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ABSTRACT
Feedback, in particular from active galactic nuclei (AGN), is believed to play a crucial
role in the evolution of galaxies. In the local Universe, many galaxies with an AGN
are indeed observed to reside in the so-called green valley, usually interpreted as a
transition phase from a blue star-forming to a red quenched state. We use data from
the Sloan Digital Sky Survey to show that such an interpretation requires substantial
revision. Optically-selected nearby AGN galaxies follow exponentially declining star
formation histories, as normal galaxies of similar stellar and dark matter halo mass,
reaching in the recent past (∼0.1 Gyr ago) star formation rate levels consistent with
a quiescent population. However, we find that local AGN galaxies have experienced a
sudden increase in their star formation rate, unfolding on timescales similar to those
typical of AGN activity, suggesting that both star formation and AGN activity were
triggered simultaneously. We find that this quenching followed by an enhancement in
the star formation rate is common to AGN galaxies and more pronounced in early
type galaxies. Our results demonstrate that local AGN galaxies are not just a simple
transition type between star-forming and quiescent galaxies as previously postulated.

Key words: galaxies: formation – galaxies: evolution – galaxies: elliptical and lentic-
ular, cD – galaxies: abundances – galaxies: stellar content

1 INTRODUCTION

Galaxies, forming and evolving within their host dark mat-
ter haloes, are the end-product of a balance between gas
cooling, star formation and feedback (e.g. Nelson et al. 2019;
Davé et al. 2020; Mitchell et al. 2020). However, understand-
ing the details of the mechanisms driving the formation and
evolution of galaxies is still an open and unsolved issue. In
particular, it remains unclear how galaxies transition from
a star-forming to a quenched state (Schawinski et al. 2007,
2014; Bluck et al. 2020; Angthopo et al. 2020). One of the
most popular processes invoked to cease or reduce star for-
mation is the so-called energetic/momentum AGN feedback
(e.g. Terrazas et al. 2020). A supermassive black hole accret-
ing gas from the surroundings can in fact generate enough
energy/momentum to heat up/expel the gas from the host
galaxy via winds and/or jets. Observational evidence in the
local Universe in support of this process was put forward
in the past by preliminary results showing that local galax-
ies hosting AGN are preferentially in the so-called “green”
valley, i.e. they indeed appear as galaxies transitioning from
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a blue star-forming sequence to a red and dead phase. In
the present study we revisit this hypothesis by carefully and
homogeneously analyzing a large Sloan Digital Sky Server
(Ahn et al. 2014) (SDSS) sample of nearby active galaxies.

2 SAMPLE AND ANALYSIS

The sample was selected as follows. First, we compiled
publicly-available black hole masses derived from SDSS
single-epoch optical spectroscopy of Type I AGN (Greene
& Ho 2007; Dong et al. 2012; Reines & Volonteri 2015; Woo
et al. 2015; Chilingarian et al. 2018; Liu et al. 2019). We then
cross-matched this initial sample with a catalog of groups
and clusters, also identified in SDSS (Lim et al. 2017), with
estimated dark matter halo masses. We limited our analysis
to central galaxies.

Finally, we measured the stellar mass growth in our
sample by fitting their optical spectra with a regularized
linear combination (Cappellari & Emsellem 2004) of single
stellar population models (Vazdekis et al. 2015). Our choice
of these models is motivated by their use of empirical stellar
spectra over the wide range of ages and metallicities ex-
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Figure 1. Optical SDSS spectra and best-fitting model. The red line
in the top panel shows the observed SDSS data over the fitted

wavelength range. We show the best-fitting FeII and gas emission

templates in fuchsia and green, respectively, and in blue the stel-
lar absorption spectra. Black line indicates the total best-fitting

model while the gray dots show the fitting residuals. The bottom

panel show a closer look to the stellar absorption spectra after
corrected from the emission lines (in blue), with the best-fitting

model shown in black.

pected for our sample. With this approach we recovered,
in a non-parametric way, the star formation history of each
galaxy in the sample. Given the best-fitting model, we also
derived the expected mass-to-light ratios and thus the total
stellar masses of our galaxies based on their k-corrected r-
band photometry (Blanton et al. 2005; Padmanabhan et al.
2008). In addition to the stellar continuum, we also allowed
pPXF to fit for emission lines in case they are needed to
improve the best-fitting solution. Narrow lines were fit us-
ing two kinematically independent components to properly
model the strongest emission lines, a third kinematical com-
ponent was included to fit the broad Balmer emission. Emis-
sion from ionized iron lines (Kovačević et al. 2010) was also
included as a separate kinematic component.

Our stellar population fitting focused on rest-frame
wavelengths from λ = 4000 Å to λ = 5500 Å, a range where
population synthesis models are more reliable and stellar
population parameters can be more easily measured. Includ-
ing wavelengths bluewards of λ = 4000 Å could, in principle,
improve our sensitivity to young stellar populations. How-
ever, in practice, the presence of strong emission lines in that
region made our stellar population less robust. Moreover,
beyond λ ∼ 5500 Å, stellar population models become more
sensitive to the atmospheres of cool stars and thus, prone
to be affected by systematics related to both changes in the
initial mass function (e.g. Conroy & van Dokkum 2012) and
non-canonical contributions from AGB stars (e.g. Maraston
2005). We also masked out those wavelengths affected by
strong telluric lines. An example of the SDSS spectrum and
best-fitting model is shown in Fig. 1.

In summary, our final sample consists of 3,314 cen-
tral, currently active galaxies, with known halo, black hole,
and stellar masses, and for which we derived detailed, non-
parametric star formation histories from their integrated op-
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Figure 2. Rejuvenation of active galaxies. Evolution of the sSFR for
our sample of active (blue) and control (orange) samples. The

sSFR of both AGN and control samples has continuously de-

creased for more than 10 Gyr, reaching values consistent with a
quiescent population (log sSFR < −11yr−1). However, our AGN

sample has experienced a recent (last ∼ 0.1 Gyr) increase in the

sSFR. Shaded areas indicate the 1σ confidence interval.

tical spectra. While these selection criteria restricted the
number of objects in our final galaxy and might lead to sub-
tle biases due to e.g. orientation and dust obscuration1, they
allowed us to assess the interplay between three fundamen-
tal ingredients in galaxy evolution: dark matter halos, black
holes, and baryons (as probed by the stellar component).
The main properties of our sample, covering a range in stel-
lar masses from log M? = 10.0 to 10.8 log M� (10th and 90th
percentiles, respectively), are listed in Table 1.

For reference, we also selected a control sample of cen-
tral galaxies with same stellar mass distribution as our main
sample but with no optical AGN-like line-ratios (i.e. exclud-
ing also Type II AGNs). This control sample allowed us
to investigate whether the formation history of galaxies cur-
rently exhibiting nuclear activity (as revealed by their broad
line emission) differs from the general population of galaxies
with the same stellar mass.

3 RESULTS

Fig. 2 shows the evolution of the specific star formation rate
(sSFR) as a function of look-back time for our AGN sample
(in blue) and our M?-matched control sample (in orange).
Interestingly, the sSFR in both samples has been steadily
decreasing for most of their (observed) evolution, reaching
in both cases sSFR values consistent with a quiescent pop-
ulation (∼ 10−11 yr−1) until very recent epochs. However, a
sudden increase in the sSFR at look-back times of ∼0.1 Gyr
is observed in our sample of active galaxies, departing from
the quiescent population at z ∼ 0.

While the logarithmic scale of Fig. 2 facilitates the visu-
alization of recent star formation episodes, quenching time-

1 Although dust attenuation is in practice modelled during the

stellar population fitting as a multiplicative component.
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(a) (b)

Figure 3. Slow and rapid quenching in active galaxies. Panel (a) shows how the initial and long-lasting quenching process in our AGN

sample is followed by a fast quenching phase. Panel (b) is a zoom-in into the last 2.5 Gyr, revealing the morphological dependence of

this fast quenching stage, which happens more abruptly in ETGs. The ubiquitous rejuvenation process becomes clear for ages younger
than ∼ 0.1 Gyr. Shaded areas indicate the 1σ confidence interval.

(a) (b)

Figure 4. Formation history comparison. In Panel (a), the cumulative mass growth of our AGN sample (blue) is compared to our M?-

matched control sample (orange). Due to the observed formation delay, AGN galaxies are younger than the average population with the

same stellar mass. Similarly, panel (b) shows how the AGN sample compares to the control sample, this time matched in both stellar
and halo masses. In this case, the formation history of AGN galaxies is indistinguishable from the control sample. Shaded areas indicate
the 1σ confidence interval and horizontal dashed lines mark when 25, 50, 75, and 90% of the stellar mass was formed.

scales are more evident in linear units. In Fig. 3 we show
how the sSFR of the AGN population changes as a function
of time, dividing our sample into later (LTG, in turquoise)
and earlier (ETG, dark blue) morphological types, according
to the SDSS imaging pipeline (Stoughton et al. 2002). Two
distinct phases in the evolution of the sSFR become clear
from panel (a) in Fig. 3. An initial slow quenching, charac-
terized by a steady decrease in the sSFR for around ∼ 10
Gyr (∆sSFR/∆t ∼ 0.1 dex/Gyr), is followed by an abrupt
fast quenching stage where the sSFR drops by up to an or-
der of magnitude (i.e. ∆sSFR/∆t ∼ 1 dex/Gyr). This fast
quenching is responsible for driving the sSFR of our AGN
sample from the star-forming to the quiescent population
and it is mainly driven by the (dominant) ETG population.
Panel (b) in Fig. 3 reveals how fast quenching is morphology-

dependent, as it happens faster in ETGs than in LTGs, in
agreement with previous results (Schawinski et al. 2014). For
both ETGs and LTGs, the rejuvenation process showcased
in Fig. 2 is evident.

It is worth noting here that stellar evolution determines
the time resolution of star formation histories measured from
integrated spectra. Changes in the spectra of young stellar
populations are much faster than in old stars. Hence, star
formation events can only be measured when the time res-
olution of stellar population models is of the order of the
star formation timescales, which effectively only happens at
young ages. Additional rejuvenation events might have oc-
curred in the past histories of these galaxies but they cannot
be detected due to the coarse resolution of stellar population
models at older ages. Note also that a change in the fitted

MNRAS 000, 1–5 (2017)
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wavelengths, in particular towards the blue, would only em-
phasize the observed rejuvenation as we would become more
sensitive to younger stars. Moreover, it would not affect the
comparison with the control sample as stellar masses and
star formation histories are compared in relative terms.

A close inspection reveals two key differences in the
star formation histories of our AGN and control samples.
First, the typical age of AGN-hosting galaxies is younger
(9.6±0.2Gyr) than the average population of galaxies at the
same mass range (11.0±0.2 Gyr). As shown in panel (a)
of Fig. 4, this results from a delayed mass growth in AGN
galaxies, unrelated to the rejuvenation episode which barely
contributes to the actual mass growth. Second, the average
halo mass of our AGN sample is also systematically higher
than in the control sample (log Mhalo = 12.45±0.01 and
12.30±0.01 M�, respectively, where the confidence interval
accounts for the statistical variance), similar to what it is
found for radio-loud AGNs (Mandelbaum et al. 2009). Al-
beit small, this offset in the average halo mass may have
a direct effect on the formation histories of galaxies. Panel
(b) of Fig. 4 compares the formation history of our AGN
sample with a control sample matched in both stellar and
halo mass. The comparison between panels (a) and (b) in
Fig. 4 evidences a striking observational result: at fixed stel-
lar mass, galaxies grew their stellar component at a different
rate depending on the mass of their host halo. Furthermore,
active galaxies are indistinguishable from the average popu-
lation of galaxies with the same stellar and halo mass.

4 DISCUSSION AND CONCLUSIONS

The stellar-to-halo mass relation (SHMR) is a useful tool
to probe galaxy evolution in a cosmological context, as it
provides the average link between galaxies and host dark
matter haloes which can then be tested against galaxy evo-
lutionary models. Also the dispersion (scatter) around the
mean of this relation has been suggested to correlate with
the properties and formation history of the host dark mat-
ter halos (Croton et al. 2007). Fig. 5 shows the SHMR for
our combined AGN and M?-matched control samples, color-
coded by the age of the central galaxy. Interestingly, at fixed
halo mass, galaxies with higher stellar masses tend to be
older. Lines of constant age across the SHMR are marked
with solid lines, where galaxy ages have been translated into
formation redshifts. The observed trend resembles the pre-
dicted correlation between halo formation time and the scat-
ter in the SHMR, where galaxies with higher M?/Mhalo are
hosted by earlier-formed halos (Matthee et al. 2017). Note
that these differences in age across the SHMR also translate
into a morphological separation, as ETGs tend to have older
stellar population than LTGs.

Furthermore, Fig. 5 helps to provide a coherent inter-
pretation of the observed differences between our AGN and
control samples. At fixed stellar mass, AGN galaxies are on
average hosted by more massive halos which, as noted above,
are thought to have formed later. Therefore, the delayed
mass growth of AGN galaxies, and hence their younger ages,
compared to the overall population of galaxies with the same
stellar mass can be interpreted as the result of a late forma-
tion time of their host halos. In this scenario, AGN galaxies
and their host halos would be systems less evolved than the
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Figure 5. Stellar-to-halo mass relation. The SHMR is shown for
our sample of AGN galaxies and the M?-matched control sample,

color-coded by the age of the central galaxy. Lines of constant age

are shown with a solid line, where ages have been translated into
formation redshifts. Our sample of AGN galaxies (blue dot) is

hosted by more massive halos than the M?-matched one (orange

dot), which also results in AGN galaxies being younger than the
average population at the same stellar mass.

mean population of galaxies in the same stellar mass range.
Moreover, we propose that the rejuvenation process exhib-
ited by AGN galaxies is also a consequence of their relatively
younger evolutionary stage, as more gas is expected to be
available than in more evolved halos. At fixed stellar and
halo mass, local active and inactive galaxies show the same
formation history, and whether a galaxy is optically classified
as AGN or not likely relies on a stochastic gas infall process
that is able to fuel the central black hole, leading as well
to the observed rejuvenation phase (McAlpine et al. 2017).
Halo mass is therefore a critical quantity to understand the
formation history of galaxies.

Our results have also direct implications on our under-
standing of the quenching process of massive galaxies. Given
the average stellar and black hole mass of our sample (10.4
M� and 7.4 M�, respectively), the expected AGN lifetime
is ∼ 108 year (Shankar et al. 2004), which is of the order
of the rejuvenation time-scale as shown in Fig. 2. There-
fore, our observations suggest that both AGN and star for-
mation activity are triggered simultaneously. Positive black
hole feedback might also contribute to the observed increase
in the SFR but, given its frequency, geometry, and inten-
sity (Cresci et al. 2015; Maiolino et al. 2017), it likely has a
rather negligible impact in our measurements.

Moreover, as revealed by Fig. 3, a prolonged star forma-
tion quenching preceded this onset of recent star formation
and AGN activity in our sample. Note that this does not im-
ply that AGN feedback is not responsible for quenching the
star formation. Successive rejuvenation and nuclear activ-
ity episodes can be part of the natural quenching process of
galaxies, heating up the gas within halos up until it becomes
too hot to further sustain any steady star formation (Bower
et al. 2017). Such a delayed black hole-driven quenching is
also supported by the observed coupled between nuclear out-
flows and star formation (Cresci & Maiolino 2018).

MNRAS 000, 1–5 (2017)
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ID R.A. Dec M• Mhalo M? σReff Source

[Deg] [Deg] [log M�] [log M�] [log M�] [km s−1]
(1) (2) (3) (4) (5) (6) (7) (8)

J152143.15+054033.9 230.429 5.676 9.18 12.34 10.64±0.03 191.5 ± 4.6 5
...

Table 1. Main sample properties. (1) SDSS ID; (2), (3) Right ascension and declination (J2000); (4) Black hole mass, from the literature

and corrected to the same virial factor; (5) Estimated halo mass, from the literature; (6) Stellar mass measurement based on the best-

fitting stellar population properties derived from the optical SDSS spectrum; (7) Stellar velocity dispersion, measured from the SDSS
optical spectrum and corrected to the effective radius of the galaxy; (8) Reference for the black hole mass measurement: (Reines &

Volonteri 2015, 0), (Woo et al. 2015, 1), (Greene & Ho 2007, 2), (Dong et al. 2012, 4), (Liu et al. 2019, 5), (Chilingarian et al. 2018, 6).

The same Fig. 3 shows that, although an enhanced level
of recent star formation is a common feature across our sam-
ple of broad-line AGN galaxies, it is more pronounced in
ETGs, though it is also clearly present in LTGs. This sudden
transition from a quiescent to a start-forming phase is usu-
ally referred to as rejuvenation. Rejuvenation may be inter-
preted as either a stochastic process in which both star for-
mation and possibly AGN activity are triggered (e.g. Mall-
mann et al. 2018), or a sudden increase in star formation
specifically induced by AGN activity. We favour the former
hypothesis as there is observational evidence for black hole
fueling being indeed a rather stochastic process (e.g. Ramos
Almeida & Ricci 2017) and, in addition, there are also spo-
radic examples of LTGs within the matched galaxy sample
with signs of rejuvenation in their recent star formation but
no evident optical AGN signatures. Having uniform radio
detections of local AGN would help in shedding light on the
role of “positive” AGN feedback induced by AGN jets (e.g.,
Gaibler et al. 2012).

All in all, our results suggest that the popular interpre-
tation of local AGN galaxies as a strictly transition phase
between the star forming and quiescent population of galax-
ies may be incomplete (see e.g. Sánchez et al. 2018), and
that many AGN in the green valley could be actually mov-
ing towards (and not from) the main sequence.
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