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The Single-Zone Approximation
Fundamental Assumption: Spatial Homogeneity
• Eliminates need for N-body by construction
• Star formation, gas distribution, etc. all uniform 
• Instantaneous mixing of metals in ISM gas
• Accuracy/sophistication vs. computational expense 



The Single-Zone Approximation
Fundamental Assumption: Spatial Homogeneity
• Eliminates need for N-body by construction
• Star formation, gas distribution, etc. all uniform 
• Instantaneous mixing of metals in ISM gas
• Accuracy/sophistication vs. computational expense 

Adopt models for nucleosynthetic yields, SNe Ia delay-time 
distribution, star formation efficiency, etc. 
• Initial value problem solved numerically with timestep algorithm 



The Single-Zone Approximation

For a Given Element x 

Ṁ# = Ṁ%% + Ṁ'( + Ṁ)*+ − Z#Ṁ∗ − ξ012Z#Ṁ345 + Ṁ6 + Z#,81Ṁ81

Gas Supply & Star Formation 

Ṁ9(: = Ṁ81 − Ṁ∗ − Ṁ345 + Ṁ6 Ṁ∗ = M9(:;∗<=



VICE: Versatile Integrator for Chemical Evolution

Python package built for 
running these simulations 

Allows functions of time for 
many parameters 

User-specified yields from 
CCSNe and SNe Ia

https://github.com/giganano/VICE.git



VICE: Versatile Integrator for Chemical Evolution

Python package built for 
running these simulations 

Allows functions of time for 
many parameters 

User-specified yields from 
CCSNe and SNe Ia

Bonus: implemented in C 
https://github.com/giganano/VICE.git
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Simulating Starburst Scenarios

VICE allows arbitrary functions of time to describe evolutionary 
parameters 
• Perfect for simulating highly non-linear parameter spaces

David Weinberg (OSU) 
The Impact of Starbursts on Element Abundance Ratios 

(Johnson & Weinberg 2019, in prep)



Simulating Starburst Scenarios

VICE allows arbitrary functions of time to describe evolutionary 
parameters 
• Perfect for simulating highly non-linear parameter spaces

Some Initial Questions 
• How does a given abundance respond to different modes 

of starbursts? 
• How do similar starbursts affect different elements? 

(Here: O, Fe, Sr) 

David Weinberg (OSU) 
The Impact of Starbursts on Element Abundance Ratios 

(Johnson & Weinberg 2019, in prep)



Fiducial Starburst Models
Gas-Driven: short-timescale changes to the gas supply

Tracks driven by lag between CCSNe and SNe Ia
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~85% of 
ISM mass 
at once 



Fiducial Starburst Models
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~85% of 
ISM mass 
at t = 5 Gyr

Gas-Driven: short-timescale changes to the gas supply
Tracks driven by lag between CCSNe and SNe Ia



Fiducial Starburst Models
Efficiency-Driven: short-timescale changes to star formation efficiency

Tracks again driven by lag between CCSNe and SNe Ia
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Ṁ§

°1.5 °1.0 °0.5 0.0
[Fe/H]

0.0

0.1

0.2

0.3

0.4

0.5

[O
/F

e]

Sudden

0.5 Gyr

1 Gyr

0.0 0.2 0.4
[O/Fe]

1

10

St
el

la
r

P
ro

ba
bi

lit
y

D
en

si
ty

0 2 4 6 8 10

0

2

4

6

Ṁ
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Delayed Outflows

Motivation 
• What if outflows are sensitive to previous generations of stars? 
• SNe Ia contribute? Then !" ∼ 1 Gyr? 

• Introduce new parameter: smoothing time  

&̇'() = +(-) &̇∗ 01
= +(-)

!"
2
)301

)
&̇∗ -4 5-′ → + - &̇∗ (!" = 0)



Delayed Outflows
Gas-Driven Scenario
• Delayed outflow => more stars at onset => higher [O/Fe] 
• Subtle - likely within observational errors 
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Delayed Outflows
Efficiency-Driven Scenario: ! poor stars 
• Period of slow star formation w/ongoing SNe Ia, strong outflows  
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Ṁ
[M

Ø
yr

°
1 ]
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Hybrid: Kennicutt-Schmidt
"̇∗ ∝ Σ&' => "&(∗)* ∝ Σ&' => (∗)* ∝ Σ&')*

+ = 1.4 ± 0.15 (Schmidt 1959, 1963; Kennicutt 1989, 1998) 

Here: (∗)* = 2 456 )* 78
9.:×*:< 7⊙
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Hybrid: Kennicutt-Schmidt
Gas-driven simple starburst also produces !-poor stars when "# ≳ 1 Gyr
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Hybrid: Kennicutt-Schmidt
Gas-driven simple starburst also produces !-poor stars when "# ≳ 1 Gyr

If SNe Ia contribute to winds => "# could be important 
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Strontium: An s-process Element
[Sr/Fe] ≈ 0 for… 
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Strontium: An s-process Element
[Sr/Fe] ≈ 0 for… 

• 276 galactic disk stars 
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Is this universal? 

Different nucleosynthetic origins from 
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Strontium: An s-process Element
[Sr/Fe] ≈ 0 for… 

• 276 galactic disk stars 
• 34 ETGs 
• SDSS stacks (0.02 < & < 0.06)

Is this universal? 

Different nucleosynthetic origins from 
Ba. What about Y and Zr? 

Small r-process contribution to blame 
for scatter at [Fe/H] ≲ −2?

(Figure 8) Mishenina et al. (2019), MNRAS, 484, 3846 



Strontium: An s-process Element

Sources: CCSNe, AGB stars 
• Small r-process contribution at 

[Fe/H] ≲ −2? (Mishenina+ 2019)

Yields from CCSNe depend 
strongly on Z 
• Not the case for oxygen 
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Strontium: An s-process Element

Sources: CCSNe, AGB stars 
• Small r-process contribution at 

[Fe/H] ≲ −2? (Mishenina+ 2019)

Yields from AGB stars also depend 
strongly on Z 
• Cristallo et al. (2011) (FRANEC)
• Noticeable jump at $ ≈ 0.004
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Strontium: An s-process Element

From a Single Stellar Population 
• Constant !""#$ for now 

Sr produced before Fe at all Z

Qualitatively resembles Fe with 
exponential %&'
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Strontium: An s-process Element
Two regimes: CCSNe @ [Fe/H] ≲ −0.5 ; AGB otherwise
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Fiducial Starbursts: Now with Strontium
Gas-Driven: Galaxy must re-enrich before Sr yields from AGB stars 

return to their pre-burst values
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Fiducial Starbursts: Now with Strontium
Efficiency-Driven: No re-enrichment necessary => Sr yields from 

AGB stars increase immediately following onset
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Conclusions from Starburst Simulations
• Gas-Driven
• Produce bimodal [!/Fe] due to delayed onset of SNe Ia associated with the 

starburst 
• Sensitivity to smoothing time within observational errors 

• Efficiency-Driven 
• Top-hat model produces !-rich and !-poor stellar populations 
• Sensitive to smoothing time: higher "# models produce more !-poor stars 

• Combination: The Kennicutt-Schmidt Law 
• !-poor stars produced when "# ≳ 1 Gyr

• Strontium 
• AGB component can be modeled as an exponential delay-time distribution 
• [Sr/Fe] ≈ 0 => Observations contain little if any information 
• Nonetheless simulations tell us a lot about s-process/Z-dependent yields 



Oscillatory Evolution
A potentially real effect introducing physical scatter 

Does not explain bimodality in Milky Way [!/Fe]
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Ṁin Ṁ§
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Moving Forward: Modeling with VICE
CHemical Abundances Of Spirals (CHAOS) 

• ~Dozen low-redshift star-forming spirals 
• C, N, O, Si, S abundances derived from HII region 

recombination lines 
• MODS spectrograph at Large Binocular Telescope 

(NASA)

Richard Pogge (OSU) Danielle Berg (OSU) John Moustakas (Siena) Evan Skillman (MN) Ness Mayker (OSU)



Moving Forward: Modeling with VICE

[!/Fe] bimodality in Milky Way 

Spitoni+ 2019: Calibrated two-infall
model for O, Fe 

Does the model change/fail with 
more elements and relaxed 
assumptions?

David Weinberg (OSU) 

Ness Mayker (OSU)



Moving Forward: Multizone Simulations
Attempt to capture mixing with 
similar zone modeling approach 
• Data: UW hydro simulation

David Weinberg (OSU) 
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Conclusions from Starburst Simulations
• Gas-Driven
• Produce bimodal [!/Fe] due to delayed onset of SNe Ia associated with the 

starburst 
• Sensitivity to smoothing time within observational errors 

• Efficiency-Driven 
• Top-hat model produces !-rich and !-poor stellar populations 
• Sensitive to smoothing time: higher "# models produce more !-poor stars 

• Combination: The Kennicutt-Schmidt Law 
• !-poor stars produced when "# ≳ 1 Gyr

• Strontium 
• AGB component can be modeled as an exponential delay-time distribution 
• [Sr/Fe] ≈ 0 => Observations contain little if any information 
• Nonetheless simulations tell us a lot about s-process/Z-dependent yields 
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