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rate (sSFR) and dust attenuation (e.g., Whitaker et al.
2017; Fang et al. 2018; Belli et al. 2019; Leja et al.

2019a,b). Two common choices for studying these

trends include the rest-frame U-V/V-J, NUV-r/r-J(K)

diagrams (hereafter abbreviated UVJ and NUVrJ) color-

color diagrams. A class of trajectories in these rest-

frame color-color diagrams suggests that there exists a
fast-quenching pathway with τ ∼ 100 Myr that includes

compact quiescent galaxies evolving via dramatic events

such as gas-rich mergers, as well as a slow-quenching

pathway with τ ∼ 1 Gyr that generates larger quiescent

galaxies (e.g., Moutard et al. 2018; Belli et al. 2019; Car-
nall et al. 2019; Rodŕıguez Montero et al. 2019). Rest-

frame color-color diagrams therefore provide a valuable

context toward understanding viable formation path-

ways of quiescent galaxies at z ∼1-2, one of the greatest

challenges of observational extragalactic astronomy.

Motivated by the emerging picture in simulations con-
necting age and sSFR gradients to physical processes

happening prior to quenching (e.g., Wellons et al. 2015;

Nelson et al. 2016; Tacchella et al. 2016), one can in

principle spatially resolve rest-frame colors to under-

stand the formation patterns within individual galax-

ies. However, analyzing spatially resolved properties of

galaxies at z ∼ 2 is challenging due to spatial resolution
mismatch across the wavelength ranges of interest. For

instance, for a galaxy at z ∼ 2, both rest-frame J and
K bands fall outside of the wavelength coverage of the

high-resolution Hubble Space Telescope (HST ) imaging.

This gap can be covered by Spitzer IRAC channels 1 and

2, albeit at significantly lower spatial resolution, with a

few methods developed to address the resolution mis-

match problem (e.g., Wuyts et al. 2012; Akhshik et al.

2020). Another technical difficulty for spatially resolv-
ing quiescent galaxies at z ∼ 2 stems from their rela-

tive compactness, as they are often barely resolved by

even HST (e.g., van der Wel et al. 2014). Strong grav-

itational lensing is a natural tool to study their stellar

populations by boosting the signal-to-noise ratio and by

extreme stretching of galaxies through the accompanied

shear in some cases.
In this letter, we present a spatially resolved stellar

population analysis of MRG-S0851, a massive lensed red

galaxy at z = 1.88. The core methodology for fitting the

stellar population of MRG-S0851 is presented in an ac-

companying paper (Akhshik et al. 2020). Here, we dis-

cuss the reconstructed spatially-resolved star-formation
histories (SFHs) and consider this target through the
lens of rest-frame color-color diagrams, demonstrating
their potential and limitations to interpret the seem-

ingly complicated SFH of MRG-S0851. We first discuss

the spatially-resolved SFHs from the joint spectropho-

tometric fitting in Section 2. In Section 3, we use the
global photometry and the global rest-frame colors to

compare the SED of MRG-S0851 to that of star-forming

and quiescent galaxies selected using UVJ and a longer

lever arm FUV-V/V-J (hereafter FUVVJ) color-color

diagrams (Leja et al. 2019b), from the 3D-HST galaxy
survey, proposing a population that may have a similar

formation pathway. Finally, in Section 4, we interpret

our results using the UVJ and FUVVJ color planes and

combine all information to speculate about the evolution

of MRG-S0851.

In this letter, we assume a standard simplified ΛCDM
cosmology with ΩM = 0.3, ΩΛ = 0.7 and H0 =

70 kms−1Mpc−1 and the Chabrier (2003) initial mass
function. All magnitudes are reported in the AB sys-

tem.

2. SPATIALLY RESOLVED STAR-FORMATION

HISTORIES

The spatially-resolved star-formation history of MRG-

S0851 is measured using the requiem2d code. We pro-
vide a brief summary in this section, and refer the reader

to Akhshik et al. (2020) for an in-depth discussion of our

methodology.

The spectrophotometric data is jointly fit to constrain

the SFH and age gradients using a linear combination

of templates obtained by averaging simple stellar pop-

ulations (SSPs). To model the dust/metallicity un-

certainty, the posterior on dust and metallicity, esti-
mated by fitting photometry data (Prospector-α; Leja

et al. 2017), is divided into 12 regions. A set of tem-

plates is assigned to each region by averaging over 15

templates that are constructed by randomly drawing

dust/metallicity from each region. The weight of each

set is determined simultaneously with other free param-

eters. The SSPs have ages from 1 Myr to the age of the
universe at z = 1.88, increasing with a logarithmic steps

of ∆ log t[Gyr] = 0.05, including nebular emission lines

by assuming an ionization parameter of logU = −2.5.

A non-parametrized SFH, with a continuity prior is as-
sumed (e.g., Leja et al. 2019a; Akhshik et al. 2020).
We perform the joint-fit on both the global and

spatially-resolved data. For the resolved analysis, we
define 7 bins, probing <-1.4kpc to >+1.5kpc from the

centroid along the semi-major axis, with average steps

of ∼0.6 kpc in the source plane. The bins are not

perfectly symmetrical because of the the non-uniform

gravitational magnification. We test two “SSP priors”

for the resolved analysis, corresponding to templates

generated from the global and resolved Prospector-α
dust/metallicity posteriors, indicated with “Global SSP

Prior” and “Resolved SSP Prior”. The fits for the outer-
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Belli et al. 2019), with t90 − t10 (tX indicates a time
when X% of total mass is formed) of 1.8+0.3

−0.2 Gyr for

the unresolved stellar populations and 1.4+0.3
−0.4 Gyr (Re-

solved SSP Prior) and 1.5+0.3
−0.4 Gyr (Global SSP Prior)

at the center. Rejuvenation occurred around z ∼1.9,
with an estimated unlensed instantaneous SFR<5Myr =

11.5+1.7
−1.5 M�/yr, calculated based on the best-fit nebular

emission lines in SSPs at tL . 15 Myr driven by the Hβ,

Hγ, and [OIII] emission lines within the grism data.

3. REST-FRAME COLOR-COLOR ANALYSIS

As our reconstructed SFH shows, MRG-S0851 has

two episodes of star-formation activity with different

timescales. To link MRG-S0851 to a broader popu-

lation of galaxies, we use rest-frame color-color dia-
grams, leveraging their strength to connect different
time-scales of star-formation to rest-frame colors (e.g.,

Arnouts et al. 2013; Leja et al. 2019b). Out of three spe-

cific choices, namely UVJ, NUVrJ and FUVVJ, we con-

centrate on the rest-frame FUVVJ and UVJ color-color

diagrams. In principle, one could instead use NUVrJ for

our subsequent analysis and find similar results as the
NUV filter is also sensitive to recent episodes of star-
formation, albeit with larger scatter. However, FUV is

correlated with sSFR over wider ranges of values (Leja

et al. 2019b). There is also a stronger synergy between

FUV and U filters relative to NUV and U filters once

we combine two color-color diagrams, potentially due to

a wider wavelength range that the FUV and U bands
provide in the rest-frame UV, providing more leverage
for separating populations with different values of dust.

We select six populations of galaxies from the rest-

frame FUVVJ and one population from the rest-frame
UVJ color-color diagram. Quiescent and star-forming

populations of galaxies are identified from the 3D-HST

galaxy survey (Brammer et al. 2012; Momcheva et al.
2016; Skelton et al. 2014) following Leja et al. (2019b).

They are further divided into three populations of star-

forming galaxies to demonstrate the effect of increasing

dust on the composite SEDs, and two populations of

quiescent galaxies corresponding to old and young qui-

escent galaxies (e.g., Whitaker et al. 2013; Belli et al.

2019). Finally, we select two populations by identifying
galaxies with similar rest-frame colors to that of MRG-

S0851, as measured by EAzY (Brammer et al. 2008), in

both rest-frame UVJ and FUVVJ color-color diagrams.

We create composite SEDs for each population follow-

ing Kriek et al. (2011); Forrest et al. (2018), by normal-

izing all of the observed photometric data points of each

3D-HST galaxy with 1 < z < 3 and logM∗/M� > 10,
as reported in the 3D-HST catalog, such that its aver-

age flux in the rest-frame 4500Å to 5500Å matches with

the photometric data points of MRG-S0851 in the same

wavelength range. We then define a common rest-frame

wavelength grid, calculating the median and median ab-

solute deviation of all data points in each wavelength
bin. Figure 3 demonstrates the composite SEDs as well

as the locations of the populations on the rest-frame

UVJ, FUVVJ, as well as NUVrJ color-color diagrams.

The composite SED shape for quiescent and star-
forming galaxies is different than that of MRG-S0851

(Figure 3, top and middle panels). The composite SED

of galaxies directly overlapping with MRG-S0851 in the

rest-frame UVJ fails to match the MRG-S0851 SED at

the rest-frame UV wavelengths of . 3000Å (Figure 3,

middle right panel). We note that a 1.′′5 color aper-

ture diameter in the image plane is used for MRG-S0851
whereas the equivalent color aperture diameter of 0.′′7 in

3D-HST would be 0.′′7×√
µ ' 1.′′7, with a gravitational

magnification of µ = 5.7+0.4
−0.2. By adopting a slightly

larger aperture, this UV continuum flux decreases, get-

ting slightly closer to the rest-frame UVJ selected com-

posite SED.
The SED of rest-frame FUVVJ color-color selected

population is relatively well-matched with the MRG-

S0851 SED (Figure 3), notably around the rest-frame

UV band UF390W. However, the population overlaps

with both quiescent and star-forming galaxies in the

UVJ color-color diagram (Figure 3, bottom left panel).

To investigate this scatter, we define two subpopu-
lations using a synergy between the rest-frame UVJ

and FUVVJ color-color diagrams: a subpopulation that

matches with MRG-S0851 in both of these color-color di-

agrams and a subpopulation that matches MRG-S0851

in FUVVJ but not in UVJ. We calculate the composite

SEDs of two subpopulations following the same steps as
described above. For each of the galaxies in the subpop-
ulations, we also continuum normalize the HST/Wide

Field Camera 3/G141 1D grism spectrum from 3D-HST,
using a 5th degree polynomial while masking the emis-
sion/absorption lines (e.g., Whitaker et al. 2013). The

median grism spectra for each subpopulation is then cal-

culated. We fit the composite SEDs following Akhshik
et al. (2020), assuming solar metallicity and Calzetti

et al. (2000) dust attenuation law with AV = 0.1 . . . 2.1.

A χ2 analysis is performed to determine the age and AV ,

with the best fits shown on both panels of Figure 4.

As Figure 4 demonstrates, the FUVVJ rest-frame

color-color selected population that has similar rest-

frame colors to MRG-S0851 seems to include two dif-

ferent subpopulations, a young/dusty population that

has a different UVJ color comparing to MRG-S0851

and an older population with significantly less dust that

have similar UVJ colors to MRG-S0851. While the best
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detection of nebular emission lines of [O III], Hβ and
Hγ in MRG-S0851 (Akhshik et al. 2020), we constrain

the gas-phase metallicity of logZgas/Z� = −0.45+0.04
−0.05,

whereas the global stellar metallicity is constrained to be

logZstar/Z� = −0.09± 0.04 (Akhshik et al. 2020). The
gas-phase metallicity is ∼0.35 dex lower than the stel-

lar metallicity, which could suggest that an accretion of
lower-metallicity gas is a viable scenario. This result is
consistent with the observed lower gas-phase metallicity

in some local star-forming elliptical galaxies, suggested

to be consistent with the accretion of gas from an exter-

nal source (Davis & Young 2019). We finally note that a

UV upturn between Lyman-break and rest-frame 2500Å
is observed in low redshift early-type galaxies, and a po-

tential scenario is the old horizontal branch stars be-

coming UV-bright (e.g., Yi & Yoon 2004). However,

this scenario is unlikely for MRG-S0851, as the stellar

population generating the UV upturn in a typical red

sequence galaxy seems to be developed at z . 0.7 (Ali

et al. 2018), and hence they should be significantly older
than the stellar populations of MRG-S0851.

Results from the Illustris simulation support a picture

where rejuvenation phases last ∼1 Gyr, equivalent to the

median time-scale of galaxies exiting and re-entering the

red population in the color-stellar mass plane (Nelson
et al. 2018). As we have only had the opportunity to

observe the enhancement for the last ∼100 Myr, MRG-
S0851 may continue this rejuvenation phase for a signif-

icant period of time into the future. We estimate that

0.5 ± 0.1% of the total stellar-mass and 0.6+0.2
−0.1% (Re-

solved Prior) and 0.7+0.2
−0.1% (Global Prior) of the stellar-

mass in the inner 3 kpc is formed in the last 100 Myr
of evolution. With an average unlensed SFR100Myr of

5 ± 1M�/yr in the last 100 Myr after correcting for
gravitational magnification, we speculate that ∼ 5% of

the total stellar-mass would be formed in a rejuvena-

tion period should it last ∼1 Gyr with a steady SFR.

This estimate is broadly consistent with that of ≤ 10%

from Chauke et al. (2019) for the fraction of stellar-mass
formed during rejuvenation phases for a sample of qui-

escent galaxies selected from the LEGA-C survey (van
der Wel et al. 2016).

Semi-analytic models predict that ∼ 30% of the qui-

escent galaxies evolving from z = 3 to z = 0 should

experience a transient phase of rejuvenation (Pandya

et al. 2017). On the other hand, first results from the

IllustrisTNG simulations predict that only 10% of mas-
sive (logM∗/M� > 11.0), quiescent galaxies will rejuve-

nate once and ∼1% more than once (Nelson et al. 2018).

Behroozi et al. (2019) use the UNIVERSE MACHINE model,
constructed to determine galaxies’ SFRs from their host

halos, to show that the majority of galaxies at z ∼ 0

with stellar masses of logM∗/M� ∼ 11 have been re-

juvenated once, with this fraction dropping sharply for
lower and higher mass galaxies, as well as at higher red-

shifts. Rejuvenation events like that observed in MRG-
S0851 might be rare, and our study suggests that detect-
ing the relevant observational signatures requires deep

spectroscopy and/or high resolution spatially-resolved

studies of z ∼ 2 galaxies. Specifically, the rejuvenat-

ing region of MRG-S0851 without gravitational lensing

would only extend ∼ 0.′′12, which is smaller than the full-

width at half-maximum of the HF160W PSF. It would

therefore be extremely difficult to detect for unlensed

galaxies at z ∼ 2. Using the MRG-S0851 SED as a pro-

totype to search FUVVJ and UVJ rest-frame color-color

diagrams, we propose criteria to identify potentially re-

juvenated candidates, estimating the ratio of the these

candidates to the total number of quiescent galaxies to
be ∼1% with no significant variation at 1 < z < 2 and

logM∗/M� > 10. This number is likely a lower limit,

consistent with theoretical results as discussed above.

We identify 15 potential early-formed rejuvenating can-

didates in the 3D-HST catalogs, and follow-up obser-

vations using deep grism spectroscopy and/or spatially

resolved studies will confirm the fidelity of candidates
identified using these criteria.
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