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core-collapse supernovae & neutron star mergers
as laboratories of neutrino physics

neutrinos dominate or play important roles in 
dynamics and nucleosynthesis 

same nuclear physics input 
EoS, neutrino opacities, neutrino oscillations,

nuclear reaction rates

parallel multi-messenger observables
neutrinos, light curve, gamma rays, gravitational waves,

chemical enrichments



�-induced
r-process

4He(�e, e�p)3He
4He(�̄e, e+n)3H
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neutrino processes in typical core-collapse supernovae

neutrino interactions & oscillations
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Figure 5
(a) Neutrino-powered electron-capture supernova (ECSN) of an 8.8-M ! star with an O-Ne-Mg core (21, 28), visualized by mass-shell
trajectories of a one-dimensional simulation (105). The SN shock (bold, outgoing line) expands for ∼50 ms as an accretion shock (the
downstream velocities are negative) before it accelerates by reaching the steep density gradient at the edge of the core. Neutrino
heating subsequently drives a baryonic “wind” off the proto–neutron star (PNS) surface. Colored lines mark the inner boundaries of the
Mg-rich layer in the O-Ne-Mg core (red; ∼0.72 M !), the C-O shell (green; ∼1.23 M !), and the He shell (blue; ∼1.38 M !). The
outermost dashed line indicates the gain radius, and the inner solid, dashed, and dash-dotted lines represent the neutrinospheres of νe ,
ν̄e , and νx , respectively. (b) Neutrino luminosities and mean energies from an ECSN for the infall, νe breakout burst, accretion phase,
and PNS cooling evolution (107). The average energies are defined as the ratio of energy to number fluxes. Panel a reproduced with
permission from ESO.

burning front that explodes the star. The heating was considered to occur mainly by neutrino-
electron scattering.

Although this is an appealing idea, neither the stellar nor dynamical conditions assumed for
this scenario could be verified by detailed progenitor and explosion models. In, for example,
O-Ne-Mg-core progenitors, which define the low-mass limit of stars that undergo core collapse to
radiate large neutrino luminosities, the C and O shell is initially located between roughly 500 and
1,000 km (at densities !4 × 108 g cm−3) and falls dynamically inward (with compression-induced
burning) long before it is exposed to a high fluence of neutrinos (Figure 5). If, in contrast, the O
and C layers are farther out at r > 1,000 km, as in more massive Fe-core progenitors (Figure 2),
then the neutrino flux is diluted by the large distance from the source, and the electron densities
(and degeneracy) there are much lower than those adopted by the Russians (147–150). Therefore,
neutrino-electron scattering cannot raise the temperature to the ignition threshold.

Presently, PISNe are the only stellar core-collapse events wherein the explosion mechanism is
known to be based on thermonuclear energy release (Section 2.4). However, a closer examination
of the possibility of neutrino-triggered burning in the significantly more compact low-metallicity
stars might be interesting.

4.2. Bounce-Shock Mechanism
The purely hydrodynamical bounce-shock mechanism (4, 5), in which the shock wave launched
at the moment of core bounce (Section 2.2) causes the prompt ejection of stellar mantle and
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Neutrino Emission from a Low-Mass SN
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Figure 3.5: Inverse mean free paths for ⌫e in graph (b), ⌫̄e in graph (b) and collectively for all heavy lepton flavors ⌫µ in graph (c), for all

four selected neutrino interaction channels considered in SN simulations, charged current reactions (⌫en ! pe
�, ⌫̄ep ! ne

+), elastic neutrino

nucleon/nucleus scattering (⌫N), inelastic neutrino electron/positron scattering (⌫e±) and nucleon–nucleon bremsstrahlung (⌫⌫̄NN), for which

two different treatments are employed, vacuum one-pion exchange (blue lines) [227, 180] and including approximately corrections of the ⇡NN

vertex [181]. Not shown are the other neutrino-pair processes, i.e. electron-positron annihilation and neutrino-pair annihilation. The vertical

solid and dash-dotted lines mark the locations of the neutrinospheres of last inelastic and elastic scatterings, respectively. The grey region in

between marks the presence of a scattering atmosphere, following the argumentation of Refs. [37, 82]. (Figure from Ref. [181])

develops only for the heavy lepton neutrinos, i.e. the spatial separation of neutrinosphere of inelastic scattering at

high density and elastic scattering at lower density. The situation changes after the shock revival, when mass accretion

ceases and the PNS enters the deleptonization phase. Whereas the neutrinospheres of last inelastic scattering dominate

the neutrino decoupling for ⌫e, an extended scattering atmosphere develops not only for the heavy lepton neutrino but

also for ⌫̄e. This situation is illustrated in Fig. 3.5 for a typical situation during the early PNS deleptonization phase,

showing the inverse mean free paths for all flavors and the four weak reaction channels that are considered in the neutrino

transport codes employed for CCSN studies in general, charged current, elastic neutrino nucleon/nucleus scattering,

inelastic neutrino electron/positron scattering and neutrino pair processes.

As shown in Fig. 3.5, N–N bremsstrahlung plays a non-negligible role for inelastic scattering of ⌫̄e, ⌫x, and ⌫̄x. For

the bremsstrahlung rates, two different treatments are shown, vacuum one-pion exchange (NN) [227, 180] and taking into

account approximate medium corrections of the ⇡NN vertex (NN⇤) [181] based on Fermi-liquid theory [228, 229, 230]. It

assumes that the nucleons are only slightly excited above the Fermi sea, i.e. all processes occur in the vicinity of the Fermi

surface and that the vertices of the processes are dressed by NN correlations. The subsequent medium modification of

the one-pion exchange process includes the summation of all particle-hole loops and a contribution of the residual s-wave

⇡NN interaction as well as ⇡⇡-scattering. This involves effectively ⇢-meson exchange (t-channel) and the �-meson as

correlated ⇡⇡ (s-wave contribution). It results in the suppression of the N–N bremsstrahlung opacity for all flavors (see

Fig. 3.5), in the density domain relevant for CCSNe and PNS deleptonization, up to few times nuclear saturation density.

At higher densities, higher order corrections become important, due to nucleon–hole (and also 4–hole) excitations, such

that the subsequent p-wave pion polarization in nuclear matter leads to the softening of the in-medium pion dispersion

27

neutrino decoupling from protoneutron star

Fischer et al. 2014 Fischer 2016



Setting n/p in the Neutrino-Driven Wind
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Figure 3.2: Left panel (Figure from Ref. [205]): Energy per nucleon for neutron matter from chiral effective field theory interactions computed

up to N3LO (grey band), including uncertainty estimates due to the many-body calculation, low-energy constants and the regularization cutoffs

in the 3N and 4N forces [193, 194]. The colored lines show the energy per nucleon for a selection of RMF EoS from the catalogue of Ref. [147]

as well as two commonly used Skyrme models (LS180, LS220) [27], and a quark bag (QB) model EoS [38, 59]. Right panel: Mean-field potential

difference, Un �Up, between neutrons and protons and effective masses, m⇤
/m, for the same selection of commonly used nuclear matter EoS,

for a fixed electron fraction of Ye = 0.3 and a temperature of T = 7 MeV.

The neutrino-nucleon rate or opacity also depends on how the integral in Eq. (3.1) is evaluated using different approxi-

mations. Taking nonrelativistic energy-momentum relation for nucleons and keeping only the leading terms of the matrix

elements in the heavy nucleon limit (i.e., the terms proportional to g
2
V and g

2
A), the differential rates taking into account

the thermal motion and the final state blocking can be solved analytically in terms of the density and spin dynamical

structure factors [175]. Taking further the so-called elastic approximation where no energy is transferred to the heavy

nucleons, the neutrino-nucleon opacity has a simple analytical form, see Eqs. (34) and (35) of [175]. The nucleon recoil

and weak magnetism can be included in the elastic opacity approximately [206]. It was shown that weak magnetism can

enhance/suppress the neutrino/antineutrino rates and affects the neutrino spectra and SN dynamics [206].

A relativistic treatment of both full kinematics (nucleon thermal motion, recoil, and blocking) and weak magnetism

for CC neutrino reactions has been performed [192, 207], and its impact on CCSN dynamics, neutrino signals as well

nucleosynthesis was explored based on 1D simulation [207]. Figure 3.3 (left panel) compares the charged-current rates in

the full kinematics treatment at the mean field level, including weak magnetism contributions, with the elastic approxima-

tion of Ref. [174] and including in addition approximately inelastic contributions and corrections due to weak magnetism

following Ref. [206]. The latter has been commonly used in most CCSN studies. From this comparison it becomes evident

that the full kinematics treatment cannot be adequately captured solely by a multiplicative factor varying with neutrino

energy given in Ref. [206]. This is particularly relevant in the energy domain when the ⌫̄e rates drop to zero due to

the energy threshold for this process, requiring Ee+ = E⌫̄e � (En � Ep) > 0. At the mean-field level, this corresponds

roughly to E⌫̄e & (m⇤
n � m

⇤
p) + (Un � Up), as is illustrated in Fig. 3.3, modulo momentum transfer contributions which

even further suppress the rates towards lower energies. Note that a threshold does not exist for the ⌫e since the condition

Ee� = E⌫e + (En � Ep) is always fulfilled. Furthermore, it is interesting to note that the inverse neutron decay, which

22

medium effects on neutrino opacities

Martinez-Pinedo et al. 2012; Roberts & Reddy 2012
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T = 7 MeV, Ye = 0.3



black line in the upper panel of Fig. 3.7). However, when inverse neutron decay is considered as an additional source for

⌫̄e, the spectral difference between ⌫e and ⌫̄e decreases significantly, turning material slightly neutron rich at the early

deleptonization stage within ⇠ 3 s post bounce, and proton rich later.

The bottom panel of Fig. 3.7 shows the corresponding nucleosynthesis yields in the neutrino-driven winds with these

four different treatments of CC neutrino-nucleon rates for ⌫e and ⌫̄e as described above. As already found in previous

studies, the neutrino-driven winds at early times are not neutron rich enough to support an r-process, but the light

neutron capture nuclei with atomic numbers of 38 < Z < 42 could be produced under the slightly neutron-rich conditions

encountered in simulations without the inclusion of inverse neutron decay. Taking into account the inverse neutron decay,

however, the neutron fraction is reduced and the nucleosynthesis path terminates even before reaching the light neutron

capture nuclei.
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Figure 3.7: Evolution of the neutrino-driven wind Ye (top panel) and elemental yields form integrated nucleosynthesis analysis (bottom panel),

comparing the different treatments of the charged-current weak rates introduced above. The data are obtained from simulations of the PNS

deleptonization within general relativistic neutrino radiation hydrodynamics based on Boltzmann neutrino transport. (Figure from Ref. [177])

In fact, most of the ejected matter in the SN neutrino wind is turned slightly proton-rich by neutrino interactions and

hence gives rise to a nucleosynthesis process called ⌫p-process [258, 10, 11, 259]. Upon reaching colder regions, the ejected

proton-rich matter freezes-out mainly into ↵ nuclei, with the excess protons left as free particles. In principle, heavier

nuclei can be synthesised from the freeze-out abundances by subsequent proton captures, interrupted by �
+ decays. This

situation is realized in explosive hydrogen burning in x-ray bursters. However, in this scenario the mass flow is strongly

hampered by the increasing Coulomb barrier of the produced nuclei and by the so-called waiting points. These are ↵

31

was previously largely neglected, contributes significantly to the ⌫̄e opacity (green lines in Fig. 3.3). For this reaction

the threshold is given by Ee� = �E⌫̄e + (En � Ep), i.e. the medium modifications enhance the rate substantially with

increasing density.
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Figure 3.3: Charged current rates for ⌫e and ⌫̄e at typical conditions. Left panel (Figure from Ref. [177]): Comparing the full kinematics

treatment at the mean-field level including weak magnetism (solid lines) with the elastic approximation (dashed lines) of Ref. [174] and

including approximately inelastic contributions and weak magnetism corrections (dash-dotted lines) following Horowitz (2002) [206]. The

green lines correspond to the inverse neutron decay. Right panel: Comparing the charged-current rates for selected relativistic mean field EoS,

DD2, NL3 and SFHo (see Tab. 3.2 for the single particle properties), where full kinematics and weak magnetism are considered.

The right panel of Fig. 3.3 compares in addition the dependence of the charged-current rates for ⌫e (top panel) and

⌫̄e (bottom panel) for three selected EoSs: DD2 [146, 29, 147], NL3 [29, 147], and SFHo [29, 148]. Since each EoS has

different single-particle properties as well as a different density dependence, as was discussed before, there is a certain

degeneracy of the charged current weak rates. The largest impact is due to the threshold for the ⌫̄e absorption on protons

as well as for the inverse neutron decay. Small (large) values of the neutron-proton mean field potential differences result

in the suppression of the ⌫̄e absorption rate at low (high) energy, while the opposite is found for the ⌫̄e opacity from the

inverse neutron decay, such that the integrated ⌫̄e opacity becomes less sensitive to the value of Un � Up. This becomes

evident when considering the integrated rates per target particle, h�⌫i = 4⇡
R

E
2
dE�⌫(E) [Gang: why including the E

2

factor here? ‘per target particle’ requires the normalization factor for nucleon number.], listed in Table 3.2 for these three

EoSs at the conditions corresponding to the rates shown in Fig. 3.3. In other words, the symmetry energy impact on

the charged current rates entering directly the rate expressions at the mean field level via the mean field potentials, is

somewhat less strong than originally anticipated [208, 209]. Spectral differences between ⌫e and ⌫̄e are rather driven by

the different abundances of neutrons and protons, which might differ largely for the EoSs commonly used, at intermediate

densities relevant for the neutrino decoupling. This abundance difference arises from the different descriptions of the

23

effects of inverse n decay

Fischer et al. 2020
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Figure 11. Electron fraction vs. entropy of the tracer particles during the acceleration phase. Color shows the mass at a
given Ye and entropy. Ye = 0.5 is marked as a vertical white dashed line. Only wind matter is shown here. The fact that
wind matter is at most moderately neutron-rich and does not have high enough entropy eliminates the possibility of a strong
r-process. However, a weak r-process is allowed, as expected by Wanajo (2013), Arcones & Thielemann (2013), Wanajo (2023),
and seen in this study (see Figure 12.)

neutrino-driven winds in 3D models (Wang et al. 2023)
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Figure 12. Nucleosynthesis yields and production factors in the winds. Top: Mass fraction at the end of six representative
simulations. Bottom: Production factors at the end of those simulations. The production factor is calculated based on the solar
system abundances given in Lodders (2021). Isotopes with the same mass number (A) are summed together in both panels.
Some interesting isotope positions are indicated at the top of each panel. This figure confirms that the winds are able to generate
heavy isotopes up to the 90Zr peak, thanks to the weak r-process and the ⌫p-process. However, the 9.5 and 23 M� models don’t
generate as many heavy elements. One reason is that they have very little neutron-rich ejecta and, therefore, don’t experience
any significant r-process. Another reason is that the ⌫p-process (include in this study) can generate heavy elements only if the
wind terminates neither too early nor too late (Arcones & Thielemann 2013), which is probably not satisfied by these models.
This means that the ⌫p-process will be sensitive to the morphology of the winds and the explosion. We therefore conclude that
it is di�cult to predict ⌫p-process yields without doing actual 3D simulations.

Wang et al. 2023
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factors form the first feedback loop of flavor evolution. In addition, P⌫e and P⌫̄e directly

modify the rates �⌫en and �⌫̄ep, which control the evolution of Ye. In turn, Ye determines

the contribution Vmat from neutrino forward scattering on matter particles to Vtot. These

factors form the second feedback loop of flavor evolution. Clearly, the first loop would

not operate were V⌫ far smaller than Vmat in magnitude, and the second loop would not

operate if �⌫en and �⌫̄ep were too small to change Ye significantly. Consequently, both

loops become ine↵ective at su�ciently large radii, where V⌫ , �⌫en, and �⌫̄ep are too small

due to the geometric dilution of neutrino fluxes. In contrast, both loops are expected to

be e�cient close to the neutrinosphere, thereby forming the plateau of Vtot for the inner

resonances. However, instabilities appear to develop in the feedback loops under some

conditions. Whether and how these instabilities can develop under di↵erent conditions

might explain the three categories of plateaus presented above. We plan to investigate the

feedback loops and associated instabilities in the followup study. We also note that those

outer resonances similar to the matter-neutrino resonances (e.g., as shown in Fig. 4.8(c)

for case C5) are governed by only the first feedback loop described above.

Vmat

+
V⌫

resonances P⌫e , P⌫̄e �⌫en, �⌫̄ep Ye

Figure 4.11: Sketch of the feedback loops for active-sterile neutrino oscillations in the
wind. See text for detail.

4.4 E↵ects on nucleosynthesis

In this section, we discuss the impact of active-sterile neutrino oscillations on the pro-

duction of heavy elements in neutrino-driven winds. From our wind models, we take a

specific set of v, ⇢, and T profiles and use dt = dr/v to define the evolution of ⇢(t) and

self-consistent treatment of flavor oscillations in the winds
<latexit sha1_base64="hIPkh3Pyk2GCVjSj11TWlvoBkB0="></latexit>

⌫e ⌦ ⌫s & ⌫̄e ⌦ ⌫̄s : importance of feedback

Xiong et al. 2019

discussion qualitatively except for the outer resonance in case
C5. As shown in Figure 7, for a fixed νe or nē energy, the inner
resonance condition is met at a slightly smaller r when Vtot is
used. With the small values of the corresponding δm2 and

qsin 2 V
2 , flavor evolution through the inner resonances is rather

nonadiabatic for νe and nē of typical energies, which leads to
large á ñnP re ( ) and á ñnP re ( )¯ immediately following the inner
resonances in cases C1, C2, and C5 (see Figure 6). Using Vtot

Figure 5. Electron fraction Ye (upper row) and ratio of the rates l ln nn pe e¯ (bottom row) as functions of radius r at tpb=1 s (left column), 2 s (central column), and 5 s
(right column) for cases A (black), B (green), C (red), and D (blue). Note that the red and blue curves for Ye are indistinguishable.

Figure 6. Average survival probabilities for νe and nē as functions of radius at tpb=1 s (left column), 2 s (central column), and 5 s (right column) for cases A (black),
B (green), and C (red).
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e.g., McLaughlin et al. 1999; Tamborra et al. 2012
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potential effects of fast flavor oscillations

Xiong et al. 2020



neutrino process
Woosley et al. 1990

Sieverding et al. 2018

neutrino-induced n-capture process in He shell 
Epstein et al. 1988; Banerjee et al. 2011, 2016
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Jet−ISM shock (afterglow)
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GRB
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Figure 20
Potential electromagnetic counterparts of compact object binary mergers as a function of the observer
viewing angle (θobs). Rapid accretion of a centrifugally supported disk (blue) powers a collimated relativistic
jet, which produces a short GRB. Owing to relativistic beaming, the gamma-ray emission is restricted to
observers with θobs ! θj. Afterglow emission results from the interaction of the jet with the circumburst
medium ( pink). Optical afterglow emission is detectable for observers with θobs ! 2θj. Radio afterglow
emission is observable from all viewing angles once the jet decelerates to mildly relativistic velocities on a
timescale of months-years and can also be produced on timescales of years from subrelativistic ejecta.
Short-lived isotropic optical/near-IR emission lasting a few days (kilonova; green) can also accompany the
merger, powered by the radioactive decay of r-process elements synthesized in the ejecta. Reprinted from
Metzger & Berger (2012) with permission.

accuracy of the GW source (if detected by an instrument such as Swift/BAT), but even a poor
gamma-ray localization will provide a convincing association based on the temporal coincidence.
However, because the current estimate of the beaming fraction is fb ∼ 70 (Section 8.4), such
joint detections will be rare. The occurrence rate can be estimated using the observed short GRB
redshift distribution (Metzger & Berger 2012). In particular, there are currently no known short
GRBs within the Advanced LIGO/Virgo maximum detection distance for NS-NS binaries of
z ≈ 0.1. Extrapolating the observed redshift distribution to z ! 0.1, and correcting from the
Swift/BAT field of view to roughly all-sky coverage (e.g., Interplanetary Network, Fermi/GBM),
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neutron star merger collapsar

jets, accretion disks, gamma-ray bursts, & nucleosynthesis
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at late times (Fig. 3). Although such an excess may, in principle, be 
degenerate with other effects, the presence of r-process elements may 
be revealed in combination with NIR spectra and future observa-
tions of neutron-star mergers. Once the unique late NIR signatures of  
r-process elements are pinned down empirically by observations of 
future neutron-star mergers (‘pure’ r-process sources)—for example, 
by the James Webb Space Telescope—similar (but narrower, owing 
to the lower ejecta velocity) line features could be sought in late-time 
spectra of GRB supernovae. Indeed, the early-time ‘MHD supernova’ 
phase of the explosion24 is probably already ruled out as a heavy  
r-process site; unlike in the delayed disk wind scenario described here, 
high-opacity r-process material generated during the explosion phase 
would necessarily be mixed to high velocities with the 56Ni in a way 
that would be incompatible with present observations of GRB super-
novae (Fig. 3).

Collapsars as the dominant sources of the Galactic r-process help 
alleviate several of the observational challenges for neutron-star merger 
models. It remains a long-standing question whether the average delay 
required for binary neutron stars to coalesce after star formation is suf-
ficiently short to explain the high r-process abundances in metal-poor 
halo stars, that is, those polluted by just a few generations of stars. 
Though this tension may be relieved by more consistent Galactic chem-
ical evolution histories that account for cosmic structure growth25,26, 
or considering alternative formation channels at high redshift27, the 
issue remains unsettled. Collapsars, by contrast, occur primarily in 
low-metallicity environments28 and thus would be over-represented 
among the first generations of stars, providing a natural explanation 
for the observed carbon-enhanced metal-poor stars with high r-process 
enrichment29.

The most direct current evidence for a single r-process event comes 
from the ultra-faint dwarf galaxy Reticulum II, which was polluted 
early in its history by a rare, high-yield source14. Though a neutron- 
star merger indeed provides a high r-process yield, the supernova 
explosions giving birth to the two neutron stars would need to impart 
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Fig. 1 | Various stages of collapsar accretion and nucleosynthetic yields.  
a, Typical collapsar fallback accretion rate ( !Mfb, on a logarithmic scale) 
versus accreted mass, with arrows indicating the accretion stages ! ! !M M M, ,1 2 3 
simulated here (see Methods). Vertical dotted lines indicate initial black hole 
formation and the part of the accretion process powering the γ-ray burst. 
Horizontal bands indicate the different nucleosynthetic regimes of the disk 
outflows as identified from the simulations, and are labelled on the left.  
b, Simulation snapshots of the disk’s equatorial plane for the three  
different accretion stages, showing that above a critical threshold of 

˙ ≈ − −
"M M10 sign

3 1 mild electron degeneracy (η = µe/(kBT) ≈ 1; lower half 
of plots, colour scale on the right) is established, which drives the disk 
midplane neutron-rich (proton fraction .#Y 0 5e ; upper half of plots, colour 
scale on the right). c, Abundance distributions of nuclei synthesized in the 
disk outflows at the three different accretion stages (see key; dots represent 
the observed Solar System abundances). Above !Mign, a heavy r-process up to 
atomic mass numbers of around 195 is obtained ! !M M( , )1 2 , whereas below 
!Mign a rapid transition to outflows rich in 56Ni and 4He is observed !M( )3 .
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Fig. 2 | Nucleosynthesis yields at the simulated collapsar accretion 
stages. Mass fractions for first-peak (red; atomic mass number A ≈ 80), 
second-peak (blue; A ≈ 130) and third-peak (green; A ≈ 195) r-process 
nuclei synthesized in the disk outflows are shown, as well as 56Ni (cyan) 
and helium (4He; purple) mass fractions, for the three accretion regimes 
!M1, !M2 and !M3 (from left to right). A sharp transition from a heavy 

r-process regime to 56Ni-rich outflows around a characteristic ignition 
threshold ˙ ≈ − −

"M M10 sign
3 1, vertical dashed line, is apparent 

(see Methods). Uncertainties in the nucleosynthetic yields show the range 
of values obtained by using two different treatments of neutrino emission 
(see Methods). Uncertainties in the accretion rate are bracketed by the 
range of values attained during the simulation period used to monitor the 
accretion rate (see Methods; Extended Data Fig. 3).
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r-process in collapsars (Siegel et al. 2019)
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High-Energy Neutrino Production

collision of slow and rapid jets with
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� ⇠ 250–500

mildly relativistic shock

shock acceleration of protons up to 106 GeV
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initial proton spectrum
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annihilation of HE ⌫µ by LE ⌫̄µ converted from �-decay ⌫̄e
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core-collapse supernovae & neutron star mergers
as laboratories of neutrino physics

neutrinos dominate or play important roles in 
dynamics and nucleosynthesis 

same nuclear physics input 
EoS, neutrino opacities, neutrino oscillations,

nuclear reaction rates

parallel multi-messenger observables
neutrinos, light curve, gamma rays, gravitational waves,

chemical enrichments


