the observational analysis of Kroupa et al. [5].
A value of R ~ 1 corresponds to flat SFHs; R > 1 implies recent starburst or rising
activity, and R < 1 indicates a galaxy that formed most of its stellar mass in the past
and is now quenched or declining. Across our sample, R spans more than two orders of
magnitude, from ~0.01 to >10, allowing us to probe a wide spectrum of evolutionary states
in a statistically meaningful way.

These parameter choices ensure consistency with earlier MOND and IGIMF-based
studies: the star-forming timescale t;y = 12 Gyr corresponds to the interval from
tstart = 1.8 Gyr (post-reionization onset of sustained star formation) to the present epoch
(t = 13.8 Gyr), while { = 1.3 accounts for stellar mass loss due to winds and
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supernovae [5,8]. This guarantees direct comparability between our derived M,, (SFR)
and the values used in these previous works.

3. Method: Random SFH Generation and Filtering

Our method employs Monte Carlo sampling of stochastic SFHs with rejection based
on observational constraints, enabling us to reconstruct the statistically allowed ensemble
of SFHs without assuming any functional form. Out of the 582 galaxies in the sample, we
retained 555 systems with reliably measured, positive values for SFRj and (SFR) (SFR; > 0
and (SFR) > 0). The remaining 27 objects, which had non-detections or formally negative
SFR estimates, were excluded to avoid undefined or non-physical (SFRy/ (SFR)). For each
galaxy, we generate 10* randomized SFHs and apply filtering criteria based on its observed
star formation rate (SFRg) and estimated stellar mass (M,). This process allows us to
reconstruct the full range of possible SFH shapes that reproduce a galaxy’s current state
without relying on any predefined functional form.

3.1. Time Grid and SFH Generation

We define a uniform time grid between fgart = 1.8 Gyr (onset of star formation)
and thow = 13.8 Gyr (present cosmic time), discretized into 100 equal steps. We adopt
tstart = 1.8 Gyr to represent the onset of sustained star formation after cosmic reionization,
consistent with Kroupa et al. [5] and Haslbauer et al. [8]. At each step t;, a random star
formation rate is drawn from a truncated Gaussian distribution:

SFR(t;) ~ |N(1,0.5)], (4)

where N (u, o) denotes a Gaussian distribution with mean # = 1 and standard deviation
o = 0.5 (in the dimensionless units of the raw SFH), taking the absolute value then enforces
SFR(t;) > 0 (where the absolute value ensures all star formation rates remain positive).
This random sampling permits a wide variety of SFH shapes—from bursty to steady to
fluctuating forms—without imposing specific physical models or smoothness constraints.

Each raw SFH is then normalized so that its time-integrated stellar mass equals unity:

tnOW
/ SFRnomm (1) dt = 1. 5)

Estart
This normalization ensures that the shape of the SFH can be separated from its amplitude
when comparing to galaxy-specific quantities.
3.2. Scaling and Filtering

To convert the normalized SFH to physical units, we scale it by the estimated stellar
mass of the galaxy, computed as described in Section 2. The scaled SFH is given by

SFRscaled(t) = C - M, - SFRnorm(t)/ (6)

where ¢ = 1.3 accounts for stellar mass loss due to winds and supernovae, consistent with
previous studies (e.g., Madau and Dickinson [3], Leitner and Kravtsov [15]).

For each galaxy, we retain only those randomised SFH (out of the 10%) that simultane-
ously satisfy the following constraints:

|SEROdel — SFROPS| < 0.2 SFRGS, 7)
| Model — MOPS| < 0.2 MO, ®)
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These acceptance thresholds ensure that the SFHs are tightly anchored to the observed prop-
erties while allowing for moderate observational uncertainties and stochastic variability.
The resulting subset of accepted SFHs defines a statistically viable ensemble for each galaxy.
(The Catalogue of Neighboring Galaxies Karachentsev et al. [6], Karachentsev et al. [11]
does not list formal measurement uncertainties on either the integrated Ha /FUV SFRs or
the stellar masses. Following Haslbauer et al. (2024), we therefore adopt a conservative
+20% tolerance on both quantities when filtering our Monte Carlo SFH realizations. This
£20% tolerance corresponds to typical systematic uncertainties in SFR indicators and in stel-
lar mass calibrations, ensuring consistency with the values adopted in Haslbauer et al. [8].
This choice effectively stands in for the missing catalog errors and encompasses typical
calibration and mass-to-light-ratio uncertainties at low redshift.)

3.3. Diagnostic Quantities

From each accepted SFH model we derive two quantities that describe its temporal
behaviour. For a given galaxy, there are N, accepted SFHs after the observational filtering
step. Each SFH is indexed by i = 1,2, ..., Nacc.

*  SFH slope #;: For the i-th accepted SFH we approximate the star-formation rate as a
power law in time,
SFRZ(t) (08 (t — tstart)m/ (9)

and determine #; via a linear regression in logarithmic space:
log,[SER;(f)] = #7;1og;(t — fstart) + const. (10)

The slope 7; provides a single-parameter measure of the SFH shape: #; < 0 corre-
sponds to declining histories, #; ~ 0 to approximately constant SFHs, and 7; > 0 to
rising histories. For each galaxy, we then compute the median of the 7; distribution,

7 = median (7;), (11)

which represents the typical SFH slope of that galaxy. All figures and correlations in
this work use this median value 7 as the galaxy-level diagnostic.

*  Formation time #59;: For each accepted SFH we define 5, ; as the time at which half
of the total stellar mass has formed:

t50 Enow

/ SER(H)dt = 0.5 [ SFR(t) d. (12)
Estart Estart

This quantity measures how early or late a given SFH assembles its stellar mass.

Analogously, we take the median over all accepted models for that galaxy,

t50 = median (t50,i>/ (13)

and adopt this t5y as the representative half-mass formation time used throughout
the analysis.

It is important to note that # is designed to trace the long-term trend of star formation
rather than individual burstiness. Short-timescale variability present in high-resolution
simulations (e.g., Renaud et al. [16]) is averaged out by our fitting procedure, such that
1 represents the overall slope of star formation across cosmic time. For each galaxy, we
compute #; and t50; across all accepted SFHs and adopt the galaxy-level estimates as the
medians 77 = median(#;) and t5p = median(tsp;). The associated uncertainties are the
standard errors of the medians, estimated as 0yeq ~ 1.2535/+/Nace from the same per-galaxy
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samples (where s is the sample standard deviation and Ny is the number of accepted
SFHs). For binned trends (Section 4.3), means and their standard errors are used instead.
Appendix A displays error bars as +0peq.

The distributions of 77 and 59 across the accepted ensemble are then summarized per
galaxy, allowing us to analyse population-level correlations and trends with observable
quantities such as SFRy/ (SFR) and M, in the following sections.

We adopt the median rather than the mean as the representative value for each galaxy
because the distributions of #; and t5; obtained from the accepted SFHs are typically
non-Gaussian and can exhibit asymmetric tails caused by stochastic filtering. The median
provides a robust estimator of the central tendency that is insensitive to outliers or skewed
distributions, ensuring that each galaxy’s diagnostic values reflect the statistically most
probable rather than the arithmetically averaged SFH behaviour.

3.4. Correlation Analysis

To quantify the statistical relationship between the SFR ratio R = SFRy/(SFR) and
the derived SFH properties, we compute both the Spearman rank correlation coefficient
and the Pearson linear correlation coefficient. Given two variables x; and y; fori =1,...,N
galaxies, the Spearman coefficient p is defined as

6 LN, (R —S;)?

=1V o)

(14)

where R; and S; are the ranks of x; and y; in the respective distributions. This non-
parametric measure assesses the strength of monotonic association between variables
and was originally introduced by [17].

For completeness, we also report the Pearson correlation coefficient 7, defined as

i (i — %) (yi — 7)
le (xi — %) Jz

which captures linear trends between x and y and was developed by [18].

(15)

In our analysis, we apply these statistics to the pairs (R, #) and (R, t59) across the
galaxy sample. The resulting coefficients and p-values are reported in Section 5, where we
discuss the strength and significance of these trends.

4. Results

We now analyze the distribution and correlations of SFH properties derived from the
filtered ensemble of accepted histories. For each galaxy, we compute the median power-law
slope # and formation time t5( across all accepted SFHs.

4.1. Distribution of yj and tsg

We first examine the overall distributions of the two key SFH diagnostic quantities,
the power-law slope 7 and the formation time ¢5p, computed as the median values across
the accepted SFHs for each galaxy. Quantitatively, across the full sample of galaxies, we
find that ~70% are consistent with flat SFHs (|7| < 0.01), ~24% are declining (7 < —0.01),
and only ~6% are rising (7 > 0.01). These fractions confirm that strongly declining
histories are rare, and that extended, nearly flat long-term activity dominates the Local
Volume population. The threshold of £0.01 in # serves as a tolerance zone: it prevents tiny
fluctuations or numerical noise from being misclassified as physical trends. For the low-
mass subsample (M, < 3 x 10° M), the relative fraction of rising cases is slightly higher
(~7%), though the majority (=74%) remain flat. Figure 1 illustrates the global fractions.
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Fractions of SFH types (¢ =0.01)

80 1

60 -

40

Fraction of galaxies (\%)

207 declining
flat
Il rising

All galaxies (¢ =0.01) Low-mass (M, <3 x 10°M,)

Figure 1. Fraction of galaxies classified as flat, declining, or rising SFHs based on the median slope 7.
Flat is defined as || < 0.01, declining as 7 < —0.01, and rising as 7 > 0.01. These thresholds reflect a
tolerance zone that prevents tiny fluctuations from being misclassified as trends. The left panel is for
all galaxies while the right panel is for galaxies with M, < 3 x 10°Mg,.

Figure 2 displays the distribution of 77 values. The majority of galaxies cluster tightly
around # ~ 0, indicating that flat star formation histories are statistically most favored
under the observational constraints. The distribution is sharply peaked and symmetric,
with a full width at half maximum of approximately Ay = 0.02 and a small but significant
tail extending to negative values. These tails represent systems with mildly declining SFHs,
though strong declines ( < —0.05) are rare, comprising only a few percent of the sample.
Very few galaxies exhibit # > 0.05, confirming that sharply rising SFHs are uncommon,
though not excluded.

Distribution of SFH slopes (n)

200 -

175 I
150 1 =

%]
()
=
> II
2 1001
(]
E 754
3
50

L

-0.15 -0.10 -0.05 0.00 0.05
n (Median SFH slope per galaxy)

Figure 2. Distribution of median SFH slope # across the galaxy sample. The distribution peaks near
n = 0, indicating that flat SFHs are statistically dominant. A small tail toward negative 1 suggests that
moderately declining SFHs are possible for some galaxies, but strongly declining or rising histories
are rare. The histogram contains 555 galaxies (see Section 3).
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Figure 3 shows the corresponding distribution of ¢5y values—the cosmic time at which
50% of a galaxy’s stellar mass has formed. Two sharp spikes are visible at 7.72 and 7.86 Gyr.
These do not reflect distinct galaxy populations but instead arise from the finite time grid
and the filtering procedure: many accepted SFHs converge on nearly identical half-mass
times when constrained by SFR and (SFR). Thus, the apparent bimodality is a numerical
artifact rather than a physical feature. Physically, the result implies that for the vast majority
of galaxies, half of the stellar mass was assembled relatively late—about 6 Gyr after the
Big Bang.

While a few galaxies exhibit t5y values extending to 8.3 Gyr, the absence of earlier
(e.g., tsp < 6 Gyr) systems suggests that strongly early forming SFHs are statistically
disfavored given the observed SFR ratios. This supports the interpretation that most Local
Volume galaxies, particularly in the dwarf regime, continue to form stars efficiently at late
times and have not experienced early quenching.

Distribution of tso across galaxies

N
(6]
o

N
o
o

150 -

100 -

Number of galaxies

501

7.4 7.6 7.8 8.0 8.2

tso (Median formation time [Gyr])
Figure 3. Distribution of t5y values across the galaxy sample. The strong peaks near t5y ~ 7.72 and
7.86 Gyr indicates that most galaxies formed half of their stellar mass relatively late in cosmic time.

The discrete structure arises from resolution limits in the time grid, but the concentration toward
recent formation is robust. The histogram contains 555 galaxies (see Section 3).

Taken together, these distributions suggest that the filtered SFHs favor extended or
slowly evolving star formation, with little support for rapid early formation or steeply
declining activity. This conclusion aligns with the observed SFR ratios presented in Kroupa
et al. [5], and further confirms that a large fraction of Local Volume galaxies are consistent
with prolonged or even sustained stellar mass growth.

4.2. Correlations with SFRy/ (SFR)

The correlation trends described below are quantified using the Spearman [17] and
Pearson [18] coefficients as defined in Section 3.4. To explore how SFH shape and formation
timing relate to observable star formation properties, we examine correlations between the
diagnostic quantities # and t59 and the SFR ratio

(16)

which serves as a proxy for a galaxy’s current star formation activity relative to its past average.



Universe 2025, 11, 352

90f18

Figure 4 shows a strong and coherent positive correlation between the SFH slope %
and R. Galaxies with low present-day SFRs compared to their historical average (R < 0.5)
predominantly exhibit negative values of #, indicative of declining SFHs. In contrast,
systems with R = 1 tend to cluster near 7 ~ 0, consistent with flat star formation over
cosmic time. Notably, galaxies with R > 1—those forming stars more vigorously now
than on average—show progressively more positive 7, with signifying rising SFHs. A
small number of galaxies show negative 1 values even at high R; these are consistent with
systems that underwent a recent burst followed by a rapid decline, or they may reflect
uncertainties in SFR( estimates.

This result directly confirms the expectation that the shape of a galaxy’s SFH must be
rising to reconcile high present-day SFRs with a given stellar mass. Since 7 is determined
non-parametrically from the filtered ensemble of SFHs, this trend arises statistically rather
than by model assumption.

SFH slope n vs. SFRo/{SFR)

°
0.05 0: "
—_ o e
08)' ! %®% ° 8 °
- 0.00 +—o——%2g W ... ﬁ——-u ----- ._ —
o
\m’ [} d [ ]
— —0.051 &, .
c ®
.0 o
g !
s —0.10+ (;
—0.151
°

00 05 10 15 20 25 30 35 4.0
SFRo / (SFR)
Figure 4. Scatter plot of the 555 median SFH slope # for each galaxy versus the observed SFR ratio
R = SFR(/ (SFR) (from Kroupa et al. [5]). Each point represents the median # from the ensemble of

accepted SFHs for that galaxy; medians are used because the underlying # distributions are often
skewed. Galaxies with higher R tend to exhibit rising SFHs.

Figure 5 displays the corresponding trend between f59 and R. A clear positive correla-
tion is again observed: galaxies with low SFR ratios tend to have earlier formation times
(tso ~ 7.6-7.9 Gyr), whereas systems with R > 2 typically show t5p > 7.9 Gyr. In other
words, galaxies that are currently forming stars more actively relative to their past have
also formed a larger fraction of their stellar mass more recently.

Although the t59 values are somewhat discretized due to the resolution of the time
grid, the overall trend remains significant and consistent with the 7—R correlation. Together,
these plots demonstrate that both the shape and timing of stellar mass assembly are strongly
tied to a galaxy’s present-to-past star formation ratio.

These correlations validate our non-parametric reconstruction method. Importantly,
the link between R and both # and t5y emerges naturally from filtering random SFHs
through observational constraints, without invoking fixed templates or priors. This demon-
strates that a galaxy’s current star formation activity carries substantial predictive power
regarding its past mass assembly history. The strength and significance of these correlations
are summarized in Table 1.
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Table 1. Correlation coefficients between SFR ratio and SFH diagnostics.

Rvs.n R vs. tsg
Spearman p 0.871 0.778
Pearson r 0.645 0.723
p-value <1071 <10716

Formation Time tso vs. SFRo/(SFR)

°
8.2 °
° o o
6‘ 8.0 1 ® em oo
= °
ﬁ » e 000 CHEE I W NGNS S B 0w O o °
©c 7.81 *® e °
° (R E— o o
764 ©® e o °
' °
®
7.4+

00 05 10 15 20 25 3.0 35 40
SFRo / (SFR)
Figure 5. Formation time t5p versus R = SFRy/(SFR) (from Kroupa et al. [5]). Points show median

tso values per galaxy with +0,,.q (standard error of the median) as vertical error bars; higher-R
galaxies form their stellar mass later.

4.3. Binned Trends

While median values are used on a per-galaxy basis to characterize the typical SFH
parameters, the binned relations shown below use the mean within each SFR-ratio bin. This
choice averages over multiple galaxies per bin to reveal population-level trends, where the
distributions are approximately symmetric. Using the mean here smooths statistical noise
and allows standard errors of the mean to be displayed as representative uncertainty bars.

To reduce scatter and highlight underlying patterns, we compute binned averages of
the SFH slope 17 and the formation time t5( as a function of the SFR ratio R = SFRy/ (SFR).
Galaxies are grouped into bins of R, and the mean diagnostic value is computed in each
bin, with error bars representing the standard error of the mean.

Figure 6 shows the binned trend of 7 as a function of R. The relation is smooth and
monotonic over nearly two orders of magnitude in the SFR ratio. Galaxies with R < 0.5
show mildly negative # values, indicative of gradually declining SFHs. Systems with R ~ 1
cluster around 7 ~ 0, confirming the consistency with flat SFHs, while galaxies with R > 1
exhibit increasingly positive #, corresponding to statistically rising SFHs.

This trend confirms that the SFH slope is strongly linked to the relative present-day
star formation activity. Importantly, the absence of significant scatter in this trend suggests
that # can serve as a robust statistical proxy for R, and vice versa.

Figure 7 presents the binned relation between t5p and R. A clear upward trend is
observed: galaxies with lower SER ratios have earlier formation times, while systems with
R > 2 exhibit t5y > 7.86 Gyr, indicating that a significant fraction of their stellar mass
formed at late times. The final bin (R > 3.5) shows the largest mean 59, consistent with
sustained or even accelerating star formation activity in these galaxies.
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Together with the # trend, this result reinforces the interpretation that galaxies with
high present-day SFRs relative to their mean are statistically younger in terms of stellar
mass assembly. These two diagnostics independently track the shape and timing of star
formation, and both exhibit strong, coherent dependence on R.

The smooth, monotonic nature of both trends across R suggests that the SFR ratio
alone encodes significant information about the recent star formation trajectory of a galaxy.
The consistent scaling of 77 and t5p with R provides a compelling, model-independent
confirmation of the physical linkage between a galaxy’s current star formation rate and the
statistical shape of its SFH.

Binned Mean SFH Slope vs SFR Ratio

0.01-
5
(0]
S 0.00-
£
[
& —0.011
(0]
=

—-0.021

05 1.0 15 20 25 3.0 35
SFRo / (SFR)
Figure 6. Binned mean SFH slope 7 as a function of the SFR ratio R = SFRy/ (SFR) (values of SFRy
and (SFR) from Kroupa et al. [5]). Each bin represents the mean 7 of galaxies falling within a given

range of R, with vertical error bars showing the standard error of the mean. Galaxies with R > 1
consistently exhibit rising SFHs, while those with R < 1 tend to have flat or declining histories.

Binned Mean Formation Time (tsg) vs SFR Ratio
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Figure 7. Binned mean formation time f59 as a function of the SFR ratio R = SFRy/(SFR) (from
Kroupa et al. [5]). Each bin represents the mean t5( of galaxies within a given range of R, with vertical

error bars corresponding to the standard error of the mean. Galaxies with higher R tend to form their
stellar mass later in cosmic time, consistent with sustained or rising SFHs.
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4.4. Dependence on Stellar Mass

Finally, we examine whether the inferred SFH slope # exhibits any systematic de-
pendence on stellar mass. This is motivated by longstanding observations that more
massive galaxies tend to form stars earlier and quench sooner—a trend commonly referred
to as “downsizing” (Cowie et al. [19], Thomas et al. [20], Yan et al. [21], Eappen et al. [22]).
In particular, star-forming galaxies have been found to be younger than massive ones [23].
If such effects were present in our sample, we might expect a correlation between 7
and the observed M,.

Figure 8 shows the scatter of 7 versus stellar mass for the full galaxy sample. Masses
span from M, ~ 107 M, to 10'* M, and are shown on a logarithmic scale. The blue circles
are the galaxies and the red dashed line is the best-fit relation,

Neie = (—0.0067 £ 0.0007) logo(M./Me) + (0.0503 £ 0.0055), (17)

This shows a statistically significant decline in the SFH slope with stellar mass. Specif-
ically, the best-fitting relation (Equation (17)) has a slope of ~ —0.007, indicating that
massive galaxies exhibit declining SFHs (17 < 0), while lower-mass systems remain consis-
tent with flat or slowly rising histories (7 ~ 0). When divided into mass bins, we find that
for M, < 3 x 10° Mg, approximately 7% of galaxies are rising, 74% are flat, and 19% are
declining, as shown in Figure 1. At higher masses, the distribution skews mildly negative,
consistent with more frequent declining SFHs. Although the galaxy-to-galaxy dispersion
is appreciable (0,7 ~ 0.05-0.10), the correlation remains robust (r = —0.40, p < 10’20),
providing quantitative evidence for the downsizing trend in our sample. The increased
scatter at the high-mass end likely reflects the greater diversity of SFHs among massive
systems. Haslbauer et al. [8] using the resolved-stellar-population catalogue finds a similar
pattern: the smallest dwarfs build up their mass late (rising SFR), while the largest galaxies
formed early and are now winding down (falling SFR).

SFH Slope n vs. Stellar Mass with Linear Fit
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Figure 8. Relation between the median SFH slope 7 and stellar mass M,. Each point corresponds
to one galaxy and shows the median 7 derived from its accepted SFHs. The red dashed line shows
the best-fitting linear relation (Equation (17)) in log;, M. As in previous figures, medians are used
because the #; distributions are often skewed, and 0y,,q4 provides a robust estimate of the uncertainty
on the median.The slight negative slope indicates a trend whereby more massive galaxies tend to
exhibit declining SFHs (results comparable to Haslbauer et al. [8]).
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This result implies that SFH shape is primarily governed by a galaxy’s relative star
formation activity—as captured by the SFR ratio R = SFR(/ (SFR)—rather than its absolute
scale. The lack of strong mass dependence suggests that galaxies of similar R can exhibit
comparable SFH slopes regardless of their mass, highlighting the diagnostic utility of R
as a tracer of SFH behavior across diverse systems. For completeness, we also provide in
Appendix A the full versions of Figures 4-8 with per-galaxy error bars.

5. Discussion

Our results provide a statistically grounded, model-independent confirmation of the
emerging view that most galaxies in the Local Volume are not well described by classical,
exponentially declining star formation histories. Instead, we find that flat and even rising
SFHs (for dwarf galaxies) are favored across a large fraction of our sample, particularly for
systems exhibiting high SFR,/ (SFR) ratios.

This conclusion aligns strongly with the findings of Kroupa et al. [5], who showed
that many nearby galaxies in the Local Cosmological Volume have current SFRs that are
comparable to their time-averaged SFRs. Using a sample of 582 galaxies, they argued that
declining SFH templates systematically underestimate stellar mass buildup times in such
systems and fail to capture ongoing star formation activity. Our results corroborate and
extend this claim: by explicitly reconstructing statistically allowed SFHs without assuming
any analytic form, we demonstrate that flat SFHs naturally emerge as the only viable
solutions. Independently derived SFHs from color-magnitude diagram (CMD) analyses
of resolved nearby dwarf galaxies (Massana et al. [24], Yang et al. [25]) similarly show
nearly constant SFRs over cosmic time. Although our method does not use those data
directly, the qualitative agreement between their CMD-based reconstructions and our
statistical inference provides an important external consistency check. This agreement with
CMD-based reconstructions for Local Group dwarfs and the Magellanic Clouds further
validates our statistical approach: both methods indicate that flat or gently varying SFHs
dominate, with only a modest minority of rising cases at the lowest masses (~7% for
M, < 3 x10° Mo).

This stands in contrast to methods that impose specific parametric forms on SFHs—such
as exponentially declining, delayed-t, or lognormal models—which are commonly used in
SED-fitting and semi-analytic models of galaxy evolution (e.g., Speagle et al. [1], Leja et al. [26]
but the findings in Pacifici et al. [2] imply that the standard approximation of exponentially
declining SFHs widely used to interpret observed galaxy spectral energy distributions
may not be appropriate to constrain the physical parameters of star-forming galaxies at
intermediate redshifts). For instance, Haslbauer et al. [8] explored the same Kroupa et al. [5]
sample but assigned each galaxy a best-fit analytic SFH from a family of power-law and
delayed-t functions. While that approach recovered similar trends in SFRy/(SFR), it
retained the assumption that each galaxy must follow a specific evolutionary trajectory.
Our findings show that when no such assumption is made, flat and rising SFHs emerge
statistically for a wide range of galaxies—suggesting that these forms are not merely fitting
artifacts but inherent to the observational constraints.

The clearest evidence for this comes from Figures 4 and 5 and their binned coun-
terparts. We find strong, monotonic correlations between the SFR ratio R and both the
SFH slope # and the formation time f59. These statistical trends, derived using the formal
methods presented in Section 3.4, are further quantified in Table 1, which reports both
Spearman and Pearson correlation coefficients and confirms the strength and significance
of the relationships. Galaxies with R < 0.5 predominantly exhibit declining SFHs (17 < 0)
and early mass assembly (t50 < 7.8 Gyr), consistent with a quiescent or fading popula-
tion. In contrast, galaxies with R > 1 show rising SFHs and late formation times, with
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ts0 > 7.9 Gyr in many cases. This statistically robust correlation supports the interpretation
that the current star formation rate relative to the long-term average is a strong predictor of
past growth behavior (see also [Madau and Dickinson [3]]).

Our findings are also consistent with trends seen in nearby dwarf galaxies, which are
thought to often exhibit bursty or stochastic SFHs and do not conform to smooth analytic
templates (e.g., Ting and Ji [27], Ren et al. [28]). In such systems, feedback, gas accretion,
and environmental effects probably play important roles in shaping star formation activity,
leading to histories that cannot be adequately captured by declining models. The predom-
inance of flat and rising SFHs in our sample—which is largely composed of low-mass,
irregular, and gas-rich galaxies—supports this physical picture. High-resolution cosmo-
logical simulations (e.g., FIRE, Auriga, NIHAO) predict strongly bursty star formation in
dwarfs. Our power-law slope 7 is not intended as a burst diagnostic but instead captures
the long-term trend. In this sense, our finding that most galaxies are flat or mildly declining
is complementary: despite short-term burstiness, their integrated growth remains extended
and nearly constant on multi-Gyr timescales.

Interestingly, we observe no strong dependence of # on stellar mass (Figure 8), sug-
gesting that SFH shape is not tightly coupled to a galaxy’s mass. This result contrasts with
the commonly observed trend of “downsizing,” in which massive galaxies are thought
to form earlier and quench sooner than lower-mass systems (Cowie et al. [19], Thomas
et al. [20], Yan et al. [21], Eappen et al. [22]). However, downsizing is primarily evident
in quenched, spheroidal populations, whereas our sample is dominated by gas-rich, star-
forming systems. In this context, our finding implies that star formation activity is more
closely linked to recent gas supply and regulation processes than to mass alone—consistent
with results from Tacchella et al. [10], who show that SFR variations in main-sequence
galaxies are better predicted by short-term accretion and feedback behavior than by total
stellar mass.

Methodologically, our approach demonstrates that it is possible to infer meaningful
properties of a galaxy’s SFH purely from two observables—SFR( and (SFR)—without
assuming any functional form or relying on stellar population synthesis. This opens
the door to new analyses of archival and resolved data using flexible, probabilistic SFH
modeling frameworks. For example, the same methodology could be extended to higher
redshift samples with better SFR estimates (e.g., from JWST or HST) or combined with
resolved CMDs and metallicity gradients to constrain detailed evolutionary pathways.

The predominance of flat and rising SFHs, combined with late formation times
(tso ~ 7.72-7.86 Gyr) in many low-mass galaxies, presents a potential challenge to predic-
tions from the standard ACDM cosmological framework. In ACDM-based hydrodynamical
simulations, low-mass galaxies are typically expected to form early and rapidly, with subse-
quent suppression of star formation due to internal feedback and cosmic reionization [29].
These processes produce declining or bursty SFHs, often with t5p < 6 Gyr. However, our
model-independent results suggest that many dwarf galaxies in the Local Volume are not
ancient relics but systems that have continued to build up their stellar mass until recent
epochs. The fact that such trends emerge solely from observational filtering, without assum-
ing any SFH model, further strengthens the case that early formation and quenching are not
ubiquitous among low-mass systems. This discrepancy may point to missing or incorrectly
calibrated physics in current ACDM models or may reflect a fundamental tension with
hierarchical formation at small scales.

In summary, our study confirms that rising and flat SFHs are not outliers, but the
statistically dominant histories permitted by observations of nearby galaxies. These results
caution against the default use of declining SFH assumptions in low-redshift studies and
underscore the importance of non-parametric modeling in capturing the diversity of galaxy
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growth. The strong link between SFR ratio and SFH slope, together with no strong mass
dependence, suggests a physically intuitive picture in which galaxies are shaped more by
current gas accretion and internal feedback than by total mass—reinforcing the emerging
view of galaxy evolution as an extended, rather than impulsive, process.

6. Conclusions

In this work, we have developed and applied a non-parametric, statistically grounded
framework to reconstruct star formation histories (SFHs) for galaxies in the Local Volume,
using only two directly observable quantities per system: the present-day star formation
rate (SFRy) and the time-averaged star formation rate ((SFR)). For each galaxy, we generate
10* randomized SFHs and retain only those that satisfy dual constraints on SFRy and stellar
mass (M), thereby defining an ensemble of viable histories compatible with the data.

From this filtered ensemble, we extract two key diagnostic quantities: the power-law
slope 7, which quantifies the overall SFH shape, and the formation time t59, which indicates
when half of the stellar mass was assembled. Our methodology avoids the assumptions of
analytic SFH templates, enabling a flexible and physically transparent exploration of what
the data actually permit.

Our main conclusions are as follows:

e Galaxies with SFR( 2 (SFR) are statistically consistent only with flat or rising SFHs.
Declining SFHs (i.e., # < 0) are disfavored under the observational constraints.
This result confirms and extends previous findings based on parametric models
(e.g., Kroupa et al. [5]). Low-mass galaxies typically have slightly rising SFRs (y > 0)
while massive star-forming galaxies have slightly decreasing SFRs (1 < 0), consistent
with previous results.

*  The SFH slope 77 and the formation time 50 both exhibit strong monotonic correlations
with the SFR ratio R = SFR(/(SFR). Galaxies with higher R tend to have rising
SFHs (7 > 0) and later t5p values, implying prolonged or accelerating stellar mass
assembly. Correlation coefficients exceed p > 0.75 in both cases (Spearman rank),
with p < 10716

¢  The majority of galaxies have t5) ~ 7.72-7.86 Gyr, suggesting that stellar mass as-
sembly has continued until relatively recent cosmic times. This is especially true for
galaxies with high present-day SFRs.

* No strong trend is observed between SFH slope and stellar mass. This implies that
SFH shape is not driven by galaxy mass but is more closely linked to the balance
between current and historical star formation activity—potentially reflecting local
regulation processes such as gas accretion and feedback.

These findings reinforce the conclusion that standard declining SFH models—such
as delayed-T or exponential templates—may be inappropriate for describing star-forming
galaxies in the nearby universe, particularly in the dwarf and irregular regimes. By re-
moving assumptions about SFH functional form, our method recovers the full range of
evolutionary paths consistent with observational data.

The framework introduced here can be readily extended. Future studies could incor-
porate additional constraints such as metallicity evolution, burst indicators, or resolved
stellar population data. It is also well suited for higher-redshift applications, where SFRg
and (SFR) may be estimated from grism spectroscopy, broadband SED fitting, or machine
learning reconstructions. Overall, our results highlight the power of data-driven SFH
inference and provide a new, flexible tool for interpreting galaxy evolution across diverse
environments and mass ranges.

Statistically, most galaxies in our sample are best described as consistent with flat
long-term SFHs: ~70% fall within || < 0.01, while ~24% tilt toward mild decline and only
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~6% toward rising. Thus, although rising histories are present (especially in the low-mass
bin, ~7% for M, < 3 x 10° M), the majority of galaxies cannot be distinguished from
flat within the observational uncertainties. This reinforces the conclusion that strongly
declining templates are disfavored in the Local Volume, while leaving open the possibility
of modestly rising SFHs in some dwarfs—fully consistent with the results obtained by
Kroupa et al. [5] and Haslbauer et al. [8].
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Appendix A. Per-Galaxy Error Bars on 7 and s

Figures A1-A3 present the same relations shown in the main text (Figures 4-8) but in-
clude per-galaxy uncertainty ranges. For each galaxy, we compute the distribution of the
SFH slope # and the half-mass formation time ts5y across all accepted SFHs from the Monte
Carlo ensemble. The central markers show the median values, and the vertical bars denote
+0med (standard error of the median) computed from the accepted SFHs of each galaxy.
This captures the intrinsic stochastic spread arising from the random SFH realizations and
from the adopted +20% filtering tolerance on SFRy and M,. The error bars are omitted
from the main figures for visual clarity but are provided here for completeness.
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Figure A1l. Same as Figure 4 with error bars £0y,.4 (standard error of the median) computed from the
accepted SFHs of each galaxy. The very small error bars in the central region arise because the majority
of galaxies exhibit tightly clustered, nearly flat SFHs (17 ~ 0), yielding a small statistical dispersion.
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Formation Time tso vs. SFRo/{(SFR) — with o error bars
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Figure A2. Same as Figure 5 with error bars +0;,,.4 (standard error of the median) computed from
the accepted SFHs. The uncertainties are smallest for intermediate R values where the accepted SFHs
converge to similar half-mass formation times (t59 ~ 7.75-7.85 Gyr), indicating robust consistency
across the sample.
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Figure A3. Same as Figure 8 with error bars 0,04 (standard error of the median) per galaxy. The
small scatter and correspondingly small 0;,,.4 around intermediate masses reflect that most galaxies
exhibit flat SFHs (7 ~ 0), while larger uncertainties at the extremes stem from smaller sample sizes
and greater intrinsic diversity.
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