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ABSTRACT

A major unknown in late-stage galaxy evolution is what regulates the cold interstellar medium (ISM) after quenching, ‘a question
central to interpreting molecular gas, dust, and stellar content in quiescent galaxies (QGs) now probed by ALMA and JWST to z~7.
We present the first semi-analytic model that follows the coupled post-quenching evolution of dust, cold gas, and polycyclic aromatic
hydrocarbons (PAHs), using flexible star-formation histories and a framework tracking small and large carbonaceous and silicate
grains. At z ~ 1, we find that QGs of similar mass (M, ~ 8 x 10! M,), stellar-population age (~ 2 Gyr), and cold gas fractions
(feas ~ 1-10%), span 2-3 dex in Myu/M, and Mgy /My, ranging from star-forming-like ratios to highly depleted dust states. The
diversity arises from delayed dust injection by thermally pulsing asymptotic giant branch (TP-AGB) stars and ISM grain growth,
which sustain dust enrichment for up to ~ 2.5 Gyr after quenching. Without these channels, the pre-quenching M, falls below 10%
of its initial value within < 0.5-1 Gyr, and twice as fast when AGN feedback is active. The imprint of post-quenching dust processing
persists in substantial reservoirs of small carbonaceous grains, with PAH fractions of ~ 2-3%, even if the cold-dust budget falls below
typical ALMA continuum detection limits (Mg /M, < 107*). Such signatures may remain detectable with JWST/MIRI at uJy depths,
probing chemically enriched dust phases in otherwise ALMA-faint galaxies. Altogether, dust and PAHs provide independent probes
of distinct stages of ISM evolution in QGs, rather than simply tracing the residual cold ISM of the preceding star-forming phase.
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: =Quiescent galaxies (QGs) are traditionally described as sys-
ems in which star formation has largely ceased and cold in-
erstellar medium (ISM) content is expected to be low (see e.g.

hitaker & Bezanson 2026, for a recent review). In this picture,
molecular gas and dust reservoirs should fade soon after galaxies
leave the star-forming main sequence (MS). However, how and
under what conditions QGs process their leftover ISM fuel, and
which physical mechanisms govern this processing, remain a
major puzzle in galaxy evolution. This puzzle has become press-
ing in the James Webb Space Telescope (JWST) era: although
the stellar populations of QGs are now well characterised even at
early cosmic times (e.g., Setton et al. 2024; Weibel et al. 2025),
the fate of their cold ISM remains considerably more uncertain.

* Corresponding author: darko.donevski@ncbj.gov.pl

Recent observations challenge the view of QGs as uni-
formly dust- and gas-poor systems. Stacking analyses and
infrared studies with low-resolution instruments reveal non-
negligible average cold dust and gas budget in massive
QGs (Man et al. 2016; Gobat et al. 2018; Magdis et al. 2021,
Blanquez-Sesé et al. 2023a; Donevski et al. 2023). In paral-
lel, Atacama Large Millimeter/submillimeter Array (ALMA)
studies of individual QGs via CO (e.g., Bellietal. 2021;
Lorenzon et al. 2025b; Spilker et al. 2025; Umehata et al. 2025),
[CII] (D’Eugenio et al. 2026; Valentino et al. 2026), and/or dust
continuum (e.g., Morishita et al. 2022; Lee et al. 2024) show
that they can host substantial dust and molecular gas to z~7.

These inhomogeneous samples with different tracers and se-
lections reveal a potentially very complex ISM in QGs that is
challenging to interpret. At present, there is no consensus on
how gas and dust evolve after quenching. Both rapid decline
(0.5 Gyr) and prolonged survival (*1 Gyr) of the cold ISM
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are reported, with broad ranges of gas fractions (fy, = My, /M)
of 1-15%; (e.g., Hayashi et al. 2018; Whitaker et al. 2021b;
Wu et al. 2023; Umehata et al. 2025) and dust fractions (1072
Jaust = Maust/ My < 107*; Donevski et al. 2023; Lee et al. 2024;
Michatowski et al. 2024), often accompanied by non-detections
in ultra-massive (log(Mx/My) > 11.2) QGs (Williams et al.
2021; Chang et al. 2026). The two ALMA studies that simulta-
neously investigate both CO and dust emission at z ~ 0.3 — 1
(Spilker et al. 2025; Lorenzon et al. 2025b) sharpen this ten-
sion, revealing dust-to-H, gas ratios (dpgr) spanning two or-
ders of magnitude (~ 1/1200 to 1/50) and deviating from the
values typical for star-forming galaxies (SFGs; dpgr ~ 1/100;
Magdis et al. 2021). The emerging observational picture is there-
fore heterogeneous, and may suggest a surprisingly diverse evo-
lution of gas and dust after the onset of quenching.

From the theoretical point of view, cosmological simulations
with dust naturally produce broad scatter in dpgr among QGs
across redshift (Whitaker et al. 2021a; Lorenzon et al. 2025a;
Chandro-Goémez et al. 2025), suggesting that this diversity re-
flects galaxy-to-galaxy differences in dust lifecycle. However, as
many channels act simultaneously, such simulations make it dif-
ficult to isolate which processes dominate dust replenishment or
suppression after quenching. A further challenge is the lack of
physically motivated diagnostics that can test these channels ob-
servationally. With JWST, such diagnostics can now be extended
beyond the ALMA sub-mm regime to shorter wavelengths, i.e.,
the mid-infrared (MIR), where polycyclic aromatic hydrocarbon
(PAH) emission traces gas-phase aromatic species linked to the
ultrasmall carbonaceous grains (e.g. Draine & Li 2001).

This motivates us to re-examine the conditions under which
dust is destroyed, survives, or is replenished across post-
quenching phases. To explore this, we develop UNDUST, to our
knowledge the first semi-analytic framework that couples cold
gas, dust, and PAHs specifically in the post-quenching regime of
QGs. UNDUST treats delayed stellar dust injection, grain growth
and reprocessing, destructive processes, and AGN-driven gas
outflows and heating as separable channels. In QGs, where
SF-driven processes are weak, this allows the dominant dust-
processing channels to be isolated more cleanly and their impact
on the observable ISM evolution affer quenching to be identified.
We use UNDUST to quantify how these channels shape quantities
such as faust, Opgr, and the PAH fraction (gpag = Mpan/Maust)-

We organise the work as follows: in Section 2 we present the
UNDUST framework. We show the post-quenching evolution of
faust and dpgr in Section 3, grain-sizes and PAHs in Section 4.
In Section 5 we study the imprints of these processes with JWST
and ALMA, and discuss their effects on late stages of galaxy
evolution. We outline our conclusions in Section 6.

2. An overview of the UNDUST model

UNDUST (UNified model of DUST evolution across galaxy
stages) is a one-zone semi-analytic framework that follows the
coupled evolution of stars, gas, metals, dust, and PAHs. Its full-
lifecycle implementation, in which these reservoirs evolve self-
consistently along the star-formation history (SFH), is described
in Donevski & Nanni (in prep.). Here, we focus on the post-
quenching regime and initialise the residual ISM at the onset of
quenching using empirically motivated cold gas (Mg, hereafter)
and dust masses. We then decompose the dust budget into three
channels: (A) the remnant reservoir inherited from the SFG pro-
genitor; (B) delayed dust injection by thermally pulsing asymp-
totic giant branch (TP-AGB) stars; and (C) ISM grain growth on
gas-phase metals. This allows us to isolate the processes regulat-
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ing dust survival, destruction, and replenishment after quenching
without reconstructing the full pre-quenching baryon cycle.
Before introducing the individual model ingredients, we
summarise the global physical framework in Fig. 1. After
quenching of star formation, the inherited dust reservoir is re-
duced by thermal sputtering, residual supernova (SN) shocks,
and astration. At the same time, TP-AGB stars inject fresh
dust seeds that can grow further in residual cold, dense, metal-
enriched gas. Grain—grain processing redistributes the reservoir:
shattering of large grains replenishes small grains, including
PAHs as its smallest carbonaceous component, whereas coagu-
lation transfers small grains into larger ones. The cold gas reser-
voir evolves through adopted SFH, residual consumption, stel-
lar mass return, and gas removal. Our one-zone framework does
not explicitly resolve a multiphase ISM: dense and diffuse com-
ponents are treated as fractions of the cold gas, while the hot
phase is described by characteristic density and temperature.
AGN feedback acts separately through cold-gas outflows and
heating, thereby modifying the conditions for dust processing.

2.1. Star-formation histories and quenching timescales

We evolve the model along an adopted star-formation history,
SFH = SFR(t), determining when the system departs from the
star-forming MS (SFMS). Our fiducial SFH combines a delayed
component with an exponentially declining post-quenching tail':

SFR el (1), 1<,
SFR(¢) = t—1 1
® SFR)exp |-——|, 121, W
Tquench
where
SFRyi(f) = At exp(=t/Tmain);  SFR{ = SFRyai(7). 2)

Here, tg marks the onset of quenching and Tguench controls the ex-
ponential decline of the residual SFR. From a chosen formation
redshift, zsom, we evolve the SFH forward in cosmic time and
identify 0 as the first epoch at which the galaxy departs at least
5% below Speagle et al. (2014) SFMS, and transition to quies-
cent regime. We quantify the departure as

SFR(7) ]
SFRys (M, 2)

Once the galaxy is 5x below the MS (Ays < —0.7), we express
its subsequent evolution with time since quenching, fq = fops — tg.

Anms(t) = log g [ 3)

2.2. Gas and metals

We evolve the gas and metal reservoirs from the initialised
quenching state described in Section 2.6. The residual cold-gas
reservoir changes as:

Mgas(t) = —SFR() + Mret(t) + Min(t) - Mout(t)- 4

The first term is gas consumption by residual star formation,
while M, accounts for stellar mass return, computed from SFH
and stellar-population ages. Gas inflow, M;,, is set to zero to iso-
late internal post—quenchlng dust channels. We write the gas-
removal rate as My, = Mout() + Mom AGN, Where Mout() =

! In Donevski & Nanni (in prep.) we also test results from stochastic-
regulator SFH with time-variable inflow and feedback, and find that it
does not significantly alter the main trends presented in this work.
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Fig. 1. Illustration of the UNDUST post-quenching framework. The left-hand panel defines #,, which begins when the galaxy falls 5x (0.7 dex) below
the star-forming MS (SFMS). The cold ISM is then initialised with empirically motivated Mgug 0, M, 0, and Zg,,o. The right-hand panel shows
the dust lifecycle: delayed TP-AGB injection, ISM growth on gas-phase metals, coagulation, shattering, sputtering, SN shocks, and AGN-driven
gas heating and outflows. PAHs are treated as a sub-reservoir of small carbonaceous grains. Symbols in the legend distinguish dust production,
destruction, and grain-processing channels, while solid and dotted lines connect processes that affect dust directly and indirectly, respectively.
Azure blue particles describe gas-phase metals, to which sputtering and SN shocks return the mass of fully destroyed dust grains (red particles).

Mgy /Tgas is gradual depletion of cold gas. We adopt 7g, =
1.5 Gyr, as a reference mid-range value of broad depletion
times measured in post-SB and QGs (e.g. Magdis et al. 2021;
Whitaker et al. 2021b; Belli et al. 2021; Woodrum et al. 2022).
The AGN-term is described in Section 2.5.

The metal reservoir (Mz = ZgysMg,,) evolves with grain de-
pletion, astration, gas inflows and outflows, metal return from
dust destruction, and delayed TP-AGB metal return. Starting
from Mzy = Zgu0Mgas0, the metal reservoir evolves self-
consistently with the gas and dust. We adopt initial solar metal-
licity, Zgasp = Zo = 0.02. Throughout this work, Mg, denotes
the effective cold gas mass, initialised from observed H, masses
and taken as M,s ~ My, when comparing with ALMA data.

2.3. Dust evolution

We model the post-quenching dust evolution as a well-mixed,
one-zone reservoir coupled to stellar sources and gas—dust pro-
cessing. We adopt a two-size model in which grains are di-
vided at radius a = 0.03 um (e.g. Hirashita 2015; Aoyama et al.
2020): grains below and above this radius belong to the small-
and large-grain reservoirs, M, and M), respectively. Small grains
dominate accretion, whereas large grains initially contain most
of the dust mass. We set their initial partition with small-grain
mass fraction (fmano = Mso0/Mausto = 0.4) after which shatter-
ing and coagulation redistribute mass between the grain reser-
voirs. We evolve C— and Sil-grains separately, with PAHs
treated as a subset of the small carbonaceous reservoir.
We describe the two grain-size dust evolution as:

Mi(®) = fnjiMascs + 0isGace
~——— —— ———

AGB dust injection  ISM grain growth

M, M M;
+ K; _ = — -
Tsh Teo Tdest,i )]
—— N——
shattering  coagulation sputtering /SN shocks
M; .
- SFR+ [, - O; , i €{s,l}.
gas S~——— S~——
~~——dustinflow dust outflow

astration

Here, we consider dust production from TP-AGB stars, where
Md,AGB is dust-injection rate, and fi,;; is dust fraction assigned
to the small- and large-grains as finj s and finj; = 1— finj s, r€Spec-
tively. The term G, describes ISM grain growth via accretion
of gas-phase metals, and is applied only to the small-grain reser-
voir (6;5 = 1 fori = s, and 6; ; = O for i = /). Grain—grain inter-
actions redistribute material between bins while conserving the
total Mgy Shattering transfer mass from large to small grains,
and coagulation drives reverse transfer. We encode this direction
with k; = +1 and x; = —1, and use 7y, and 7, for the correspond-
ing processing timescales. The destruction term Tges; represents
grain-size-dependent dust destruction via thermal sputtering and
unresolved SN-driven shocks. Astration removes dust in propor-
tion to the residual SFR, while I; and O; are optional dust trans-
port via inflows and entrainment in outflows.

We note that, aside from processes outlined in Eq. 5, that
affect dust directly, we also introduce AGN feedback (Sect. 2.5)
which enters the dust evolution indirectly, by changing the cold
gas conditions that regulate dust growth and destruction. We do
not include SNe Ia, but note that their effect on My, in QGs is
likely minor (< 0.15 dex; Donevski and Nanni, in prep.)

2.3.1. TP-AGB dust injection

We compute dust injection by evolved stars from TP-AGB
yield tables of Nanni et al. (2013, 2014), which tabulate the to-
tal dust ejecta as a function of initial M, and Zg,, which ex-
tends to super-solar values. We use these tables to split the
stellar dust into C— and Sil-based component. Following stan-
dard chemical-evolution models, we convert tabulated yields
into a time-dependent source term by convolving them with the
adopted SFH. For each stellar generation formed at time # — 7,
we identify the stars that reach the TP-AGB phase at time ¢
through the lifetime-mass relation. We then weight their inter-
polated dust yield by the IMF and the SFR at the formation time.

We distribute the total AGB dust-injection rate Md,AGB =

Mg ace T M;{{AGB, between the small and large grain bins as

Msacs = finjsMaacs and Miags = (1 = finjs)Maacs. Mo-
tivated by AGB wind calculations and theoretical studies in
which freshly condensed stellar grains typically have radii above
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our adopted division at @ = 0.03um, we assume fpi, =
0.2, so that the injected AGB dust is predominantly associated
with the large-grain bin (Yasuda & Kozasa 2012; Nanni et al.
2018; Matsumoto et al. 2024). For the TP-AGB dust yields, we
adopt the solar-models (Z = 0.02) as our reference and com-
pare them with super-solar in Appendix B. The dependence of
adopted yields on Zg, is particularly relevant for massive QG
progenitors, which are expected to be chemically evolved be-
fore quenching (e.g., Kriek et al. 2019). The Nanni et al. (2013,
2014) models show that metallicity affects the composition of
TP-AGB dust more strongly than its total dust-to-gas yield: near
solar metallicity, C-rich TP-AGB stars produce carbonaceous
dust, whereas super-solar populations are increasingly domi-
nated by oxygen-rich TP-AGB stars and Sil-dust production. We
discuss the consequences for late-time carbonaceous and PAH
reservoirs in Section 4.

2.3.2. ISM dust growth

We model ISM grain growth as the accretion of gas-phase metals
onto available grains in the cold, dense ISM. We follow standard
prescriptions (e.g. Hirashita et al. 2015; Zhukovska et al. 2016;
Toyouchi et al. 2026), where accretion becomes more efficient
with higher cold gas densities, but weakens when little gas re-
mains in dense, shielded phases or when heating reduces stick-
ing efficiency. We describe the dust growth rate as:

7 -1 n -1
gas H -1
Tgrow,eff = Tacc,0 (_ ) ( —_ fdensefT (Teola)-

Zo nHO

(6)

Here, T, is the initial accretion timescale, ny is the effective
cold gas density, and fgense 1S the fraction of cold gas phase used
for accretion (e.g. Matsumoto et al. 2024). The factor fr(Tcoiq)
depicts temperature-dependent suppression of sticking: fr ~ 1
in cold gas, and fr > 1 in warm or feedback-heated conditions.
We apply the corresponding growth rate to the small-grain
reservoir as G = LS sat(OpT™m). We add the saturation factor

Tgrow.eff
Ssat(OpT™m), Where 61g)TM is an instantaneous dust-to-metal ratio.
Therefore, accretion stops as the dust reservoir approaches the
maximum allowed value which we set to 6prm = 0.5 based on
the maximal values inferred in nearby galaxies with low sSFR
(e.g. De Looze et al. 2020; Casasola et al. 2022) and in QGs
from sivBA simulation (Donevski et al. 2023).

We normalise the accretion timescale to Toeco = 50Myr
at Zgs = 0.02, ngg = 100cm™>, and Teqap = 25 K
Adopted Tac0 is deliberately longer than commonly assumed
for SFGs (Tyec0 ~ 1-25 Myr; Dwek 1998; Asano et al. 2013;
Popping et al. 2017; Li et al. 2019a; Toyouchi et al. 2026), or lo-
cal ellipticals (Tacc0 ~ 30 Myr; Hirashita & Nozawa 2017), and
reflects the less favourable conditions for ISM growth expected
in QGs. We set fgenseo = 0.25, within the range used in dust
models (e.g. Hirashita & Lan 2021), and let it decline with age to
match the lower values observed in local post-SBs (French et al.
2023).

2.3.3. Shattering and coagulation

Shattering transfers mass from large to small grains,
dM,/dt)s, = M;/tsq,, while coagulation transfers small
grains into the large-grain reservoir, (dM;/dt).o = M/Tco. Be-
cause we do not evolve separate diffuse and dense gas reservoirs,
we calculate the intrinsic timescale under representative local
conditions and weight the rate by the fraction of gas occupying
the relevant unresolved phase. This follows the physical picture
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of two-size models, in which shattering occurs mainly in
diffuse turbulent gas and coagulation in cold, very dense clouds
(e.g. Asano etal. 2013; Hirashita 2015; Aoyama et al. 2018;
Hirashita & Aoyama 2019; Narayanan et al. 2023).

For shattering, we quantify the mass fraction in diffuse phase
via fdiﬁ =1- fdense7 and adopt

NHdiff | Vturb -t 1
= 25 ) 7
e T\ 1 em3 10kms-! Jair 7
Here, 7300 = 0.5 Gyr is the reference timescale at nyqig =
1cm™ and v, =10kms™'. We adopt ng gig = 0.3 cm™3, consis-

tent with effective conditions in two-size dust models (Hou et al.
2019; Romano et al. 2022), and probe 1 < vup < 50kms™!,
encompassing the broad range inferred for QGs and AGN-
dominated local galaxies (Li et al. 2020; Haidar et al. 2026). We
set Tgneff — 00 When fyig = 0 or nygig > 1 cm™>, thereby switch-
ing off shattering outside the adopted environment.

Coagulation operates through low-velocity sticking colli-
sions in unresolved dense cold structures:

NH co

100 cm™3 ®)

-1/2 .
) fcoag’

Tcoeff = Tco,O(

where fooqg is the effective fraction of gas residing in dense,
coagulation-active structures. In the fiducial model we adopt
feoago = 0.05, npeo = 103em™, T, = 50 K, and 7¢00 = 0.05
Gyr. These parameters correspond to local coagulation times
of a few to several tens of Myr under dense-cloud conditions
(MHeo = 103 cm™), broadly consistent with turbulent dense-
cloud calculations (Ormel et al. 2009; Hirashita & Lan 2021).
Coagulation is switched off when feoae = 0, npco < 100 cm™.

2.3.4. Dust destruction channels

Dust destruction by SN shocks and thermal sputtering acts sepa-
rately in small- and large-grain reservoirs as 1/7gesti = 1/(Toputi+
TSN,i), where i = S, l

Thermal sputtering For thermal sputtering of grains in
hot plasma, we adopt an effective timescale based on the
Tsai & Mathews 1995, in the form commonly used in mod-
els without explicit grain-size distribution tracking (e.g.,
McKinnon et al. 2017; Osman et al. 2025):

Nhot

= 2% 100K \*
TSpu[ = Tsput,o (m) L+ TO[ .

As a reference sputtering timescale we use Tegpuo = 0.2 Gyr.
We adopt T = 107 K as the fiducial hot-phase temperature
and probe range Th, = 10°-10% K. Motivated by theoreti-
cal works that allow large grains to persist longer than small
grains (Biscaro & Cherchneff 2016; Slavin et al. 2020), we ap-
ply ngut,j = §Tsput/ funshield> Where j € {s,1}, s, = 1, and s; = 2.
We also account for dust protected in surviving cold, dense gas
pockets, as suggested by resolved simulations and JWST studies
of multiphase outflows (Richie et al. 2024; Richie & Schneider
2026; Veilleux et al. 2025; Cronin et al. 2026). We parametrise
the exposed dust fraction as funshieta = €XP(—Mgas/Mipield),
adopting funshieta,0 = 0.90, which corresponds to conservative
10% effective shielding at quenching. As the residual gas de-
clines, funshield approaches unity and sputtering becomes more
efficient.

&)
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SN-driven shocks To model the destruction of dust by unre-
solved SN-driven shocks, we adopt the standard effective scal-
ing (e.g. Slavin et al. 2015) Tsn; = Mga/RsnM.1;, where SN
rate is Ry = vsnSFR and M,y; is the effective My, cleared
of dust per SN for grain bin i. The later absorbs the destruc-
tion efficiency and swept-up mass, which in detailed shock mod-
els depend on density, metallicity, and shock structure (e.g.
Dwek et al. 2007; Slavin et al. 2015). We keep M., fixed, prob-
ing M, = 1000 Mg and M,;; = 650 Mg, so that small grains are
destroyed more efficiently than large grains (e.g. Hirashita 2015;
Hu et al. 2019).

As Rgn rapidly decreases after quenching, SN shock destruc-
tion is generally subdominant in QGs. For sSFR ~ 1072 yr~!,
the resulting timescales are several to > 10 Gyr, while recently
quenched systems with sSFR > 107!° — 107! yr™! can reach
~ 0.5-1 Gyr for small grains and ~ 1-3 Gyr for large grains, de-
pending on the remaining gas fraction. Our reference values are
set to reflect this range. Finally, we also include an astration that
removes dust at a rate (M;/M,,s) X SFR, while we shut off dust
advection by inflows (I;) and outflows (0;) in fiducial runs.

2.4. PAHs

We describe PAHs as a sub-component of the small carbona-
ceous reservoir (Narayanan et al. 2023). Since our two-size
framework does not explicitly resolve PAH-sized grains, we
track them within the small-C reservoir using a subgrid prescrip-
tion. We model their evolution as:

Mc Mpan ~ Mpan

+ M PAH,AGB — (10)

sh,C Tco,PAH

Mpan = fonopan
Tdest,PAH

The first term represents PAH production from shattering:
M;c/Tshc is the mass flux transferred from large- to small-C
grains, and fy,pay is the fraction of this flux assigned to PAHs.
To determine which part of the shattered material reaches PAH
sizes, we follow Jones et al. (1996) and adopt a fragment spec-
trum nge(a) o« a3 over 3 < a < 300 A. We count as PAHs
only the aromatic fragments in the smallest part of this distribu-
tion, a < 20 A (Rau et al. 2019; Narayanan et al. 2026), while
larger fragments remain in the non-PAH small-C reservoir.

The second term describes the direct TP-AGB contribution
to PAH as MPAH,AGB = EPAH,AGBMC,AGBa where MC,AGB is the
C--dust injection rate predicted from the adopted TP-AGB dust
yield tables, andepap acs 18 the fraction assigned to PAHs. This
contribution is motivated by evidence for evolved-star contri-
butions to PAH emission in early-type galaxies (Galliano et al.
2008; Vega et al. 2010; Smith-Perez et al. 2026). As conversion
of circumstellar carbon dust into PAH remains uncertain, we fol-
low Latter (1991) whose Eq. (2) implies eagg ~ 0.15-0.23 rel-
ative to the combined PAH and amorphous-carbon ejecta. We
adopt the conservative reference value epagg = 0.15 and treat it as
a minor contribution. Therefore, most PAH production remains
associated with the shattering of large C-grains.

PAHs are transferred out of the PAH reservoir via coag-
ulation to larger C-grains on a timescale Tc,pan, and are de-
stroyed by hard radiation fields and shocks (Montillaud et al.
2013; Garcia-Bernete et al. 2024). We apply an effective pro-
cessing timescale 7gepan that, for a timestep Az, removes a
fraction 1 — exp(—At/7gestpan) Of the current Mpay. Guided by
PAH lifetimes of a few 10 yr inferred for interstellar shocks
(Micelotta et al. 2010), we adopt Tgespag = 0.3 and 0.6 Gyr in
runs with and without AGN feedback, respectively.

2.5. AGN feedback

We include AGN feedback phenomenologically to test how its

impact on the cold gas affects post-quenching dust evolution. We

do not model a self-consistent AGN luminosity, and AGN activ-

ity does not directly destroy grains. Instead, once activated, AGN

mode acts by enhancing cold ISM gas removal and heating.
First, AGN feedback induces gas-outflow as

Mout,AGN = Tout SFR’ (1 l)

where 7oy is the effective mass-loading factor. For the fidu-
cial massive QGs at z ~ 1, we adopt constant values 75, =
1.25 when feedback is enabled and 74, = O otherwise. This
choice is motivated by molecular outflows in local galaxies
(Fluetsch et al. 2019) and neutral-outflow constraints in post-
starbursts, where My, ~ 0.3—1 Mg yr~! implies 7oy ~ 0.4-1.5
for a massive QG with sSFR ~ 107!! yr~! (Baron et al. 2022).
It is known that some rapidly quenching systems exhibit much
larger mass-loading factors (7o, = 5 — 50, i.e., Davies et al.
2024; Valentino et al. 2025) and we briefly explore this regime in
the Appendix A, while a self-consistent analysis of AGN-driven
quenching will be presented in Lorenzon et al. (in prep.).

Second, AGN feedback heats or disrupts the cold dense
ISM (Gaspari et al. 2012; Vogelsberger et al. 2019; Viaene et al.
2020; Haidar et al. 2026). This suppresses ISM grain growth by
raising the effective cold-gas temperature Teogeft = Tcold0(l +
kheat), Where Teolg0 = 25 K and kpeq sets the heating amplitude.
The grain accretion timescale then increases as

Tcold,el‘f r
TAGN — TO ( ) = Tgcc,i(l + kheat)p’ (12)

acc,i acc,i T 1.0
cold,

where exponent p captures the reduced fraction of cold, dense
gas able to sustain grain growth. In the fiducial AGN-on runs we
fix p = 1 and test arbitrary values kney = [2, 3,4].

2.6. Initial conditions and model grid

We initialise each model at the onset of quenching with

{M*,O, Maas 0, Zgas 0, Maust,0 fs’o}m‘]' These quantities describe

the chosen pre-quenching ISM state of the star-forming pro-
genitor. The fiducial SFH represents a massive QG observed
at Zohs ~ 1 with a mass-weighted stellar age of ~ 2 Gyr. For
the reference starting value (inherited from the SF progenitor)
we use My = 8 X 10" Mo, faaso = 0.08, Zgso = 0.02, and
opcro = 1/250. These values are empirically motivated and
deliberately conservative. The initial dpgr lies near the middle
of the ALMA-observed range for QGs (see e.g. Lorenzon et al.
2025b), while fg,s and faus are ~ 7-10 times below the Hp—
gas and dust scaling of MS SFGs at comparable mass and red-
shift (e.g., Liu et al. 2019; Donevski et al. 2020). We therefore
approximate a general population of quenched descendants of a
normal, dusty SFG at z ~ 2 (e.g. Casey et al. 2026) to test the ex-
tent of cold dust, gas, and PAH evolution in a gas-poor system,
rather than tuning the model to rare dust- or gas-rich outliers.

We set initial small- and large-grain fractions as fo = 0.4
and fip = 0.6, i.e., an ISM-processed grain population from the
preceding star-forming phase, as expected after ~Gyr of grain
processing (Aoyama et al. 2020). We neglect dust transport via
inflows/outflows to isolate AGN effects on the cold gas, avoiding
degeneracy with direct dust entrainment (Nanni et al. 2020).

We explore three dust-destruction regimes: mild, moderate,
and harsh. These represent progressively less favourable con-
ditions for dust survival, combining lower ny, shorter grain-
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survival times in SNe shocks, and stronger thermal sputtering
in hot gas. In Table 1 we list parameters that define these modes.
We solve the coupled gas, dust, and PAH equations numeri-
cally on a uniform time grid and propagate parameter uncertain-
ties via Monte Carlo sampling. For each configuration, we show
the median tracks and the corresponding 16th—84th percentile
range. For each destruction regime, we compare a remnant-only
model with one including excess dust from TP-AGB injeciton
and ISM grain growth, thereby separating the contributions of
inherited dust, stellar replenishment, and grain regrowth.

Table 1. Fiducial UNDUST parameters defining the mild, moderate,
and harsh destruction modes, explored with and without AGN feedback.

Parameter Destruction mode

Mild Moderate Harsh
for both AGN=OFF and AGN=ON runs
ny [em™] 40 30 20
Tsns [Gyr] 1.6 1.2 0.8
Tsny [Gyr] 2.5 2.0 1.5
Tho [10°K] 6.0 8.0 10.0
only in AGN=ON runs
Mout 1.25 1.25 1.25
Kheat 2.0 3.0 4.0

Notes. ny is the cold gas density, Tsns and 7syn, are the small (large)
grain SN-destruction timescales, 770y is the mass outflow rate, and kpea
is AGN heating boost. Initial reference parameters common to all runs
are M*’() = 8 x 10 M@, fga&,() = 0.08, (SDGR,O = 1/250, Zgas,() = 0.02,
Taceo = S0Myr, fio = 0.4 and fip = 0.6.

3. Evolution of dust-to-gas mass ratio and
dust-to-stellar mass ratio in quenched galaxies

We track the evolution of fy,s and dpgr Within multi-parameter
space describing the post-quenching ISM, namely 74, sSFR and
Ju,. In Fig. 2 we show the model tracks and literature results on
ALMA studies of individual QGs up to z ~ 2 (Lorenzon et al.
2025a; Spilker et al. 2025; Whitaker et al. 2021b), and QG
stacking samples (Magdis et al. 2021; Adscheid et al. 2025).

3.1. Comparison to ALMA results

As seen in Fig. 2, our reference model broadly spans the liter-
ature constraints of fy,sx and dpgr in the multiparameter space.
Passively fading remnant tracks cannot fully reproduce the ob-
served ISM diversity of QGs. Even for modest destruction,
the decline of the pre-quenching fyus with sSFR and fy is
too steep with respect to data. Instead, post-quenching dust
processing is required to reach the upper distribution of the
data and reproduce the diversity in fy and dpgr. We see
that even a modest decline in about one dex in gas fraction,
Joas = Mgas/My ~ 0.01-0.1, produces more than two dex
of variation in dpgr, from nearly Milky-Way-like values typ-
ical of SFGs, dpgr ~ 1072 (Magdis et al. 2012), to strongly
depleted systems (Spgr < 107> — 107*). Such behaviour is
qualitatively consistent with the broad range of dpgr reported
for observed QGs across cosmic epochs (Lorenzon et al. 2025a;
Spilker et al. 2025; Valentino et al. 2026). This implies that
scatter among ALMA data is primarily driven by dust grains
responding abruptly to cold gas changes, and suggests that
molecular-gas detections do not guarantee detectable dust con-
tinuum, and vice versa, in line with recent observational claims
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(Whitaker et al. 2021a; Morishita et al. 2022; Lorenzon et al.
2025b; Gangula et al. 2026).

From Fig. 2 we also see that stacking measurements
(Magdis et al. 2021; Blanquez-Sesé et al. 2023a; Adscheid et al.
2025) tend to lie near slow-to-moderate destruction tracks, pos-
sibly explaining why ALMA stacks often infer higher fy,s than
targeted observations of individual QGs. Similar tracks overlap
with gas-richer (fu, = 10%) QG from Hayashi et al. (2018),
caught in a transitioning phase toward red sequence. By con-
trast, dust-rich QGs at lower fg, (Lorenzon et al. 2025b; see
also Morishita et al. 2022) require efficient dust reformation in
gas-poor environments. These dustiest outliers remain difficult
to reproduce with our fiducial runs, and may require exception-
ally efficient grain growth, potentially exceeding adopted dust-
to-metal limit of oppv = 0.5, partial decoupling between dust
and cold gas (Lorenzon et al. 2025a), or external dust supply
through mergers (e.g. D’Eugenio et al. 2026).>

The lower panels of Fig. 2 show that AGN feedback fur-
ther reduces the cold gas available for dust reformation, sup-
pressing the upper end of the fy.,5x and dpgr distributions even
under mild destruction. In Appendix A we show that stronger
outflows exacerbate this tension: higher 7o, can temporarily en-
hance dpgr 2 1/100 toward lower fy,, while steeping the de-
cline in fq,s at fixed sSFR. We interpret the broad overlap with
the ALMA data as a support that these pathways as plausible,
but not unique: similar locations in the dust—gas plane can arise
from different routes; i.e., efficient destruction in no-AGN runs
can resemble moderate-destruction tracks with AGN. Measure-
ments of faus Or Opgr alone therefore cannot uniquely identify
the dominant ISM-processing mechanism. Breaking this degen-
eracy requires joint constraints on faus, OpGr. #g> SSFR, and fy,,
motivating homogeneous observations that probe multiple dust,
gas and stellar phases simultaneously.

Despite this ambiguity, the modelled tracks can identify
the post-quenching epochs at which different dust-destruction
modes are most diagnostic. The first < 0.5 Gyr after quench-
ing provides the strongest leverage on rapid destruction, because
by 74 ~ 0.3-0.5 Gyr the mild-remnant tracks are already well
separated from the harsh-destruction cases. Such diversity may
already be present in recently quenched galaxies at z ~ 1, where
massive post-SBs are expected to be common (e.g., Wild et al.
2016). While systematic dust-to-gas studies of post-SBs beyond
the local Universe are still limited, local samples show > 2 dex
scatter in fyuse at post-burst ages of ~ 0.2-0.6 Gyr (Li et al.
2019b). Many ALMA-studied post-SBs at z ~ 1 retain gas
reservoirs above those adopted in our fiducial QG model (e.g.
Belli et al. 2021; Zanella et al. 2023), but the subset already be-
low the MS gas sequence is directly relevant for our tracks. Such
systems span the transition from fgs ~ 0.1 to ~ 0.01 within
~ 0.5 Gyr (Bezanson et al. 2022); ALMA observations reveal
abundant CO reservoirs but a low (~ 25%) 2 mm dust-continuum
detection rate (Setton et al. 2025), making them useful targets
for testing rapid decoupling of dust and gas.

In general, ALMA non-detections may not uniquely trace
rapid destruction tracks of pre-quenching dust. Some QGs may
continue to reform dust mass while remaining below typical
ALMA continuum limits. We return to this point in Section 5.

2 Qur fiducial runs use single reference fg,s and Mgy, although QGs
may quench with higher or lower values. This mainly shifts the track
normalisation, while preserving the relative trends and timescales; re-
producing individual ALMA outliers is beyond the scope of this work.
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3.2. Comparison to simulations

We also compare the UNDUST tracks with QGs drawn from the
50 Mpch™! box of SIMBA simulation (Davé et al. 2019; Li et al.
2019a). We analyse dust properties of QGs identified in SIMBA
runs with and without AGN feedback physics.

In Fig. 3 we see the sharp separation between the no-AGN
and AGN SIMBA distributions in the fy,5—sSFR plane. This
reflects the known role of AGN feedback in regulating both
quenching and the cold ISM in SIMBA. Without AGN feed-
back, massive galaxies remain insufficiently quenched and keep
dense gas over tens of Gyr resulting in very weak decrease
in sSFR and fy,s. Instead, in the full SIMBA run, ~ 70% of
z ~ 1 QGs are fast quenchers (z, < 250 Myr) that undergo

AGN jet mode. In most of these QGs AGN feedback further
injects energy via X-ray radiation, which is triggered when
Seas £ 15% (Appleby et al. 2020). Such QGs exhibit relatively
fast gas/dust removal, with a net decline of > 2 dex in fy,g-
Lorenzon et al. 2025b show that intrinsic dust replenishment
can operate in harsh conditions, mostly among slow-quenchers
and older QGs in SIMBA. Instead, in rapidly quenched galax-
ies at z ~ 1, dust content is dominated by a preceding burst
or merger (Faisst et al. 2017; Akins et al. 2022) that can reform
Mg, before quenching starts. These processes jointly broaden
a range in fqus and opgr at fixed sSFR (Whitaker et al. 2021a;
Donevski et al. 2023; Lorenzon et al. 2025b). Similar diversity
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has recently been found in z ~ 2 QGs from COLIBRE simula-
tions (Chandro-Gomez et al. 2025).

MS @z~ 1 ™S @z~ 1

Without AGN feedback With AGN feedback

103} g

¥ t;=0
— SIMBA median
SIMBA QGs
= t,=05,1,2 3, 4Gyr
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SSFR [yr~] SSFR [yr1]

Fig. 3. Post-quenching evolution in the f,5—SSFR plane for UNDUST
models without and with AGN feedback, compared to z ~ 1 SIMBA
galaxies. Grey points and curves show the SIMBA QGs and median
trends, while coloured tracks have the same meaning as in Fig.2. Cyan-
blue region show position of z ~ 1 MS SFGs (e.g. Donevski et al. 2020).

The UNDUST tracks qualitatively agree with this broad range
from SIMBA, despite the different dust model and feedback im-
plementation. In particular, for the case when AGN feedback
is included, moderate destruction track sits very close to the
SIMBA median. This broad agreement supports the view that
Jfaust—SSFR plane is not governed by a single gas depletion path-
way, but encodes the complex interplay of SF suppression, gas
removal, and the efficiency of dust regrowth post-quenching.

3.3. TP-AGB dust injection and ISM grain growth across
post-quenching galaxy evolution

We further inspect how specific dust replenishment processes
vary across post-quenching timescales. To do this, we decom-
pose the dust budget into pre-quenching ("remnant"”) dust, TP-
AGB dust channel, and the excess dust mass gained by ISM
grain growth of seed grains. We illustrate these channels in Fig. 4
along with the total dust model that includes all three reservoirs.

TP-AGB stars are an important source of dust replenishment
in QGs. Their contribution quickly exceeds the remnant dust
reservoir, which declines below half of its initial mass within
< 0.3-0.5 Gyr under harsh (moderate) conditions. Although de-
layed TP-AGB injection cannot fully compensate for dust de-
struction, resulting in tracks that do not exceed ~ 50% of the
initial fyu regardless of ISM conditions, they enrich the ISM
with fresh grains. For QGs of reference stellar population ages
of t, ~2 Gyr, cumulative TP-AGB dust yields are of M?SB ~3—

dust
8 x 10° M, across the post-quenching phase. As discussed by
Nanni et al. (2014), total M;;SP depends only weakly on Zg,,
with metallicity primarily affecting its composition: C-rich dust
dominates at early times, while Sil-rich production peaks later
as lower-mass stars reach the TP-AGB phase. In Appendix C we
illustrate this age dependence: AGB dust production peaks for
~ 1 — 2 Gyr old stellar populations, but remains non-negligible
for older systems up to #, = 3 Gyr. This ages are typical of mas-
sive QGs at z ~ 1 (Carnall et al. 2019; Hamadouche et al. 2023;
Beverage et al. 2024), making our predicted TP-AGB replenish-
ment broadly representative of the bulk of this population.

ISM grain growth is the dominant dust source over much
of the post-quenching evolution. Under favourable residual ISM
conditions, ISM grain growth can maintain more than 50% of the
initial Mg, for up to ~ 1.5-2 Gyr, flattening the model tracks
and helping to reproduce the fy, range of ALMA-detected QGs
in Fig. 2. In the no-AGN models, typical growth timescales are
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Tgow ~ 0.3-0.7 Gyr during the first ~ 1.5 Gyr after quench-
ing, with the shortest timescales in the mild regime. At later
times, Tgow Slow to ~ 0.8-3 Gyr as ny and fgense decline and
the small-grain reservoir is depleted. Raising Zg,s to super-solar
values slightly shortens 7grow by ~ 0.1-0.2 dex (Appendix B).

A key take-away from this result is that efficient ISM grain
growth in QGs does not require very high cold gas densities typ-
ical of SFGs, but can remain viable for the modest initial range
ny ~ 2040 cm™3 explored here. The most optimal conditions
combine a joint presence of a modest (and declining) residual
dense-gas fraction typical for adopted nyg (fgense < 0.1 — 0.2;
Neumann et al. 2023; Lin et al. 2024), and enough diffuse tur-
bulent gas for shattering to convert large TP-AGB grains into
small-grain seeds for accretion. This condition helps ISM growth
counteract destruction for ~ 1-2 Gyr in the mild and moderate
regimes, but it fails under harsh conditions, where rapid sputter-
ing (teput < 0.2 Gyr) quickly halts re-accretion. Sustained ISM
growth ultimately requires Torowefr < Tspur; ONCe this condition
is lost, TP-AGB injection can become comparable to, or ex-
ceed, the ISM-growth contribution to dust budget. Interestingly,
JWST/MIRI observations show that TP-AGB Sil dust can per-
sist in the harsh radiation field within the central parsec of the
Milky Way (Peifker et al. 2026), implying that AGN feedback
need not suppress delayed dust production directly.

AGN feedback further shifts this balance against grain
growth. In our model, AGN heating/outflows reduce the dense
gas fraction and lengthen the growth time as 7gowagNn =
Tarow,0(1 + kheat)”, until growth becomes fully suppressed once
the effective T, q approaches the adopted cutoff Tyec e =~ 140
K. For our fiducial T¢oqp = 25 K and p = 1, the mild, moder-
ate, and harsh destruction modes with AGN feedback lengthens
Tgrow DY factors of 3-5. Therefore, AGN does not need to destroy
all dust directly to make QGs dust-poor. By lowering the dense
and shielded gas fraction and slowing re-accretion, it can prevent
AGB-supplied grains from fully regrowing the dust reservoir.

Two consequences for late-stage galaxy evolution emerge
from this analysis. First, in QGs that retain H, but remain
quiescent because their dense-gas fraction has declined (e.g.
French et al. 2023), ISM growth can stay active up to ~ 1.5 Gyr
after quenching. Second, the dust content in QGs cannot be fully
attributed to passive aging or offsets from H,-gas scaling rela-
tions (e.g. Tacconi et al. 2018; Liu et al. 2019). Only the rem-
nant tracks in Fig. 2 and Fig. 4 resemble an age sequence driven
by fading molecular gas, as proposed by Gobat et al. (2020) and
Michatowski et al. (2024). We show that TP-AGB injection and
ISM grain processing substantially modify this evolution. Con-
sequently, QGs observed at t; ~ 0.5-2 Gyr are optimal for test-
ing these channels and departure from the age sequence.

4. Grain sizes and PAH evolution in quenched
galaxies

4.1. Evolution of the grain-sizes

The self-consistent two-size dust framework in UNDUST provides
useful information on how the C— and Sil—grains are distributed
after quenching. We examine the changes in the grain-size bal-
ance to better understand the build-up and evolution of the bulk
dust mass and PAH-bearing carbonaceous reservoirs.

Figure 5 shows that the median post-quenching evolution of
a small-grain mass fraction (fyman = M/(M; + Mj)) is strongly
composition-dependent. During the first z; < 1 Gyr, both fiman,c
and fyman si exhibit decline which is attributed to two channels:
coagulation, which transfers mass from small to large grains,
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Fig. 4. Component-specific evolution of dust fraction after quenching. Panels compare mild, moderate, and harsh destruction regimes without
AGN feedback (top row) and with AGN feedback runs (bottom row), as defined in Table 1. The black dotted curves trace the pre-quenching
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percentile ranges. Horizontal reference lines mark different fractions (100%, 50%, and 10%) of the initial dust reservoir.

and TP-AGB predominantly injecting large grains, which we ini-
tialised with a small-to-large grain mass ratio of 1:4. Atzy ~ 0.5-
0.6 Gyr, ISM growth becomes effective, but is first mainly sus-
tains the total dust reservoir rather than immediately shifting
it toward small grains. Within 7, ~ 1.4-2.3 Gyr, the small
C—grains develop a temporary rise independently of AGN pres-
ence. The accumulated carbonaceous TP-AGB reservoir pro-
vides more large C grains for shattering, which overcomes coag-
ulation and destruction. This creates delayed M, c upturn even
though the strongest phase of ISM regrowth has already begun
earlier. The silicates reservoir do not show the same trend at
tq 2 1.5 Gyr, as it remains more strongly weighted toward large-
grain injection®. This increases M, si1, while coagulation and ef-
ficient small-grain destruction keep fiman.sii flat (fsman ~ 0.1).

A qualitatively similar non-monotonic evolution has been
found for composition-integrated fyya in the COLIBRE simu-
lations (Vijayan et al. 2026). Their stellar dust is initialised with
small-to-large fraction of 1:9, after which accretion rapidly rises
the small-grain reservoir to fyman ~ 0.4 —0.5. The range spanned
by the UNDUST tracks broadly agrees with COLIBRE galaxies at
z ~ 1 over comparable masses (M, ~ 8 X 10'°-10'"" M). Im-
portantly, our post-quenching evolution split for C- and Sil-rich
reservoirs enable revealing a temporary carbon enhancement that
would otherwise be diluted in a composition-integrated ratio.

Local SFGs with sSFRs comparable to those probed by our
model typically show fiman < 0.2 (Relafio et al. 2022). These
values are consistent with our recently quenched systems (7, <
0.5 Gyr), whereas at 7, 2 1 Gyr our tracks exceed the range seen
in local SFGs. This delayed enhancement of the C-small reser-
voir, despite declining total Mgy, provides additional physical
context for the evolution of the PAHs discussed in Sect. 4.2.

3 We show underlying C- and Sil—production rates in Appendix C.

Ms/(M; + Ms)
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Fig. 5. Median evolution of the small-grain mass fraction, fina =
M;/(M; + M), for C-grains (red) and Sil—grains (slate). Solid and
dashed curves show no-AGN and AGN-on models, respectively. The
tracks show the median across all three destruction modes, with 16th—
84th percentile ranges. Annotations mark the key processes driving the
early decline, the carbonaceous upturn (highlighted with the shaded
area), and the late-time dominance of TP-AGB injected large Sil grains.

4.2. Evolution of PAHs

The PAH mass reservoir follows diverse post-quenching path-
ways that broadly mirror the evolution of dust fraction (Fig. 6).
Models including TP-AGB injection and ISM grain growth
maintain Mpay 2 10°—10° My, whereas remnant tracks, espe-
cially with AGN feedback, decline rapidly because no fresh car-
bonaceous material is supplied after quenching.

The temporary enhancement of M,c in Fig. 5 provides an
additional reservoir for PAH formation, although it does not
translate into a comparable increase in Mpay. As we describe in
Sec 2.5, in UNDUST, PAHs constitute an ultrasmall subset of the
broader small-carbonaceous grain reservoir, rather than being

Article number, page 9



A&A proofs: manuscript no. aanda

107

No AGN feedback mild

= moderate
harsh

With AGN feedback

= t;=05,1,2,3, 4Gyr

lq%,”

102 107 107

SSFR [yr~1]

107° 10 10712 10711 10710

SSFR [yr1]

10°° 10°%

Fig. 6. Evolution of PAH mass, Mpay, with sSFR. Left and right panels
correspond to models without and with moderate AGN outflows. The
meaning of colored and grey tracks is the same as in Fig. 2. Stars mark
the onset of quenching, and horizontal white bars along the tracks indi-
cate successive post-quenching times.

identified with all small C-grains. This is motivated by models
that associate PAHs with restricted C-grain intervals, typically
a < 13-50 A, and, in some cases, require the grains to be aro-
matic (Rau et al. 2019; Hirashita 2023; Narayanan et al. 2023).
We estimate that ~ 30% of the total small carbon mass is trans-
ferred to PAHs. The remainder stays in the broader non-PAH
small-C reservoir because it remains larger than the adopted
PAH scale. This conversion bottleneck allows the small-C and
PAH reservoirs to evolve independently after quenching. The re-
sulting PAH response is moderate and is regulated by the bal-
ance between shattering, destruction, and the evolution of the
total Mg,s. Consequently, if the real conversion of the shattered
small C-grains into PAH-sized reservoir is more efficient, QGs
could reach higher Mpay particularly in AGN-off conditions.

In Fig. 7 we show the PAH fraction, (here defined as gpapy =
(Mpan/Mgys) X 100), as a function of sSFR. The models span
from gpay ~ 3.5% during the early post-quenching phase to
PAH-poor states (gpan < 0.3%) at low sSFR, broadly consis-
tent with the diversity seen in resolved studies of local galaxies
(Chastenet et al. 2025). We find that gpay generally rises during
the first ~ 0.7-1 Gyr, reaching ~ 3.5% in the mild and mod-
erate regimes and ~ 2.5% under harsh processing with AGN
feedback. This enhancement reflects effective shattering of large
C-grains, together with delayed carbonaceous injection and sur-
vival of the residual grain reservoir, which enable QGs to match
the medians of high-metalliticy and massive (M, > 5x10'° M)
SFGs observed with JWST at z ~ 1 — 2 (Shivaei et al. 2024).
This suggests an important physical implication: z ~ 1 galaxies
with cold-dust fractions below typical MS values (faust < 1073)
may still exhibit gpag comparable to those of coeval MS SFGs,
especially if their evolution is unaffected by AGNs.

At later times, the PAH fraction is set by the balance be-
tween replenishment and destruction. Carbon-rich TP-AGB in-
jection declines with time, while after ~ 2 Gyr the delayed stellar
contribution becomes increasingly dominated by Sil-rich dust,
broadly consistent with other AGB dust models in the litera-
ture (Ventura et al. 2020). For older stellar populations (¢, 2 2
Gyr), this transition occurs closer to the onset of quenching (Ap-
pendix C), shortening the interval over which enhanced gpay is
expected. Once the C—-rich TP-AGB contribution fades, PAH
replenishment relies mainly on shattering of the remaining large
C grains. Coagulation and radiative/shock destruction remove
PAHs, while sputtering progressively reduces the broader small-
C reservoir. Together, these processes drive most no-AGN tracks
toward gpap S 1.5% after ~ 2 Gyr.
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AGN feedback changes this balance rather than destroying
the PAH reservoir instantaneously. Depletion and heating of the
cold ISM suppress grain growth and reduce the large-C reservoir
available for shattering, while the lower dense-gas fraction also
weakens coagulation. This partial compensation allows AGN-
regulated models to retain gpag 2 1.5% during roughly the first
~Gyr after quenching, despite their more rapid decline in total
Mgys. The behaviour is qualitatively consistent with models in
which shattering remains effective as the ISM becomes more dif-
fuse and where declining fy,s induce temporarily elevated gpan
(Narayanan et al. 2026). At later times, the same reduction in
Jfeas o longer supports enhanced PAH production: depletion of
the large-C reservoir together with continued PAH destruction
dominates over replenishment, driving most tracks toward low
gpan. Overall, the diversity of gpay predicted by our model mo-
tivates systematic studies of PAHs in harsh conditions, for which
early JWST observations already indicate diverse PAH survival
in AGN environments (Garcia-Bernete et al. 2024).

5. Observational implications for ISM evolution in
quenched galaxies

The above results show that, despite the many physical ingre-
dients in UNDUST, the observable predictions are governed by a
smaller set of dominant channels. The bulk dust budget is con-
trolled mainly by delayed TP-AGB replenishment, ISM grain
growth, thermal sputtering, and AGN-regulated suppression of
the cold gas phase. The PAH reservoir is sensitive to the shatter-
ing of C-grains and, at the secondary level, grain distributions.
Other processes (i.e., residual SN shocks, astration, shielding
etc.) have secondary impact on the observed trends.

This has direct observational implications and naturally
raises the question of whether the diverse post-quenching dust
pathways can be distinguished with current facilities. In this sec-
tion, we assess the joint diagnostic role of cold dust and PAHs
in QGs using representative sensitivity limits for ALMA and
JWST.

We link the UNDUST tracks to MIR observables by post-
processing the model outputs with the dust-emission library
of Draine & Li (2007) (hereafter DLO7). We assign the closest
DLO07 template to the modeled gpay and scale its luminosity by
instantaneous M g,. Since we do not solve radiative transfer self-
consistently, we follow models that compute dust and PAH SEDs
under an assumed radiation-field intensity (e.g., Hirashita et al.
2020; Matsumoto et al. 2024). We adopt a diffuse interstellar ra-
diation field (ISRF) with constant Milky Way-normalised in-
tensity U = 1, representative of massive, metal-rich QGs at
z ~ 1 (Magdis et al. 2021), and a minimal high-intensity com-
ponent (y = 0.001), corresponding to 0.1% of Mgy exposed
to the DLO7 power-law ISRF distribution. This mimics weak
residual heating without introducing a star-forming/PDR com-
ponent. We verify that the qualitative location of the tracks in
the sSFR—fg,s: plane is unchanged under this fiducial excitation.
A stronger (weaker) ISRF would increase (decrease) the abso-
lute MIR flux per unit Mpay, but would not erase the distinction
between genuinely dust-poor systems and ALMA-faint systems
retaining a non-negligible PAH component. The absolute MIRI
fluxes should therefore be interpreted as estimates for a weakly
heated ISM. The resulting rest-frame SEDs are redshifted and
convolved with the relevant JWST/MIRI transmission curves.
For our exemplary case, we focus on observed-frame F1500W,
which at z ~ 1 probes rest-frame ~ 6.8-8.3 um emission, and
encompasses the charge-sensitive 7.7 um PAH complex together
with the underlying dust continuum.
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Fig. 7. PAH fraction in the f;,3—SSFR plane. The left (right) panel shows total dust models without (with) AGN feedback. Tracks relate to the
mild, moderate, and harsh destruction regimes and are coloured by their PAH fraction, gpay. Stars show the onset of quenching, and white bars
mark successive post-quenching times (up to 4 Gyr) as indicated in the legend. Light cyan-blue region indicates the position in the plane for MS
SFGs at z ~ 1. Faded grey curves in the background show the individual model realisations underlying the coloured tracks.

5.1. Tracing cold dust and PAH pathways in QGs with ALMA
and JWST

Figure 8 shows the evolution of the predicted broad-band
JWST/MIRI F1500Wqps flux across the faus—SSFR plane.
We define two schematic observability regimes. The up-
per "JWST+ALMA" window corresponds to objects with
Mgust /M, 2 1074, approximately the deepest cold-dust contin-
uum regime accessible in individual ALMA Band 6/7 obser-
vations with rms sensitivities of ~ 8 — 15 uJy (Lorenzon et al.
2025b; Chang et al. 2026). The lower "JWST MIRI" window
marks the regime where galaxies fall below this cold-dust thresh-
old but remain detectable in deep MIRI imaging, adopting a rep-
resentative S/N~ 5 limit of F, ~ 1 uJy (map = 24), comparable
to surveys such as SMILES (Alberts et al. 2024).* We find that
the non-monotonic evolution of fy,5 and gpag produces a broad
range of F1500W at z ~ 1. This is in line with the early studies
of MIR emission in QGs at z < 0.7 which find observed fluxes
varying by > 2 dex at fixed M, (Blanquez-Sesé et al. 2023b).
From Fig. 8 we see that in both the AGN-off and AGN-
on models, ISM grain growth and TP-AGB dust can keep QGs
within the JWST+ALMA window for > 2—4 Gyr in the mild de-
struction mode, > 1.5-2.5 Gyr in the moderate mode, and < 0.4—
0.7 Gyr in the harsh mode. Once the cold-dust reservoir falls be-
low Mgus /My ~ 1074, galaxies become ALMA faint. However,
residual dust replenishment by TP-AGB stars and grain process-
ing contribute to prolonged dust survival and PAH formation. As
a consequence, this produces a transient "JWST MIRI" phase
in which dust in QGs remains detectable through PAH-sensitive
MIR emission. For the mild and moderate tracks, this window re-
mains accessible to log(sSFR/yr) > —12 for the first ~ 2 Gyr af-
ter quenching in the AGN-off case, and for ~ 1.2-1.5 Gyr when
AGN feedback is active. In the harsh mode, the corresponding
phase shortens to ~ 1.2 Gyr in AGN-off models, and to ~ 0.6
Gyr in AGN-on models. We note that the AGN-on and AGN-off
tracks represent alternative evolutionary channels rather than an
observational classification of the sources. Our synthetic MIRI
fluxes include both the PAH features and the underlying C- and

4 Atz ~ 1, F1500W samples the redshifted 7.7 um PAH complex;
therefore, the colour-coding should be interpreted as a PAH-sensitive
broad-band MIR flux predicted from the UNDUST dust and PAH masses,
rather than as a pure PAH-line flux.

Sil— dust continuum provided by the DLO7 templates. However,
here we do not add a separate torus component to AGN-on mod-
els. In practice, at z ~ 1, Hy S(5), [Aru] 6.99 um, and, in AGN
hosts, [Ne vi] 7.65 um also fall within F1500W. Hence, observed
AGN hosts may show enhanced MIR continuum and reduced
PAH equivalent widths relative to our predictions. Multi-band
continuum subtraction or MIRI spectroscopy is thus required to
isolate the PAH contribution (Donnelly et al. 2025).

This prolonged MIR-bright phase qualitatively agrees with
Kelson & Holden 2010, who argued that TP-AGB stars are im-
portant contributor to the MIR luminosity of post-SBs at z ~
1 — 2. As discussed in Section 4, PAH replenishment becomes
inefficient at later times, while destruction keeps eroding small
C-grains. The tracks then enter a genuinely dust-poor phase in
which both dust continuum and MIR emission are weak.

We also test the sensitivity of our PAH predictions to the un-
certain efficiency of AGB carbon dust into PAHs. We find that
setting epapags = 0 does not erase the PAH reservoir: gpay re-
mains close to the fiducial tracks, especially during the first ~ 1
Gyr after quenching. This shows that PAHs are sustained mainly
by the survival and shattering of C-grains. Increasing the effi-
ciency to epagacs = 0.5 raises gpan by ~ 0.1-0.3 dex, depend-
ing on the mode, implying conservative MIRI fluxes if TP-AGB
carbon dust is efficiently processed into PAH-sized grains.

We therefore caution that ALMA non-detections should not
be interpreted automatically as evidence for dust-free QGs. Fig-
ure 8 can help distinguish genuinely dust-poor systems from
ALMA-faint QGs that retain a chemically enriched, PAH-
bearing reservoir accessible to JWST/MIRI. It is important to
note that although the figure predicts a relation between PAH-
sensitive MIR emission and cold dust along individual evolu-
tionary tracks, gpap alone does not uniquely determine Mgyg.
PAHs may temporarily survive after the bulk dust reservoir de-
clines, so similar gpay values can correspond to different cold
Mgy and evolutionary pathways. Joint JWST measurements of
PAH-sensitive emission and ALMA constraints on the cold-dust
continuum, combined with M,, sSFR, and #,, can instead test
the predicted loci and place model-dependent constraints on the
remaining dust reservoir.
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Fig. 8. Modeled evolution of JWST/MIRI F1500W s fluxes (corresponding to F770W . for the QGs at z ~ 1) within the f3,4-SSFR plane.
Panels, tracks and symbols (stars and horizontal bars) have the same meaning as in Fig. 7. Vertical markers indicate where the modeled tracks
reach a representative 5o MIRI flux limit of F, ~ 1 uJy (map =~ 24) typical for deep JWST MIRI surveys. The dotted regions denote observability
windows: the upper "JWST+ALMA" window broadly corresponds to systems detectable both in deep MIRI emission and in deep ALMA dust
continuum, while the lower "JWST MIRI" window highlights the regime where QGs may fall below the adopted ALMA threshold based on
literature detection range (Myys/M, 2 107#), but remain detectable with MIRI.

5.2. The role of dust reformation and processing in
interpreting post-quenching galaxy evolution

The tracks presented in Section 5.1 may translate into sev-
eral key observational tests of dust processing accros the post-
quenching phase. First, rapidly quenched galaxies or post-SBs
(e.g., Greene et al. 2020; Whitaker et al. 2021b; Smercina et al.
2022; Davies et al. 2024) emerge as powerful probes of rapid
dust destruction and AGN-regulated removal. AGN feedback
shortens the MIRI-detectable phase, but does not necessarily
erase Mpay immediately unless destruction is maximally effi-
cient. Recent JWST/MIRI observations of Cen A reveal PAH
presence in the AGN-regulated ISM despite strong processing
and localised erosion (Pantoni et al. 2026). A deep MIRI non-
detection of a young, ALMA-faint recently quenched QG would
favour a harsh-destruction scenario, especially with AGN feed-
back. Conversely, a MIRI detection would indicate that the sys-
tem is not simply dust-poor, but may retain a processed PAH-
bearing component and residual dust below the ALMA detection
limit.

Second, QGs with residual dust fractions near Mgy /My ~
10~* may be especially important to disentangle ISM grain
growth from the injection of TP-AGB dust. In the tracks shown
in Fig. 4, TP-AGB dust production can preserve up to ~ 50%
of the initial dust while still leaving the galaxy below the nom-
inal ALMA detection threshold. If centrally concentrated, this
dust reservoir could produce significant reddening while remain-
ing difficult to detect with ALMA in cold-dust continuum. Such
systems may naturally explain reddened or highly attenuated
cores recently reported in high-z QGs (e.g. Setton et al. 2024;
Siegel et al. 2025; Barrufet et al. 2025; Wang et al. 2025).

Third, JWST/NIRSpec can test for intermediate-age TP-
AGB activity in QGs. Recent detections of TP-AGB-sensitive
spectral features in z ~ 1.5 QGs and post-SBs demonstrate
that this is now feasible (Lu et al. 2025; Bevacqua et al. 2025).
Therefore, combining NIRSpec constraints on intermediate-age
stellar populations with MIRI measurements of PAH-sensitive
emission and ALMA limits on cold dust would directly test
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whether PAHs in quenched galaxies are maintained by shattering
of carbonaceous grains, delayed AGB injection, or both.

Finally, the presence of reformed dust in QGs can signif-
icantly affect interpretation of SED modeling results. For ex-
ample, energy-balance SED-fitting codes may misinterpret dust
emission as obscured star formation rather than post-quenching
ISM dust processing. Some recent studies demonstrate that in-
clusion of dust/IR constraints improves SED fits, but buried SF is
generally not required to explain H, depletion trend (Setton et al.
2025) or attenuation (Lisiecki et al. 2026).

In general, QGs provide unique laboratories for fundamen-
tal dust physics, as many degeneracies induced by SF-driven
ISM cycling (e.g., Nanni et al. 2020) are largely absent. Our
model suggests that dust is also essential for interpreting post-
quenching ISM conditions beyond the cold gas reservoir. Joint
ALMA CO-+dust continuum and JWST/MIRI observations can
directly test whether QGs with similar fy, and #, follow different
dust-processing pathways. Deep MIRI surveys such as SMILES
(Alberts et al. 2024) and CEERS/MEGA (Backhaus et al. 2025)
are particularly suited to probe the MIRI-only window identified
in Section 5.1. Looking ahead, PRIMA (Glenn et al. 2025) will
provide MIR-to-FIR coverage and depth to constrain gpan, Tqust
and grain sizes up to z ~ 4 (Long et al. 2025). This will help con-
strain the role of AGN feedback in QGs and distinguish among
the dust-evolution scenarios proposed here.

5.3. Model caveats and future theoretical prospects

In this work, we explore plausible post-quenching dust pathways
rather than provide unique fits to individual QGs. We adopt em-
pirically motivated initial gas/dust ratios and grain populations,
while the SFHs represent typical rather than the full range of
progenitor histories. A complete treatment of population aging
requires a redshift-dependent grid, since QGs observed at dif-
ferent epochs may enter quenching with different stellar ages,
metallicities, and TP-AGB progenitor populations. For example,
younger high-z QGs may experience stronger delayed C-rich en-
richment from TP-AGB progenitors of initial mass ~ 2-3, M,
whereas older, more metal-rich low-z QGs may transition more
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rapidly toward Sil-rich AGB injection. We also deliberately fo-
cus on the physical origin of the predicted dpgr and fyus at a
fixed reference M,, leaving mass- and morphology-dependent
pathways to future model extensions. Moreover, the total mod-
eled My,s need not correspond directly to that recoverable from
ALMA continuum observations, since part of the reservoir may
remain too cold to contribute appreciably at the observed wave-
lengths. Quantifying this requires radiative-transfer (RT) mod-
eling of the dust-heating distribution. In Donevski & Nanni (in
prep.), we address these caveats by coupling redshift-dependent
stellar evolution with RT predictions for QGs across key evolu-
tionary phases, from cold-dust/PAH-rich to dust-poor states.

Our AGN implementation is phenomenological, based on
prescribed outflow properties and heating, rather than on a self-
consistent quenching model tied to an evolving AGN luminosity
or coupling efficiency. A future extension will couple the time-
dependent AGN luminosity and radiation field to gas and dust
removal and heating, allowing the framework to predict both the
dynamical impact of feedback and the corresponding IR observ-
ables. A dedicated analysis of AGN duty cycles and quenching
will be presented in Lorenzon et al. (in prep.).

Finally, in the present model we follow mass exchange
among large/small grains, and PAHs using a simplified two-size
description. Because the current model does not yet evolve a
grain-size distribution, PAH charges or spatially resolved ISM
phases, it cannot robustly predict the relative evolution of ionised
and neutral PAH features. While implementing this is out of
scope of the present study, future inclusion of self-consistent
grain-size distribution in UNDUST model will provide a refined
treatment of PAH production, destruction, and conversion be-
tween small and large grains, and will enable more realistic pre-
dictions for JWST/MIRI and future IR observations.

6. Conclusions

We presented UNDUST, to our knowledge the first semi-analytic
model designed to follow the coupled post-quenching one-zone
evolution of cold gas, dust, metals, stars and PAHs in massive
galaxies within a two-size framework for carbonaceous and sil-
icate grains. By separating the roles of inherited remnant dust,
delayed TP-AGB injection, ISM grain growth, and AGN feed-
back, we explored how dust and PAHs continue to evolve after
star formation has ceased. Our main results are:

— Post-quenching dust evolution can decouple from cold gas
depletion and stellar-population aging. For QGs quenched
at z ~ 1 with stellar-population ages of ~ 2 Gyr, grain re-
plenishment and processing generate a wide range of cold
dust states. At comparable fy, or 7y, QGs can span SFG-like
(pgr ~ 1072) to strongly depleted regimes (Spgr < 1074—
1073). Dust therefore provide an independent probe of ISM
conditions in QGs, as departures from H,—gas scaling rela-
tions do not uniquely determine fg,s Or OpGRr-

— Delayed TP-AGB injection and ISM grain growth can com-
pete with dust destruction for up to ~ 2.5 Gyr after quench-
ing, and help rebuild more than half of the initial M,. Cru-
cially, in mild and moderate ISM destruction regimes, re-
accretion can proceed within 0.4-0.7 Gyr, remaining effec-
tive even at limited dense-gas fractions (fgense < 0.2), typical
for QGs and post-SBs. This suggests that TP-AGB dust in-
jection and ISM grain growth may be important and poten-
tially common physical processes in late-stage galaxy evolu-
tion despite suppressed star formation.

— AGN feedback removes and heats the cold gas, suppressing
the material available for grain re-accretion. At fixed sSFR,
this accelerates the decline in fy,5 by a factor of ~ 2-3 rel-
ative to the AGN-off case, yielding fius < 107* (> 1 dex
below the dust MS) within < 1 Gyr. Thus, AGN feedback
can drive QGs into a dust-poor state primarily by preventing
dust regrowth, without requiring direct grain destruction.

— Grain processing remain active long after quenching: silicate
grains dominate the large grain budget required for cold dust,
while shattering of TP-AGB supplied large C grains replen-
ishes the small-C reservoir for up to ~ 2.5 Gyr. This produces
diverse PAH fractions (gpapg ~ 0.3-3.5%) that can temporar-
ily match those of metal-rich SFGs at z ~ 1 despite the de-
clining cold dust reservoir.

— QGs can become ALMA-faint before becoming chemically
depleted. Even after the bulk cold-dust mass falls below typ-
ical ALMA continuum limits (Mg, /My < 107%), some sys-
tems retain gpag ~ 2-3% and PAH-sensitive MIR emis-
sion for ~ 1-2 Gyr after quenching. ALMA non-detections
therefore need not imply chemical depletion, but may trace
a phase in which cold dust is faint while C-grain processing
remains observable with JWST/MIRI.

Altogether, our results establish dust and PAHs as key time-
sensitive diagnostics of the evolutionary stage and dominant
ISM-processing channels after quenching. In a broader con-
text, QGs may provide a clean laboratory for fundamental dust
physics, while demonstrating why no single ISM tracer can fully
describe their post-quenching state. Joint JWST, ALMA, and fu-
ture FIR observations will be pivotal to establish how long chem-
ically enriched dust processing persists after star formation ends.
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Appendix A: Effect of varying AGN gas outflow
strengths

Our fiducial AGN-regulated models adopt a characteristic out-
flow strength close to unity. However, observations of molecular-
gas removal in massive galaxies indicate a broad range of
outflow rates across cosmic time (e.g., Fluetsch et al. 2019;
Belli et al. 2021; Davies et al. 2024). To test how this uncertainty
affects our conclusions, we repeat the model runs with higher ef-
fective AGN mass-loading factors, 7y, = 2, 5, 10, and 15, while
keeping all other initial conditions fixed.

As evident from Fig. A.1, increasing 1o, primarily acceler-
ates the decline of fy,s o< My, /M, shifting the tracks toward
lower fq, at fixed sSFR. The dust response is less obvious, due
to a complex interplay of remnant-dust survival, delayed TP-
AGB dust injection, ability for efficient ISM grain growth, and
grain destruction. As a result, stronger outflows do not simply
map onto proportionally lower fy,, instead they create a stronger
decoupling between gas and dust evolution. This reinforces our
main conclusion that small differences in the cold-gas reservoir
can be amplified into large variations in fyus and/or dpgg.

A particularly important feature appears in the dpgr tracks.
Strong outflows can temporarily bring dpgr close to nominal SF
values, opgr ~ 1/100, which can wrongly be interpreted as ev-
idence for enhanced dust regrowth. In these cases, both gas and
dust are decreasing in tandem, and the apparently high dpgr re-
flects a short phase in which their depletion timescales are tem-
porarily comparable. This behaviour highlights why considering
only a single diagnostic (e.g. dust or gas fraction) to describe
post-quenching ISM can be misleading.

These higher-n,, experiments are relevant for recently re-
ported strong outflows in quiescent or rapidly quenching systems
(e.g., Park et al. 2023; Zhu et al. 2026; Valentino et al. 2026),
and may also help interpret QGs with inferred dust temper-
atures higher than expected from simple modified-blackbody
modelling (e.g., D’Eugenio et al. 2026). In our framework, such
systems could correspond to short-lived phases in which AGN-
regulated gas removal and heating strongly modify the cold ISM
while a residual dust reservoir is still present. At the same time,
the figure shows that similar locations in fg,s Or dpgr can be
reached by different combinations of outflow strength, shielding
loss, destruction, and replenishment. Breaking these degenera-
cies requires simultaneous constraints on fayst, OpGr, fi,» SSFR,
and 7.

The shaded regions in Fig. A.1 illustrate when systems en-
ter regimes that are difficult to access with current individ-
ual ALMA observations. The horizontal grey region marks the
regime currently beyond the sensitivity of individual cold-dust
continuum observations, corresponding to Mg, /M, < 107#
(Lorenzon et al. 2025b), while the vertical grey region in the gas-
fraction plane marks the similarly ALMA-faint molecular-gas
regime, Mgy /My < 1072, We see that stronger AGN outflows
move QGs into the gas-faint regime earlier, but not always simul-
taneously into the dust-faint regime. This produces a short-lived
phase in which M,;/M, has already dropped below current de-
tectability limits, while a residual dust reservoir remains measur-
able or close to the ALMA continuum threshold. Conversely, in
harsh destruction models fj,s can fall below 10~* while the gas
reservoir is not yet fully depleted. These offsets between the gas-
and dust-detectability windows highlight why non-detections in
only one tracer cannot uniquely determine whether a QG is gen-
uinely ISM-poor or instead caught during a rapid, feedback-
regulated transition. Such offsets may be further complicated by
dust entrainment, as outflows can redistribute dust into extended

reservoirs rather than remove it entirely, as observed in local out-
flowing galaxies (e.g., Fogarty et al. 2019; Romano et al. 2024);
this spatial transport is not captured by our one-zone treatment.
Finally, it is also interesting to note that in the harsh-destruction
regime, the limited divergence of the tracks with 7., suggests
that strong AGN radiative processing dominates over variations
in the outflow loading factor, thereby driving a more direct cou-
pling between the ISM evolution and sSFR.

Appendix B: Effect of gas-phase metallicity on
modeled dust and PAH evolution

We test whether the main UNDUST trends depend strongly on the
assumed post-quenching gas metallicity. Our fiducial calcula-
tions adopt a solar value, Zg,, = 0.02. Here we compare this
reference case to a super-solar (Zy,s = 0.04) model while keep-
ing the same initial gas fraction, grain populations, and quench-
ing history. This isolates the impact of metallicity on ISM grain
growth and TP-AGB dust injection, without changing the under-
lying gas-evolution pathway.

Figure B.1 shows that increasing Z,,s produces only a modest
enhancement in the bulk dust reservoir. In the mild and moder-
ate destruction regimes, fqu and dpgr are typically higher by
~ 0.1-0.25 dex over most of the post-quenching phase. The
harsh model remains almost insensitive to metallicity, because
rapid destruction and inefficient growth dominate over the ad-
ditional metal supply. Thus, higher metallicity can slightly raise
the normalisation of the cold-dust reservoir, but it does not alter
the qualitative ordering between destruction modes or the main
evolutionary pathways.

The PAH response is different. We see that a larger Zg,, does
not produce a proportional increase in gpay. In the mild and
moderate modes the PAH fraction is even slightly lower, by up
to ~ 0.2-0.3 dex at some epochs. This occurs because higher
metallicity mainly supports the growth and survival of the bulk
dust reservoir, including Sil-rich grains, while the PAH reser-
voir is tied specifically to the availability of carbonaceous mate-
rial. In our adopted AGB yields, super-solar metallicities do not
strongly boost carbon-dust production; instead, TP-AGB injec-
tion becomes increasingly dominated by O-rich, Sil-producing
phases. As a result, the total M,,,4,; can increase while the gpag
remains unchanged or decreases, partly because the denomina-
tor of gpay = Mpan/Mause grows faster than the PAH-bearing
carbonaceous component. The only clear positive PAH offset ap-
pears briefly in the harsh model, likely due to a slightly longer
survival of large C-grains that can temporarily feed shattering
into PAH-sized material before destruction dominates.

The behaviour presented in Figure B.1 generally differs
from the usual picture in SFGs, where dust and PAH enrich-
ment are often described in terms of a metallicity-regulated
transition above a critical metallicity for efficient grain growth
(e.g., Asano etal. 2013; Popping et al. 2017; Lietal. 2019a;
Donevski et al. 2020; Shivaei et al. 2024). In QGs, metallicity
alone is not the controlling parameter. As we discussed in Sec-
tion 3, grain growth is limited by the shrinking cold dense
gas reservoir and AGN-regulated heating. Similarly, PAH evo-
lution emerges from the complex competition between carbon-
grain injection, shattering, coagulation, and destruction (see also
Narayanan et al. (2023)). Therefore, the weak metallicity de-
pendence shown here supports our main conclusion that post-
quenching dust and PAH evolution is governed primarily by gas
survival and grain-processing physics, while variations in Zgs
introduce mainly a second-order effect.
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Fig. A.1. Effect of varying the effective AGN outflow strength on the evolution of dust and gas in quenched galaxies. Columns show the mild,
moderate, and harsh destruction regimes. The upper set of panels shows Mg, /M, and dpgr as a function of sSFR, while the lower set shows the
same quantities as a function of M,,,/M,. Coloured tracks correspond to different values of the effective AGN mass-loading factor, 7o, while
symbols mark the onset of quenching and successive post-quenching times, with values indicated in the legend. The grey dashed curve shows the
extreme case in which strong gas removal is combined with fully unshielded dust grains. Larger 7., values mainly accelerate gas removal, but
the dust response remains governed by the competition between destruction, delayed stellar replenishment, and residual grain growth. As a result,
temporarily elevated dpgr values can occur even when the absolute dust fraction is rapidly declining, demonstrating that dust-to-gas ratio alone is

not a unique tracer of dust regrowth.

Appendix C: TP-AGB injection rates of C- and
Sil-rich dust with stellar population age

The delayed dust contribution from TP-AGB stars depends on
both the stellar age at quenching and the metallicity-dependent
composition of the TP-AGB ejecta. At fixed final stellar mass,
a younger quenched system must have formed a larger frac-
tion of its stars shortly before quenching. It therefore contains
more intermediate-mass AGB progenitors close to the quench-
ing epoch, leading to higher instantaneous dust injection rates at
tq = 0. Older systems, by contrast, assembled their stellar mass
over a longer period and their TP-AGB contribution at quench-
ing is dominated by lower-mass, older progenitors with weaker
and more delayed dust yields.
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Figure C.1 illustrates this effect by showing the post-
quenching injection rates of carbonaceous and silicate dust
for different stellar population ages at quenching. The nor-
malization varies strongly with 7, ,: younger populations can
reach instantaneous TP-AGB dust injection rates of order ~
107 M, Gyr~!, while older populations typically remain closer to
a few x10° My, Gyr~!. The carbonaceous contribution declines
rapidly after quenching, especially for young systems, because
the C-rich TP-AGB phase is restricted to a finite range of pro-
genitor masses and lifetimes. In contrast, the silicate component
evolves more gradually and can remain important for several
Gyr, sometimes showing a delayed enhancement when lower-
mass O-rich AGB stars enter the TP-AGB phase.
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Fig. B.1. Effect of increasing the reference gas-phase metallicity on the
predicted dust and PAH evolution. The panels show logarithmic offsets
between the super-solar and fiducial solar metallicity runs as a function
of t; for the mild, moderate, and harsh destruction regimes. From top
to bottom, we show the change in My,«/M,, dpcr, and gpap. The grey
band marks arbitrary reference +0.2 dex interval. Higher Z,,, produces a
modest increase in the bulk dust fraction and dust-to-gas ratio, typically
~ 0.1-0.2 dex in the mild and moderate modes, but shows opposite
effect in gpag Where solar values tend to return higher gpay.

The arrows in Fig. C.1 indicate the direction and approx-
imate magnitude of the change expected when moving from
Zyos = Zo 10 Zgys = 2 X Zg. Super-solar metallicities tend to
suppress the carbonaceous TP-AGB contribution while enhanc-
ing the silicate-rich component. This reflects the metallicity de-
pendence of TP-AGB dust chemistry: at super-solar values, the
larger oxygen abundance and the reduced efficiency of carbon-
star formation favour oxygen-rich, Sil-producing phases, while
the C-rich dust channel becomes more limited. This behaviour
of our adopted TP-AGB model by Nanni et al. (2014) is quali-
tatively consistent with the metal-rich TP-AGB dust models of
Ventura et al. (2020), where silicate production fully dominates
at Zgas 2 0.02 - 0.03.

These trends are important for interpreting the general PAH
evolution. Since PAHs in UNDUST are tied to the small carbona-
ceous reservoir, younger high-redshift QGs are expected to ex-
perience a longer or stronger phase of C-rich replenishment,
while older or more metal-rich QGs transition more rapidly to-
ward Sil-dominated TP-AGB injection. Therefore, the window
in which delayed TP-AGB enrichment can support PAH produc-
tion is not universal. Instead, it depends on the stellar population
age at quenching and on the Zg,-dependent balance between C-
and Sil—rich TP-AGB dust. We do not interpret the exact timing
or amplitude of individual bumps as robust predictions, since
they depend on the adopted yield tables, interpolation method
and lifetime mapping. Instead, Fig. C.1 illustrates the physical

origin of the stellar age and metallicity sensitivity that enters the
delayed dust-replenishment channel.
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Fig. C.1. TP-AGB dust injection rates as a function of time since
quenching for different stellar population ages at the onset of quenching
(t+,4)- Solid lines show carbonaceous dust injection, while dashed lines
show silicate dust injection; colours indicate the assumed stellar popula-
tion age at quenching. All curves are normalized to the same final stellar
mass, so younger systems have higher instantaneous injection rates at
ty = 0 because a larger fraction of their intermediate-mass TP-AGB
progenitors are still entering the TP-AGB phase. The arrows indicate
the direction and approximate magnitude of the change expected when
increasing the metallicity from solar to twice solar: carbonaceous dust
injection is suppressed, while silicate-rich injection is enhanced. The
figure illustrates why C-rich TP-AGB enrichment, and therefore PAH
replenishment, is most efficient in younger post-quenching populations,
whereas older or more metal-rich systems are expected to become in-
creasingly dominated by Sil-rich dust.
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