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- 銀河の星質量をSEDフィットで求めると、星形成史に依存する不定
性が大きく入る

- non-parametricな星形成を仮定してフィッティングすることにより、
その制度を大きく上げられる模様。
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ABSTRACT

The primary method for inferring the stellar mass (M⇤) of a galaxy is through spectral energy
distribution (SED) modeling. However, the technique rests on assumptions such as the galaxy star
formation history and dust attenuation law that can severely impact the accuracy of derived physical
properties from SED modeling. Here, we examine the e↵ect that the assumed star formation history
(SFH) has on the stellar properties inferred from SED fitting by ground truthing them against mock
observations of high-resolution cosmological hydrodynamic galaxy formation simulations. Classically,
star formation histories (SFHs) are modeled with simplified parameterized functional forms, but these
forms are unlikely to capture the true diversity of galaxy SFHs and may impose systematic biases with
under-reported uncertainties on results. We demonstrate that flexible nonparametric star formation
histories outperform traditional parametric forms in capturing variations in galaxy star formation
histories, and as a result, lead to significantly improved stellar masses in SED fitting. We find a
decrease in the average bias of 0.4 dex with a delayed-⌧ model to a bias of just under 0.05 dex for the
nonparametric model. Similarly, using nonparametric star formation histories in SED fitting result in
increased accuracy in recovered galaxy star formation rates (SFRs) and stellar ages.

1. INTRODUCTION

The ability to accurately infer the physical properties
of galaxies is critical for our understanding of galaxy
formation and evolution. Modeling the ultraviolet (UV)
to infrared (IR) spectral energy distributions (SEDs) of
galaxies is one of the main methodologies used to derive
the physical properties of galaxies such as the stellar
mass (M⇤), star formation rate (SFR), and stellar age.
These techniques, pioneered by Tinsley (1968), Spinrad
& Taylor (1971), and Faber (1972), have seen an explo-
sion of interest and activity as space-based missions such
as Galaxy Evolution Explorer (GALEX) and the Hubble
Space Telescope have opened up ultraviolet and optical
wavelengths for galaxies near and far respectively. Sim-
ilarly, advances in infrared and submillimeter detector
technology have opened up infrared windows that pro-
vide constraints for SED models that consider energy

balance between UV/optical photons and thermal in-
frared emission from dust.
Large panchromatic surveys in various fields (e.g.

COSMOS (Scoville et al. 2007), CANDELS (Grogin
et al. 2011), MaNGA (Bundy et al. 2014)) have al-
lowed access to large and diverse samples of galaxy SEDs
across a range of masses, redshifts, and environments.
This has spurred the development of many SED model-
ing codes (e.g. cigale; Boquien et al. 2019, fast; Kriek
et al. 2009; Kriek et al. 2018, and magphys; da Cunha
et al. 2008) that were developed to estimate physical
properties from observed broadband data. These codes
rely on models describing stellar populations and the
dust content in the galaxy, along with an optimization
method to fit the SED and return the resulting physical
parameters
The basic components in an SED model include in-

formation about stellar populations – the stellar ini-
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Figure 1. Example powderday mock SED with ’observed’ photometric bands highlighted, spanning from GALEX FUV

to Herschel SPIRE, totaling 25 bands resulting in almost complete coverage across all wavelength regimes. All galaxies are
observed with the same filters, and photometric errors are fixed at 3%. Photometry is ’observed’ for each filter and convolved
over the filter bandwidth. We ignore NIR photometry, spanning from ⇠ 2µm to 20µm, to avoid dependence on the ultra small
grain size fractions chosen for the powderday calculations.

mist stellar isochrones (Paxton et al. 2011; Dotter 2016;
Choi et al. 2016).
Traditionally, powderday then propagates the emis-

sion from these stars through the di↵use dusty interstel-
lar medium using hyperion as the dust radiative trans-
fer solver (Robitaille 2011; Robitaille et al. 2012). How-
ever, this then imposes the uncertainty of the diverse
attenuation laws that vary from galaxy to galaxy on our
SED fits (Narayanan et al. 2018a,b; Salim & Narayanan
2020). We therefore abandon the di↵use dust in our
powderday radiative transfer simulations, and instead
employ a dust screen surrounding all stars. This is akin
to how prospector treats dust obscuration, and there-
fore allows us to isolate the impact of the galaxy star
formation history on our SED fits. In the dust screen
setup for powderday, we assume a uniform dust screen
around all stars with an optical depth of ⌧uniform = 0.7.

Younger stars (< 10 Myr old) have an additional as-
sumed source of extinction from their birth clouds that
have an optical depth of ⌧BC = 0.7. This fiducial dust
screen model ensures an apples-to-apples comparison be-
tween the creation of the SEDs and the technique used
to fit them.
The result of the powderday radiative transfer is the

UV - FIR spectrum for each galaxy. We extract model
photometry from these dust spectra, selecting 25 bands
from the GALEX FUV filter at 1542 Å through the Her-
schel SPIRE band at 500 µm as shown in Figure 1 and
Table 1. We fixed uncertainties to 3% of the flux value,
since the aim of this study is not to analyze the e↵ect
of photometric uncertainties but rather the systematics
that arise from the use of various SFH models.

2.4. SED Fitting
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(a)

(b) (c)

Figure 3. Top: Comparison of inferred stellar M⇤ to true stellar M⇤ of simba simulated galaxies for all SFH models. The
masses inferred from the nonparametric SFH are shown in orange. Light blue contours show the delayed�⌧ + burst SFH (a
parametric model). Right panel is the same as left but green contours are for the constant SFH model and dark blue contours
show the delayed�⌧ model. Contour levels for the three parametric models highlight the 16th, 50th, and 84th percentiles. The
black dashed line is the 1:1 relation (i.e. the ideal case where the inferred mass perfectly matches the true mass). Bottom Left:
Cumulative fraction of galaxies with inferred M⇤ o↵sets. The stellar mass o↵sets are calculated as the absolute value of the
di↵erence between the log(inferred M⇤) and log(true M⇤). Bottom Right: Fraction of true galaxy M⇤ that are within 1� of
the median inferred M⇤ for each SFH model, where 1� includes the 16th through 84th percentiles of the stellar mass posteriors.
The stellar mass PDFs inferred from the nonparametric model capture the true stellar mass for more than 50% of galaxies,
compared to just 20% for the ⌧ models.
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result in an inferred stellar mass that is over-estimated.
The 1� region for the delayed�⌧ also covers the true
SFH but shows the large dispersion in SFH solutions
throughout the fit.

Figure 4. Star formation history for an example galaxy.
The true galaxy SFH is shown in black. Two of the model
SFHs are shown, the nonparametric in orange and the para-
metric (delayed-⌧) is shown in blue. The 50th percentile
value is shown as the solid line while the shaded regions in-
clude the 16th through 84th percentiles.

That the nonparametric star formation histories are
more accurate at recovering the stellar mass of a galaxy
is mainly attributed to the fact that they are signif-
icantly more flexible and thus better at describing the
various star formation histories seen in the simba galaxy
formation simulation. With only a small number of pa-
rameters describing the width and location of the curve,
the three parametric SFHs (delayed-⌧ , delayed-⌧ with a
burst component, and constant), struggle to match the
true SFH for most galaxies. This will a↵ect not only
the stellar masses inferred from each model but also the
stellar ages and SFRs. The two delayed-⌧ models strug-
gle to match the true SFHs that rise over time, as only
very large values of ⌧ allow for a slower decline at late
times.
For massive galaxies (M⇤ > 1011M�) at z = 0, the ex-

ponential decline of the parametric SFHs can match the
true galaxy SFHs at late times as these massive galaxies
are typically quenched or quiescent, but only at the ex-
pense of missing the large, extended early periods of star
formation and thus missing out on the bulk of formed
stellar mass. The lower mass galaxies tend to be bluer,
star forming galaxies with SFHs ill-suited for the expo-
nential decline at late times, so that the true SFHs are
not well recovered and the stellar mass estimates will be
worse, a point confirmed by Figure 3.

Figure 5. Comparison of the SFH o↵sets of all galaxies
for the nonparametric model and the delayed-⌧ model across
time. The black dashed line represents the ideal scenario of
a perfect match. O↵sets were calculated between the me-
dian model SFH and true SFH every 100 Myr across the
entire history. The solid lines refer to the median o↵set for
each model while the shaded regions include the 16th through
84th percentiles. The nonparametric model outperforms the
delayed-⌧ model on average for all times.

Building on Figure 4, in Figure 5, we compare the o↵-
sets between the inferred SFHs and the true SFHs for
all galaxies again for the nonparametric model and the
delayed-⌧ model. The solid lines refer to the median
o↵set for the entire galaxy distribution for each model
while the shaded regions include the 16th through 84th

percentiles. The o↵sets were calculated between the me-
dian model SFH and the true SFH in 100 Myr inter-
vals over the entire history. The median nonparametric
SFH o↵sets are centered around zero for most of cosmic
time. Additionally, the spread in o↵sets is contained
within ⇠0.5 dex of the true SFH. On the other hand,
the delayed-⌧ model struggles to match the true SFH
due to the restrictive functional form of the ⌧ model.
The model SFHs are about 2 dex lower on average than
the true SFHs for most of cosmic time, reflecting the
trade o↵ between correctly inferring stellar age or SFR
for a declining SFH.

3.3. Ages and Star Formation Rates

The mass-weighted stellar age of a galaxy depends on
the shape of the SFH,and the accuracy these inferred
properties therefore depends on the model SFH accu-
rately matching the true galaxy SFH. We show the o↵-
sets from the true values for the mass-weighted stellar
ages and star formation rates, along with stellar mass,
in Figure 6. The o↵sets are defined as the di↵erence be-
tween the median inferred value for each property and
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several orders of magnitude, evidenced by Figure 6(b),
and severely under-estimate the age of the galaxy in or-
der to match the observed SFR, evidenced by Figure
6(c). These biases are driven by the strong priors such
that the parametric model is forced between including
either recent star formation or an older population of
stars, but not both unless the model is distorted and
forced away from an exponential decline.

4.2. Nonparametric Model

Again in Figure 7(a), we show the stellar mass o↵-
sets for the nonparametric SFH model in orange. This
model, in contrast with the parametric models, achieves
much more accurately inferred stellar masses for galaxies
of all masses and specific star formation rates. However,
we note the increase in the magnitude of o↵sets for high
mass galaxies (M⇤ > 1011.5M�). This is also reflected in
the sSFR panel, where the most massive galaxies in the
simba snapshot have the lowest sSFR. For the handful
of high mass galaxies in this particular simba snapshot,
star formation has e↵ectively stopped anywhere between
1 and 4 Gyr ago. The SED of these galaxies will be dom-
inated by long-lived, low mass stars that were formed in
intense and prolonged periods of star formation.
Galaxies with larger relative sSFRs tend to also have

larger mass o↵sets compared to the average. These
galaxies are currently undergoing an episode of enhanced
star formation. The massive stars formed in these
episodes will outshine the older stellar populations that
dominate a galaxy’s stellar mass such that the inferred
stellar mass will be heavily dependent on the priors in-
forming the stellar age distribution (e.g. Papovich et al.
2001; Pforr et al. 2012). In other words, the stellar
masses inferred for these systems are dominated by the
constraints from the prior in addition to the constraints
from photometry. In both cases, for quiescent and ac-
tively star forming galaxies, the underlying cause of the
di↵erences in model and true stellar masses is the inabil-
ity to capture early, prolonged star formation activity
with the model SFH.
Expanding on the above point, to accurately infer the

stellar mass of a galaxy, the model must match the true
SFH at early times when the older stars that dominate
the stellar mass are formed. However, early bursts of
star formation, even for prolonged periods of time, do
not leave obvious artifacts on a galaxy’s SED, so accu-
rately matching the early SFH is di�cult for any SED
model. Anecdotally, many of the massive galaxies from
this simba snapshot experienced star formation bursts
peaking at ⇠ 100 M� yr�1 around 10�12 Gyr ago that
are not recovered well by any star formation model con-
sidered here. In Figure 7(b) we see the e↵ect this has on

(a)

(b)

Figure 7. Dependence of the stellar mass on other inferred
galaxy properties. Top: Inferred stellar mass o↵sets for all
SFH models as a function of true stellar mass and specific
star formation rate. Solid lines refer to the median of the
distribution, shaded regions include the 1� scatter. Bot-
tom: Inferred stellar mass o↵sets for the nonparametric SFH
model as a function of early star formation o↵sets and metal-
licity o↵sets. Points are color coded by specific star formation
rate to show di↵erence in dependencies between the di↵erent
galaxy populations

.

the inferred stellar mass for the nonparametric model.
As explored in (Iyer et al. 2019), inferred star formation
rates from more than a couple Gyr ago are dominated
by the prior set on the SFH rather than the fit to pho-
tometry. This problem is not unique to prospector or
the nonparametric SFH model used here but to all mod-
els as SFHs are only minimally informed by broadband
photometry due to lack of SED features left by old stel-
lar populations. Long lived stars with solar masses or
lower will dominate the stellar mass content of a galaxy,
so it is critical to match these prolonged episodes of early
star formation to infer the correct stellar mass.
Besides the assumed SFH, assumptions about a

galaxy’s stellar metallicity and the mapping from metal-
licity to the SED will also impact the inferred stellar
mass. In this analysis, we used the Gallazzi et al. (2005)
stellar mass� stellar metallicity relation. However, as
noted in §2.4, this relatively simplistic model does not
entirely capture the growth history of the simba galax-
ies as the simulated star particles have metallicities that

SIMBA high-resolution simulationの銀河(@z=0)のSED fitting
- SEDはFUV-FIRまでをカバー
- 4 models (Delayed tau, delayed tau+burst, constant, nonparametric)
- Nonparametric (PROSPECTOR) はSFH を10分割して、一定値からDirichlet分布させた

ものをpriorとして用いる。分布の幅は大きめ(0.7)を用いているが、ちょっと恣意的? 
(“We chose a value of 0.7 to account for the bursty nature of the simba SFHs.”)

- 結果
- Nonparametricが一番よくあう
- Delayed-tau はburst有無にかかわらず0.3dexくら低めに出る。
- Constantは特にmassive銀河が合わない (initial burstで生まれたような

populationが苦手)
- いずれにせよBB photometryではSFHは決まりにくい。Priorの選択が重要。


