Uncovering Early Galary Evolution in the

ALMA and JWST Era

Proceedings IAU Symposium No. 352, 2019

E. da Cunha, J. Hodge, J. Afonso, L. Pentericci & © International Astronomical Union 2020
D. Sobral, eds. doi:10.1017/S1743921319009025

An older, more quiescent universe
from panchromatic SED fitting of
the 3D-HST survey

Joel Leja!®, Benjamin D. Johnson!, Charlie Conroy!,
Pieter van Dokkum?, Joshua S. Speagle! and the 3D-HST Team

'Harvard-Smithsonian Center for Astrophysics,
60 Garden St. Cambridge, MA 02138, USA

2Department of Astronomy, Yale University, New Haven, CT 06511, USA

Abstract. Galaxies are complicated physical systems which obey complex scaling relationships;
as a result, properties measured from broadband photometry are often highly correlated, degen-
erate, or both. Therefore, the accuracy of basic properties like stellar masses and star formation
rates (SFRs) depend on the accuracy of many second-order galaxy properties, including star
formation histories (SFHs), stellar metallicities, dust properties, and many others. Here, we re-
assess measurements of galaxy stellar masses and SFRs using a 14-parameter physical model
built in the Prospector Bayesian inference framework. We find that galaxies are ~0.2 dex more
massive and have ~0.2 dex lower star formation rates than classic measurements. These measure-
ments lower the observed cosmic star formation rate density and increase the observed buildup
of stellar mass, finally bringing these two metrics into agreement at the factor-of-two level at
0.5 <z<2.5.
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1. Summary

This TAU Proceeding is a summary of work published in the Astrophysical Journal
under Leja et al. (2019b). Here we apply Prospector, a new code for interpreting galaxy
spectral energy distributions (SED) described in Leja et al. (2017), to the photometry
from the 3D-HST survey Skelton et al. (2014). The 3D-HST photometric catalog provides
observed-frame UV to MIR photometry for ~ 2 x 10° galaxies over five extragalactic
fields totaling ~ 900 arcmin?. Here we use Prospector to fit objects in the redshift range
0.5 < z < 2.5 above the observed mass completeness limit for a total of 58,461 objects. We
fix the redshift to the photometric redshifts derived with the EAZY code Brammer et al.
(2008). We compare the inferred stellar masses and star formation rates from Prospector
to classic inference methods for stellar mass and star formation rates, namely the FAST
SED-fitting code Kriek et al. (2009) and UV+IR star formation rates Whitaker et al.
(2014).

The comparison with the FAST stellar masses can be found in Figure 1. Prospector
infers larger stellar masses in low mass galaxies, with the largest systematic offsets
around 0.3 dex. This offset decreases with increasing redshifts. A small part of this offset,
~0.05 — 0.1 dex, is due to differing stellar populations codes Leja et al. (2019b). The
bulk of the offset is because Prospector infers much older mass-weighted ages than
FAST. This is a natural consequence of the nonparametric star formation histories used
in Prospector, which remove the bias towards younger ages often found in parametric
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Figure 1. The relative difference between stellar mass derived with Prospector and stellar
mass derived with FAST is shown as a function of redshift and stellar mass.
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Figure 2. The relative difference between star formation rates derived with Prospector and
star formation rates derived with Lyyv and Lrgr luminosities is shown as a function of redshift
and specific star formation rates.

formulae Carnall et al. (2019), Leja et al. (2019a). These older ages create a higher
mass-to-light ratio and therefore higher masses.

The comparison with SFRs inferred from UV and IR luminosities can be found in
Figure 2. Prospector infers similar star formation rates to UV- and IR-based estimates
at high specific star formation rates (sSFRs), but shows an increasing offset towards
lower star formation rates at low sSFRs. The median offset is larger at higher redshifts
and ranges up to an order-of-magnitude at low sSFRs. Several factors contribute to this
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Figure 3. The estimated change in the star formation rate density as inferred independently
from the instantaneous star formation rate and from the rate of change of the stellar mass density.
The left panel shows the previous estimates while the center panel shows the estimates from
Prospector. The right panel shows the estimated incompleteness from the Universe Machine.

effect at a moderate level, including Prospector’s accounting for both effects of variable
metallicity and active galactic nucleus (AGN) emission in the rest-frame mid-infrared.
However, the bulk of the offset comes from the fact that Prospector also models dust
heating and UV emission from old stars (i.e. ¢t > 100 Myr) on an object-by-object basis,
while classic estimates based on UV and IR luminosities either neglect or fix this contri-
bution. This explains the increase in the effect at higher redshifts: in the early Universe,
the ‘old’ stars are relatively younger and more luminous. It also explains the increase in
the size of the offset at low specific star formation rates, as objects with low sSFRs have
relatively more old stars.

We couple these measured systematic offsets with the stellar mass function from
Tomeczak et al. (2014) in order to estimate the change in the star formation rate den-
sity (SFRD). This study estimates the mass function with the FAST SED-fitting code,
allowing an apples-to-apples comparison. The SFRD is estimated from two independent
sources: the redshift evolution of the mass function and the instantaneous star formation
rate of galaxies in some cosmological volume.

For the mass function estimate, we use the smoothed parameterization of the red-
shift evolution of the stellar mass function from Leja et al. (2015) and the measured
Mprospector/MrasT as a function of Mpagr. We differentiate the mass function with
respect to time and integrate over mass in order to measure dp,/dt. Finally we correct
for the mass loss rate R in order to turn this into an estimate of psprp, the instantaneous
star formation rate per unit volume. For the estimate directly from the instantaneous star
formation rate, we measure SFRprospector(Mrast) and SFRyviir(Mrast), multiply by
the stellar mass function, and integrate in order to estimate pgprp. The incompleteness
in both of these quantities due to the lower stellar mass completeness limit of the survey
is estimated with the Universe Machine, a semi-empirical model of galaxy formation.
This incompleteness is shown in the right-hand panel of Figure 3 and the total SFRDs
are corrected for this effect.

The previous inferences of the SFRD are compared with the new inferences from
Prospector in Figure 3. The classic inferences are offset from one another at the ~0.3
dex level, such that there is more observed star formation than stellar mass growth.
The Prospector measurements lower the instantaneous star formation rate density by
~ 0.1 — 0.2 dex while increasing the growth of the stellar mass density by ~ 0.2 dex. The
combination of these effects brings these two independent measurements of the growth of
stellar mass into agreement. This suggests that the Prospector values are more reflective
of the underlying parameters than the classic estimates, though not conclusively: the
behavior below the low-mass limit must be explored to settle this issue, and the effect of
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other cancelling systematic effects such as variation in the high-mass initial mass function
may confound the results of this study.
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