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Multiscale analysis in combustion

1938, Zeldovich and Frank-Kamenetskii (large activation energy, flame speeds)

1939, Frank-Kamenetskii (large activation energy, ignition limits)

1963, Friedlander and Keller (Damkohler number asymptotics)

1964, Blythe (activation energy asymptotics, “sudden freezing” in supersonic flow)

1970, Bush and Fendell (activation energy asymptotics, laminar flame speed)

1971, Linan and Williams (activation energy asymptotics, ignition time)

1971, Williams (activation energy asymptotics, laminar flame speed and diffusion flames)

1980s

Williams, Physica D 20:21-34, 1986
Buckmaster, Physica D 20:91-108, 1986
Williams, Proc. Combust. Inst., 30:1-19, 2005

Peters, Williams, Rogg, Pitsch, Mauss, Sheshardi, 
Linian, Sivashinsky, Buckmaster, De Goey Rate-ratio asymptotics

Refs
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Reduced mechanisms: rate-ratio asymptotics

N Peters, Numerical Simulation of Combustion 
Phenomena: Proceedings of the Symposium Held at 
INRIA Sophia-Antipolis, France May 21–24, 1985. Berlin, 
Heidelberg: Springer Berlin Heidelberg, 2005.

1. Non-physical reactions

2. Rates are linear combination of elementary 

reaction rates

3. Accompanied by a number of QSSAs

1985
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Reduced mechanisms: rate-ratio asymptotics

1. Non-physical reactions
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1987
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Multiscale character of reacting proceses

Maas & Pope, C&F 1992

QSSA (species)
rate of production =
rate of consumption

PEA (reactions)
forward rate = 
backward rate



Outline

6

1. Multiscale (fast/slow) dynamics

2. Time scales

3. Traditional reduction tools and their limitations

4. Alternative view for model reduction

5. Algorithmic model reduction; CSP

6. Various extensions; ILDM, REDIM, ISAT

7. Applications



Fast / Slow systems
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Multiple time scale problem

Bender and Orszag 1978
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Boundary layer problem
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Boundary layer problem
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Slow Invariant Manifold
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Fast and slow time scales
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Slow Invariant Manifold
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Distinct paths ?
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Michaelis – Menten model

<latexit sha1_base64="NQP1J+6AnB+/3eQ+HdeRYvq2EXA=">AAACEHicbVDJSgNBEO2JW4xb1KOXxkQUAmEmYPQYCAEPHuKSBTIh9HR6kiY9C901ShjyCV78FS8eFPHq0Zt/Y2cBNfFBwev3quiq54SCKzDNLyOxtLyyupZcT21sbm3vpHf36iqIJGU1GohANh2imOA+qwEHwZqhZMRzBGs4g/LYb9wxqXjg38IwZG2P9HzuckpAS530cbaSu8H2JXNB8l4fiJTBPS5j+/rnVclVs510xsybE+BFYs1IBs1Q7aQ/7W5AI4/5QAVRqmWZIbRjIoFTwUYpO1IsJHRAeqylqU88ptrx5KARPtJKF7uB1OUDnqi/J2LiKTX0HN3pEeireW8s/ue1InDP2zH3wwiYT6cfuZHAEOBxOrjLJaMghpoQKrneFdM+kYSCzjClQ7DmT14k9ULeKuZPrwqZUnEWRxIdoEN0gix0hkroAlVRDVH0gJ7QC3o1Ho1n4814n7YmjNnMPvoD4+MbPzKbcA==</latexit>

E + S → C ↑ E + P

<latexit sha1_base64="7yBVV7E2zjHb9q7vIDLbHewpY20="></latexit>

k1f = 1 L(mol s)→1 k1b = k2 = 1 s→1 eo = 1 mol L→1

<latexit sha1_base64="bv5k3bofIcuOWnawphJhv75pOm0=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJmnS0zN29whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRHBtXPfDWVpeWV1bz23kN7e2d3YLe/sNHaeKYZ3FIlatgGoUXGLdcCOwlSikUSCwGQyvJn7zHpXmsbw1owT9iPYlDzmjxkqt0rCbeeG41C0UvbI7BXF/kS+rCHPUuoX3Ti9maYTSMEG1bntuYvyMKsOZwHG+k2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqi5OZDTSehQFtjOiZqB/ehPxL6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGAh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzfMj2U=</latexit>

k1f
<latexit sha1_base64="QzmgrCDsjfO41jSHrTXczk7oqLM=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJ2nS0zN21whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRAqDrvvhLC2vrK6t5zbym1vbO7uFvf2GiVPNeJ3FMtatgBouheJ1FCh5K9GcRoHkzWB4NfGb91wbEatbHCXcj2hfiVAwilZqlYbdzAvGpW6h6JXdKYj7i3xZRZij1i28d3oxSyOukElqTNtzE/QzqlEwycf5Tmp4QtmQ9nnbUkUjbvxseu+YHFulR8JY21JIpuriREYjY0ZRYDsjigPz05uIf3ntFMNLPxMqSZErNlsUppJgTCbPk57QnKEcWUKZFvZWwgZUU4Y2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGEh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzG0j2E=</latexit>

k1b

<latexit sha1_base64="JlCXqY12vlpqYHlJinW/e1CsPbQ=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxkTwFCYRl2PAi8cIZoFkCD2dnqSZnp6hu0YIQz7CiwdFvPo93vwbO4sQtwcFj/eqqKrnJ1IYdN0PJ7eyura+kd8sbG3v7O4V9w9aJk41400Wy1h3fGq4FIo3UaDknURzGvmSt/3weuq377k2IlZ3OE64F9GhEoFgFK3ULof9rDYp94ulasWdgbi/yJdVggUa/eJ7bxCzNOIKmaTGdKtugl5GNQom+aTQSw1PKAvpkHctVTTixstm507IiVUGJIi1LYVkpi5PZDQyZhz5tjOiODI/van4l9dNMbjyMqGSFLli80VBKgnGZPo7GQjNGcqxJZRpYW8lbEQ1ZWgTKiyH8D9p1SrVi8r5ba1UP1vEkYcjOIZTqMIl1OEGGtAEBiE8wBM8O4nz6Lw4r/PWnLOYOYRvcN4+AXdVjvY=</latexit>

k2

<latexit sha1_base64="Z32ul6ctHO0H83O1XL4InJ8HCi8="></latexit>

d

dt

[
s
c

]
= S1R1 + S2R2

<latexit sha1_base64="Txgnj0yCM1pTEmdTxJW+rke8gkU="></latexit>

S1 =

[
→1
1

]
S2 =

[
0

→1

]

<latexit sha1_base64="gzDBMsiJbFH79rLAk6xlQX9bqQ8=">AAAB83icbVDLSsNAFL2pr1pfVZduBlvBVUkiPjZCwY3LKvYBbSyT6aQdOpmEmYlQQn/DjQtF3Poz7vwbJ20W2nrgwuGce7n3Hj/mTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yT+e0nKhWLxIOexNQL8VCwgBGsjdSr3j+61+N+6k5JtV+u2DV7BrRMnJxUIEejX/7qDSKShFRowrFSXceOtZdiqRnhdFrqJYrGmIzxkHYNFTikyktnN0/RiVEGKIikKaHRTP09keJQqUnom84Q65Fa9DLxP6+b6ODKS5mIE00FmS8KEo50hLIA0IBJSjSfGIKJZOZWREZYYqJNTCUTgrP48jJpuTXnonZ+51bqZ3kcRTiCYzgFBy6hDrfQgCYQiOEZXuHNSqwX6936mLcWrHzmEP7A+vwBhJaQqQ==</latexit>

R2 = k2c

<latexit sha1_base64="OuCjLpUZJ2sEgx4rK8OrjXx1nMc=">AAACBXicbVC7TsMwFHV4lvIKMMIQ0SKVoVVS8VqQKrEwFkQfUhsix3Vaq44d2Q5SFWVh4VdYGECIlX9g429w2g7QcqQrHZ9zr3zv8SNKpLLtb2NhcWl5ZTW3ll/f2NzaNnd2m5LHAuEG4pSLtg8lpoThhiKK4nYkMAx9ilv+8CrzWw9YSMLZnRpF2A1hn5GAIKi05JkHxdt753LoJU6QlrDHy+hYlrOnn6KiZxbsij2GNU+cKSmAKeqe+dXtcRSHmClEoZQdx46Um0ChCKI4zXdjiSOIhrCPO5oyGGLpJuMrUutIKz0r4EIXU9ZY/T2RwFDKUejrzhCqgZz1MvE/rxOr4MJNCItihRmafBTE1FLcyiKxekRgpOhIE4gE0btaaAAFREoHl9chOLMnz5NmteKcVU5vqoXayTSOHNgHh6AEHHAOauAa1EEDIPAInsEreDOejBfj3fiYtC4Y05k98AfG5w/tpJbo</latexit>

R1 = k1f (eo → c)s→ k1bc

Distinct paths ?

Δt

Δt

Δt
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Van der Pol model

<latexit sha1_base64="cwDcH9XiHvUtB3KLUJVAV76jUjQ=">AAAB/HicbVDJSgNBEK2JW4zbaI5eGhPBi2Em4nIRAl48RjALJEPo6elJmvQsdPeIwzD+ihcPinj1Q7z5N3aWgyY+KHi8V0VVPTfmTCrL+jYKK6tr6xvFzdLW9s7unrl/0JZRIghtkYhHoutiSTkLaUsxxWk3FhQHLqcdd3wz8TsPVEgWhfcqjakT4GHIfEaw0tLALFf7ni8wybwkzzyVX58+VgdmxapZU6BlYs9JBeZoDsyvvheRJKChIhxL2bOtWDkZFooRTvNSP5E0xmSMh7SnaYgDKp1senyOjrXiIT8SukKFpurviQwHUqaBqzsDrEZy0ZuI/3m9RPlXTsbCOFE0JLNFfsKRitAkCeQxQYniqSaYCKZvRWSEdRZK51XSIdiLLy+Tdr1mX9TO7+qVxtk8jiIcwhGcgA2X0IBbaEILCKTwDK/wZjwZL8a78TFrLRjzmTL8gfH5A1kmlIk=</latexit>

du

dt
= →x

<latexit sha1_base64="EzpsNfIet4a6u0zUkSqDWJuzgoc=">AAACFXicbVDLSsNAFJ3UV62vqEs3wVZoQUtS8bERCm5cVrAPaEKZTCbt0MkkzkykJeQn3Pgrblwo4lZw5984bbPQ1gMXzpxzL3PvcSNKhDTNby23tLyyupZfL2xsbm3v6Lt7LRHGHOEmCmnIOy4UmBKGm5JIijsRxzBwKW67w+uJ337AXJCQ3clxhJ0A9hnxCYJSST39uGR7Poco8UZp4sn0KntaaWLjSBAasrQcn9yXR5VKqacXzao5hbFIrIwUQYZGT/+yvRDFAWYSUShE1zIj6SSQS4IoTgt2LHAE0RD2cVdRBgMsnGR6VWocKcUz/JCrYtKYqr8nEhgIMQ5c1RlAORDz3kT8z+vG0r90EsKiWGKGZh/5MTVkaEwiMjzCMZJ0rAhEnKhdDTSAKhWpgiyoEKz5kxdJq1a1zqtnt7Vi/TSLIw8OwCEoAwtcgDq4AQ3QBAg8gmfwCt60J+1Fe9c+Zq05LZvZB3+gff4AY5Ge4Q==</latexit>

dx

dt
=

1

ω
(u→ q(x))

<latexit sha1_base64="cyTIaKIo8QaKPRbwG+XfqcJZc1Q=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZboS4sSYuPjVBw47KCfUAby2Q6aYdOJnFmIi0hG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3HjdkVCrL+jYyS8srq2vZ9dzG5tb2jrm715BBJDCp44AFouUiSRjlpK6oYqQVCoJ8l5GmO7ye+M1HIiQN+J0ah8TxUZ9Tj2KktNQ1DwoPxdHJVafnCYTj0X0liSvJ6ajQNfNWyZoCLhI7JXmQotY1vzq9AEc+4QozJGXbtkLlxEgoihlJcp1IkhDhIeqTtqYc+UQ68fSBBB5rpQe9QOjiCk7V3xMx8qUc+67u9JEayHlvIv7ntSPlXTox5WGkCMezRV7EoArgJA3Yo4JgxcaaICyovhXiAdJRKJ1ZTodgz7+8SBrlkn1eOrst56uVNI4sOARHoAhscAGq4AbUQB1gkIBn8ArejCfjxXg3PmatGSOd2Qd/YHz+ACwJlXY=</latexit>

q(x) =
x3

3
→ x

<latexit sha1_base64="MVXysiMVTNfrYs7QuMwShJ/GN4c=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBFvBjSWp+NgIBTcuK9gHtLFMptN26GQmzEzEEvIrblwo4tYfceffOG2z0NYDFw7n3Mu99wQRo0q77reVW1ldW9/Ibxa2tnd29+z9YlOJWGLSwIIJ2Q6QIoxy0tBUM9KOJEFhwEgrGN9M/dYjkYoKfq8nEfFDNOR0QDHSRurZxXKXRIoywa899yE5rablnl1yK+4MzjLxMlKCDPWe/dXtCxyHhGvMkFIdz420nyCpKWYkLXRjRSKEx2hIOoZyFBLlJ7PbU+fYKH1nIKQprp2Z+nsiQaFSkzAwnSHSI7XoTcX/vE6sB1d+QnkUa8LxfNEgZo4WzjQIp08lwZpNDEFYUnOrg0dIIqxNXAUTgrf48jJpViveReX8rlqqnWVx5OEQjuAEPLiEGtxCHRqA4Qme4RXerNR6sd6tj3lrzspmDuAPrM8fUgeTSQ==</latexit>

ω = 10→2

<latexit sha1_base64="m5icq+FupJlIygLlTVilnEBSFAQ=">AAAB+nicbVDLSsNAFJ3UV62vVJduBlvBVUkqPjZCwY3LCvYBbSyT6U07dDIJMxOlxH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPX7MmdKO823lVlbX1jfym4Wt7Z3dPbu431RRIik0aMQj2faJAs4ENDTTHNqxBBL6HFr+6Hrqtx5AKhaJOz2OwQvJQLCAUaKN1LOL5S7EivFIXLnOfepOyj275FScGfAycTNSQhnqPfur249oEoLQlBOlOq4Tay8lUjPKYVLoJgpiQkdkAB1DBQlBeens9Ak+NkofB5E0JTSeqb8nUhIqNQ590xkSPVSL3lT8z+skOrj0UibiRIOg80VBwrGO8DQH3GcSqOZjQwiVzNyK6ZBIQrVJq2BCcBdfXibNasU9r5zdVku10yyOPDpER+gEuegC1dANqqMGougRPaNX9GY9WS/Wu/Uxb81Z2cwB+gPr8wfho5MR</latexit>

ω = 101

B. Van der Pol, Radio Review 1 (1920)

Distinct paths ?
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Bykov & Maas, CTM 2007

Homogeneous syngas/air system onto 
the CO2 − H2O − OH space

Distinct paths ?



Fast-Slow transitions
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x y

z

fast attraction

slow evolution
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z

yx

fast attraction

slow evolution

Fast-Slow transitions
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z

yx

Fast-Slow transitions

Find:
(i) the constraints
(ii) the SIMPLE 

model that 
governs the 
slow evolution

1d

2d
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Multi-scale analysis

"On curves defined by differential equations" 
                     (1881–1882)

Henri	Poincaré

Celestial mechanics

Very tedious procedures
(most dreadful graduate course !!) 

Michaelis – Menten model

Most analyzed multi-scale model (2D)
1st global reduced model in 2018

Methods of: Asymptotic expantions
                   Singular perturbations



Phase  space
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y1
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y3
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dt

y1
y2
y3

⎡ 
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⎢ 
⎢ 
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⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 =  
g1(y1,y2,y3)
g2(y1,y2,y3)
g3(y1,y2,y3)

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

  

€ 

dy
dt

 =  g(y)

g(y):  chemical kinetics source term:   

€ 

g(y) =  S1R1 + S2R2 +  . . . +  SKRK

yi:  concentration of i-th species

Rk:  rate of k-th reaction

Sk:  stoichiometric vector of k-th reaction

<latexit sha1_base64="Uo5ubCz5y+c0qMobVX8fpDHZ0hk=">AAACCXicbZDLSsNAFIYn9VbrLerSzWAruJCSRLxsCgU33bWCvUAawmQ6bYdOLsxMhBDq0o2v4saFIm59A3e+jdM0C239YeDjP+dw5vxexKiQhvGtFVZW19Y3ipulre2d3T19/6Ajwphj0sYhC3nPQ4IwGpC2pJKRXsQJ8j1Gut7kZlbv3hMuaBjcySQijo9GAR1SjKSyXB1WEtes2Q3Xcs4eEteq2c0MzjOv6VRcvWxUjUxwGcwcyiBXy9W/+oMQxz4JJGZICNs0IumkiEuKGZmW+rEgEcITNCK2wgD5RDhpdskUnihnAIchVy+QMHN/T6TIFyLxPdXpIzkWi7WZ+V/NjuXw2klpEMWSBHi+aBgzKEM4iwUOKCdYskQBwpyqv0I8RhxhqcIrqRDMxZOXoWNVzcvqxa1Vrht5HEVwBI7BKTDBFaiDBmiBNsDgETyDV/CmPWkv2rv2MW8taPnMIfgj7fMHw6eXyg==</latexit>

y1 = [H2], y2 = [O], y3 = [H2O]

<latexit sha1_base64="Gs89Ooydw/3FZSa5pQuNBWg8VxA=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZbQRBKUvCxLLjprhXsA9oQJtNJO3QyCTM3Sind+CtuXCji1s9w5984bbPQ6oELh3Pu5d57gkRwDY7zZeVWVtfWN/Kbha3tnd09e/+gpeNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsY3cz89j1TmsfyDsYJ8yIykDzklICRfPuoVPMr5/We4oMhEKXiB2yEesm3i07ZmQP/JW5GiihDw7c/e/2YphGTQAXRuus6CXgTooBTwaaFXqpZQuiIDFjXUEkipr3J/IEpPjVKH4exMiUBz9WfExMSaT2OAtMZERjqZW8m/ud1UwivvQmXSQpM0sWiMBUYYjxLA/e5YhTE2BBCFTe3YjokilAwmRVMCO7yy39Jq1J2L8sXt5Vi1cniyKNjdILOkIuuUBXVUAM1EUVT9IRe0Kv1aD1bb9b7ojVnZTOH6Besj2+RDJUP</latexit>

H2 +O → H2O

<latexit sha1_base64="Xr99OH0BW4y3DAspI/lLQwsM/Wk=">AAAB9HicbVDLSsNAFL2pr1pfVZduBlvBVUkKPjZCwU13VrEPSEOZTCft0MkkzkwKJfQ73LhQxK0f486/cdpmoa0HLhzOuZd77/FjzpS27W8rt7a+sbmV3y7s7O7tHxQPj1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9ke3M789plKxSDzqSUy9EA8ECxjB2khe+eFm5NZ7Vc+988q9Ysmu2HOgVeJkpAQZGr3iV7cfkSSkQhOOlXIdO9ZeiqVmhNNpoZsoGmMywgPqGipwSJWXzo+eojOj9FEQSVNCo7n6eyLFoVKT0DedIdZDtezNxP88N9HBtZcyESeaCrJYFCQc6QjNEkB9JinRfGIIJpKZWxEZYomJNjkVTAjO8surpFWtOJeVi/tqqWZnceThBE7hHBy4ghrUoQFNIPAEz/AKb9bYerHerY9Fa87KZo7hD6zPH9ZzkMw=</latexit>

R = k[H2][O]

<latexit sha1_base64="ENGpQc/ccSFC85u2wnpICQvGZcc=">AAACJHicbVDLSgMxFM34tr5GXboJtoIby0zBB4hQcONS0VqhU0omvVODmcyQZMQyTP/Fjb/ixoUPXLjxW8zUQbT1QnIP59xLco4fc6a043xYE5NT0zOzc/OlhcWl5RV7de1SRYmk0KARj+SVTxRwJqChmeZwFUsgoc+h6d8c53rzFqRikbjQ/RjaIekJFjBKtKE69mHFC4m+9oP0PDvyfOgxkfqGkewuwzsuxp6XN3MPBqaB6P7IlY5ddqrOsPA4cAtQRkWdduxXrxvRJAShKSdKtVwn1u2USM0oh6zkJQpiQm9ID1oGChKCaqdDkxneMkwXB5E0R2g8ZH9vpCRUqh/6ZjJ3pEa1nPxPayU6OGinTMSJBkG/HwoSjnWE88Rwl0mgmvcNIFQy81dMr4kkVJtcSyYEd9TyOLisVd296u5ZrVx3ijjm0AbaRNvIRfuojk7QKWogiu7RI3pGL9aD9WS9We/foxNWsbOO/pT1+QXEtKOY</latexit>

S =




→1
→1
1







Stoichiometric  vectors  –  Reaction rates
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€ 

dy
dt

 =  g(y)

  

€ 

g(y) =  S1R
1 + S2R2 +  . . . +  SKRK

y1

y2

y3

The i-th stoichiometric vector Si points to the direction
in which the i-th reaction tends to move the system

Does the influence of the i-th reaction depends on the magnitude of its rate Ri ?

Which reactions drive the system or determine the characteristic time scale?

Which part of phase space is accessible by the trajectories?

<latexit sha1_base64="TleSTcHvPAmPzt+CmfaozDYUAKw=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHZJ/DiSePGIxgUSWEm3dKGh227argnZ8Bu8eNAYr/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLS1TRahPJJeqE2JNORPUN8xw2kkUxXHIaTsc38z89hNVmknxYCYJDWI8FCxiBBsr+dX7R6/aL1fcmjsHWiVeTiqQo9kvf/UGkqQxFYZwrHXXcxMTZFgZRjidlnqppgkmYzykXUsFjqkOsvmxU3RmlQGKpLIlDJqrvycyHGs9iUPbGWMz0sveTPzP66Ymug4yJpLUUEEWi6KUIyPR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slr1mndZu7irVxpuHkcRTuAUzsGDK2jALTTBBwIMnuEV3hzhvDjvzseiteDkM8fwB87nD4Xgjcs=</latexit>

R1 <latexit sha1_base64="Lm6a1lcIU50Esu2j7CEWb3yWlkc=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHZJ/DiSePGIxgUSWEm3dKGh227argnZ8Bu8eNAYr/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLS1TRahPJJeqE2JNORPUN8xw2kkUxXHIaTsc38z89hNVmknxYCYJDWI8FCxiBBsr+dX7x3q1X664NXcOtEq8nFQgR7Nf/uoNJEljKgzhWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5YKHFMdZPNjp+jMKgMUSWVLGDRXf09kONZ6Eoe2M8ZmpJe9mfif101NdB1kTCSpoYIsFkUpR0ai2edowBQlhk8swUQxeysiI6wwMTafkg3BW355lbTqNe+ydnFXrzTcPI4inMApnIMHV9CAW2iCDwQYPMMrvDnCeXHenY9Fa8HJZ47hD5zPH4dljcw=</latexit>

R2

<latexit sha1_base64="I/Wolrk7iVSj90xmNlzz5/AMFug=">AAAB7HicbVBNTwIxEJ36ifiFevTSCCaeyC7GjyOJF49oXCCBlXRLFxq63U3bNSEbfoMXDxrj1R/kzX9jgT0o+JJJXt6bycy8IBFcG8f5Riura+sbm4Wt4vbO7t5+6eCwqeNUUebRWMSqHRDNBJfMM9wI1k4UI1EgWCsY3Uz91hNTmsfywYwT5kdkIHnIKTFW8ir3j+eVXqnsVJ0Z8DJxc1KGHI1e6avbj2kaMWmoIFp3XCcxfkaU4VSwSbGbapYQOiID1rFUkohpP5sdO8GnVunjMFa2pMEz9fdERiKtx1FgOyNihnrRm4r/eZ3UhNd+xmWSGibpfFGYCmxiPP0c97li1IixJYQqbm/FdEgUocbmU7QhuIsvL5NmrepeVi/uauW6k8dRgGM4gTNw4QrqcAsN8IACh2d4hTck0Qt6Rx/z1hWUzxzBH6DPH4jqjc0=</latexit>

R3

<latexit sha1_base64="WqqdTTS8ik0PPqeP2hzEKweK42M=">AAAB7HicbVBNTwIxEJ36ifiFevTSCCaeyC7x60jixSMaF0hgJd3ShYZud9N2TciG3+DFg8Z49Qd5899YYA8KvmSSl/dmMjMvSATXxnG+0crq2vrGZmGruL2zu7dfOjhs6jhVlHk0FrFqB0QzwSXzDDeCtRPFSBQI1gpGN1O/9cSU5rF8MOOE+REZSB5ySoyVvMr943mlVyo7VWcGvEzcnJQhR6NX+ur2Y5pGTBoqiNYd10mMnxFlOBVsUuymmiWEjsiAdSyVJGLaz2bHTvCpVfo4jJUtafBM/T2RkUjrcRTYzoiYoV70puJ/Xic14bWfcZmkhkk6XxSmApsYTz/Hfa4YNWJsCaGK21sxHRJFqLH5FG0I7uLLy6RZq7qX1Yu7Wrnu5HEU4BhO4AxcuII63EIDPKDA4Rle4Q1J9ILe0ce8dQXlM0fwB+jzB4pvjc4=</latexit>

R4

<latexit sha1_base64="snHZIQpFqOrLvQgE1AosSHYdFBo=">AAAB7HicbVBNTwIxEJ31E/EL9eilEUw8kV0S1COJF49oXCCBlXRLFxq67abtmpANv8GLB43x6g/y5r+xwB4UfMkkL+/NZGZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm5nffqJKMykezCShQYyHgkWMYGMlv3L/WK/0S2W36s6BVomXkzLkaPZLX72BJGlMhSEca9313MQEGVaGEU6nxV6qaYLJGA9p11KBY6qDbH7sFJ1bZYAiqWwJg+bq74kMx1pP4tB2xtiM9LI3E//zuqmJroOMiSQ1VJDFoijlyEg0+xwNmKLE8IklmChmb0VkhBUmxuZTtCF4yy+vklat6l1W63e1csPN4yjAKZzBBXhwBQ24hSb4QIDBM7zCmyOcF+fd+Vi0rjn5zAn8gfP5A4v0jc8=</latexit>

R5
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y1

y2

y3

a1

  

€ 

Can =  dn =  λnan

In general, given a NxN matrix there
are N eigenvalues and N linearly
independent eigenvectors 

a2

a3

d1

d2

d3

  

€ 

a =  a1 a2 . . . aN[ ]Right (column) eigenvectors: 

Left (row) eigenvectors: 

  

€ 

b =  

b1

b2

:
bN

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 

  

€ 

Can =  λnan

  

€ 

bnC =  λnb
n

  

€ 

bi ⋅a j  =  δ j
i
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€ 

dy
dt

 =  g(y)   

€ 

y =  yo +  δy
  

€ 

dδy
dt

 =  g(yo) + J(yo )δy

Characteristic time scale:

When 
  

€ 

bm ⋅g(yo)
λm

 ≈  0      m =1, ... , M

€ 

τch =  λM +1
-1

Fast time scales:

€ 

τm =  λm
-1   m =1, ... , M

y1

y2

y3
a1

a2

a3

  

€ 

δy =  a1 e
λ1t −1( ) b1 ⋅g(yo )

λ1
 +  a2 eλ2t −1( ) b2 ⋅g(yo )

λ2
 +  . . . 

  

€ 

an
bn

Right eigenvector

Left eigenvector

€ 

λ1 > λ2 > ... > λN

€ 

τi =  λi
-1

<latexit sha1_base64="hIb2QbdW3BPLBUawrl5gadRz9FE=">AAACEHicbVC7SgNBFJ31GeNr1dJmMBGtwm7AB2IRsLGMYB6QXZa7s7PJkNmHM7OBEPIJNv6KjYUitpZ2/o2TZAtNPDBwOOdc7tzjp5xJZVnfxtLyyuraemGjuLm1vbNr7u03ZZIJQhsk4Ylo+yApZzFtKKY4baeCQuRz2vL7NxO/NaBCsiS+V8OUuhF0YxYyAkpLnnlSdrhOB+Cxaws7DxkE2FGQeewKB0xKlurggJY9s2RVrCnwIrFzUkI56p755QQJySIaK8JByo5tpcodgVCMcDouOpmkKZA+dGlH0xgiKt3R9KAxPtZKgMNE6BcrPFV/T4wgknIY+ToZgerJeW8i/ud1MhVeuiMWp5miMZktCjOOVYIn7eiTBSWKDzUBIpj+KyY9EECU7rCoS7DnT14kzWrFPq+c3VVLNTuvo4AO0RE6RTa6QDV0i+qogQh6RM/oFb0ZT8aL8W58zKJLRj5zgP7A+PwBRmicFQ==</latexit>

ωi < 0 εi : dissipative
<latexit sha1_base64="zQPPTa/iw1LxKZ3ova4TqVqrJPY=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2g4lgFXYDPrCQgI1lBPOAbFjuzt6YIbMPZ2bFEPwCG3/FxkIRW2s7/8bJo9DEAwOHc87lzj1BKrjSjvNt5RYWl5ZX8quFtfWNzS17e6ehkkwyrLNEJLIVgELBY6xrrgW2UokQBQKbQf9i5DfvUCqexNd6kGIngpuYdzkDbSTfPih5wqRD8Pm5Q73bDELqach8fkbxPhWJ4ndY8u2iU3bGoPPEnZIimaLm219emLAswlgzAUq1XSfVnSFIzZnAh4KXKUyB9eEG24bGEKHqDMfnPNADo4S0m0jzYk3H6u+JIURKDaLAJCPQPTXrjcT/vHamu6edIY/TTGPMJou6maA6oaNuaMglMi0GhgCT3PyVsh5IYNo0WDAluLMnz5NGpewel4+uKsWqO60jT/bIPjkkLjkhVXJJaqROGHkkz+SVvFlP1ov1bn1MojlrOrNL/sD6/AG4LZs9</latexit>

ωi > 0 εi : explosive

  

€ 

δy(0) =  0

  

€ 

J(yo) =  ∇g(yo )
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€ 

dy
dt

 =  g(y)   

€ 

y =  yo +  δy
  

€ 

dδy
dt

 =  g(yo) + J(yo )δy

Given the orthogonality condition:   

€ 

I = a1b1 +a2b2 +  . . . + aNbN

  

€ 

g(yo) = a1 b1 ⋅g(yo )( ) +a2 b2 ⋅g(yo )( ) +  . . . + aN bN ⋅g(yo )( )
it follows that the vector field can be decomposed as: y1

y2

y3
a1

a2

a3

  

€ 

δy =  a1 e
λ1t −1( ) b1 ⋅g(yo )

λ1
 +  a2 eλ2t −1( ) b2 ⋅g(yo )

λ2
 +  . . . 

  

€ 

an
bn

Right eigenvector

Left eigenvector

€ 

λ1 > λ2 > ... > λN

  

€ 

δy(0) =  0

  

€ 

J(yo) =  ∇g(yo )

  

€ 

bm ⋅g(yo)
λm

 ≈  0      m =1, ..., MWhen

€ 

τm << τch ,  i.e.:

The solution does not move along   

€ 

am       m =1, ..., M
FAST directions
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€ 

dy
dt

 =  g(y)   

€ 

y =  yo +  δy
  

€ 

dδy
dt

 =  g(yo) + J(yo )δy

  

€ 

δy ≈  aM+1 e
λM +1t −1( ) bM+1 ⋅g(yo )

λM +1
 +  . . . +  aN eλN t −1( ) bN ⋅g(yo )

λN

  

€ 

δy(0) =  0

  

€ 

J(yo) =  ∇g(yo )

  

€ 

bm ⋅g(yo)
λm

 ≈  0      m =1, ..., MWhen

€ 

τm << τch ,  i.e.:

The solution moves along   

€ 

am       m = M +1, ..., N SLOW directions

This is the solution of:
  

€ 

dy
dt

 =  aM+1bM+1 +  . . . + aNbN[ ] g(y)

the components of g along the slow directions
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Michaelis – Menten model

<latexit sha1_base64="NQP1J+6AnB+/3eQ+HdeRYvq2EXA=">AAACEHicbVDJSgNBEO2JW4xb1KOXxkQUAmEmYPQYCAEPHuKSBTIh9HR6kiY9C901ShjyCV78FS8eFPHq0Zt/Y2cBNfFBwev3quiq54SCKzDNLyOxtLyyupZcT21sbm3vpHf36iqIJGU1GohANh2imOA+qwEHwZqhZMRzBGs4g/LYb9wxqXjg38IwZG2P9HzuckpAS530cbaSu8H2JXNB8l4fiJTBPS5j+/rnVclVs510xsybE+BFYs1IBs1Q7aQ/7W5AI4/5QAVRqmWZIbRjIoFTwUYpO1IsJHRAeqylqU88ptrx5KARPtJKF7uB1OUDnqi/J2LiKTX0HN3pEeireW8s/ue1InDP2zH3wwiYT6cfuZHAEOBxOrjLJaMghpoQKrneFdM+kYSCzjClQ7DmT14k9ULeKuZPrwqZUnEWRxIdoEN0gix0hkroAlVRDVH0gJ7QC3o1Ho1n4814n7YmjNnMPvoD4+MbPzKbcA==</latexit>

E + S → C ↑ E + P

<latexit sha1_base64="bv5k3bofIcuOWnawphJhv75pOm0=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJmnS0zN29whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRHBtXPfDWVpeWV1bz23kN7e2d3YLe/sNHaeKYZ3FIlatgGoUXGLdcCOwlSikUSCwGQyvJn7zHpXmsbw1owT9iPYlDzmjxkqt0rCbeeG41C0UvbI7BXF/kS+rCHPUuoX3Ti9maYTSMEG1bntuYvyMKsOZwHG+k2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqi5OZDTSehQFtjOiZqB/ehPxL6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGAh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzfMj2U=</latexit>

k1f
<latexit sha1_base64="QzmgrCDsjfO41jSHrTXczk7oqLM=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJ2nS0zN21whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRAqDrvvhLC2vrK6t5zbym1vbO7uFvf2GiVPNeJ3FMtatgBouheJ1FCh5K9GcRoHkzWB4NfGb91wbEatbHCXcj2hfiVAwilZqlYbdzAvGpW6h6JXdKYj7i3xZRZij1i28d3oxSyOukElqTNtzE/QzqlEwycf5Tmp4QtmQ9nnbUkUjbvxseu+YHFulR8JY21JIpuriREYjY0ZRYDsjigPz05uIf3ntFMNLPxMqSZErNlsUppJgTCbPk57QnKEcWUKZFvZWwgZUU4Y2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGEh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzG0j2E=</latexit>

k1b

<latexit sha1_base64="JlCXqY12vlpqYHlJinW/e1CsPbQ=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxkTwFCYRl2PAi8cIZoFkCD2dnqSZnp6hu0YIQz7CiwdFvPo93vwbO4sQtwcFj/eqqKrnJ1IYdN0PJ7eyura+kd8sbG3v7O4V9w9aJk41400Wy1h3fGq4FIo3UaDknURzGvmSt/3weuq377k2IlZ3OE64F9GhEoFgFK3ULof9rDYp94ulasWdgbi/yJdVggUa/eJ7bxCzNOIKmaTGdKtugl5GNQom+aTQSw1PKAvpkHctVTTixstm507IiVUGJIi1LYVkpi5PZDQyZhz5tjOiODI/van4l9dNMbjyMqGSFLli80VBKgnGZPo7GQjNGcqxJZRpYW8lbEQ1ZWgTKiyH8D9p1SrVi8r5ba1UP1vEkYcjOIZTqMIl1OEGGtAEBiE8wBM8O4nz6Lw4r/PWnLOYOYRvcN4+AXdVjvY=</latexit>

k2

Fast / slow dynamics

<latexit sha1_base64="bu8zqOJxEMb+9+WuBNEn0DFTQJc="></latexit>

d

dt

[
s
c

]
= S1R1 + S2R2 = g

<latexit sha1_base64="j+6ASN7cw+2724Mk0qapuBjC3y4=">AAACDXicbZDLSsNAFIZP6q3WW9Slm8FWEISSBLxshIIblxXsBdpYJtNJO3RyYWYilNAXcOOruHGhiFv37nwbJ20WtfWHgZ/vnMOc83sxZ1JZ1o9RWFldW98obpa2tnd298z9g6aMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaObrN56pEKyKLxX45i6AR6EzGcEK416ZqVy3Q2wGnp+iic9G/kP9tkccDRwKj2zbFWtqdCysXNThlz1nvnd7UckCWioCMdSdmwrVm6KhWKE00mpm0gaYzLCA9rRNsQBlW46vWaCTjTpIz8S+oUKTen8RIoDKceBpzuzReViLYP/1TqJ8q/clIVxomhIZh/5CUcqQlk0qM8EJYqPtcFEML0rIkMsMFE6wJIOwV48edk0nap9UT2/c8o1J4+jCEdwDKdgwyXU4Bbq0AACT/ACb/BuPBuvxofxOWstGPnMIfyR8fULNkOaVQ==</latexit>

= a1f1 + a2f2

<latexit sha1_base64="dLZq0zQjx+N08fvvqTZWLpXh7yk=">AAACCnicbVDLSsNAFJ34rPUVdelmtBVclaTgYyMU3LisYB/QpGUymbRDJ5MwMxFKyNqNv+LGhSJu/QJ3/o2TNoK2HrhwOOde7r3HixmVyrK+jKXlldW19dJGeXNre2fX3NtvyygRmLRwxCLR9ZAkjHLSUlQx0o0FQaHHSMcbX+d+554ISSN+pyYxcUM05DSgGCktDcyjatCnV06I1MgLUi/rUwf7kfoRhll1YFasmjUFXCR2QSqgQHNgfjp+hJOQcIUZkrJnW7FyUyQUxYxkZSeRJEZ4jIakpylHIZFuOn0lgyda8WEQCV1cwan6eyJFoZST0NOd+Yly3svF/7xeooJLN6U8ThTheLYoSBhUEcxzgT4VBCs20QRhQfWtEI+QQFjp9Mo6BHv+5UXSrtfs89rZbb3SqBdxlMAhOAanwAYXoAFuQBO0AAYP4Am8gFfj0Xg23oz3WeuSUcwcgD8wPr4Bg76awQ==</latexit>

f i = bi · g
<latexit sha1_base64="ObM5xXlHU+aQ9eakjB7cgVqppVQ=">AAACE3icbVDLSsNAFJ34rPUVdekm2ArioiQFHxuh4MZlBfuAJg2TyaSddvJg5kYoof/gxl9x40IRt27c+TdO2graeuDC4Zx7ufceL+FMgml+aUvLK6tr64WN4ubW9s6uvrfflHEqCG2QmMei7WFJOYtoAxhw2k4ExaHHacsbXud+654KyeLoDkYJdULci1jACAYlufpp2Q4x9L0g88ZdZhM/hh8Bj93Ble1TDrjL3EHZ1UtmxZzAWCTWjJTQDHVX/7T9mKQhjYBwLGXHMhNwMiyAEU7HRTuVNMFkiHu0o2iEQyqdbPLT2DhWim8EsVAVgTFRf09kOJRyFHqqM79Xznu5+J/XSSG4dDIWJSnQiEwXBSk3IDbygAyfCUqAjxTBRDB1q0H6WGACKsaiCsGaf3mRNKsV67xydlst1aqzOAroEB2hE2ShC1RDN6iOGoigB/SEXtCr9qg9a2/a+7R1SZvNHKA/0D6+Ab3Jnqc=</latexit>

bi · aj = ωij

fast slow

<latexit sha1_base64="xbwNCwUmQosrYspGEo/B0I7ba0A=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4fVyrBUtsz6lVOzG8gya07dajiaWAsgOydlyNEalj4Ho4gkAQ0V4VjKvm3Fyk2xUIxwOi8OEkljTKZ4TPuahjig0k0XqefoXCsj5EdCv1ChhfpzI8WBlLPA05NZSLnqZeJ/Xj9RfsNNWRgnioZkechPOFIRyipAIyYoUXymCSaC6ayITLDAROmiiroEe/XLf0mnatqOeXlbLTedvI4CnMIZXIANdWjCDbSgDQQEPMELvBqPxrPxZrwvR9eMfOcEfsH4+AYmPpJE</latexit>a2

<latexit sha1_base64="xbwNCwUmQosrYspGEo/B0I7ba0A=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4fVyrBUtsz6lVOzG8gya07dajiaWAsgOydlyNEalj4Ho4gkAQ0V4VjKvm3Fyk2xUIxwOi8OEkljTKZ4TPuahjig0k0XqefoXCsj5EdCv1ChhfpzI8WBlLPA05NZSLnqZeJ/Xj9RfsNNWRgnioZkechPOFIRyipAIyYoUXymCSaC6ayITLDAROmiiroEe/XLf0mnatqOeXlbLTedvI4CnMIZXIANdWjCDbSgDQQEPMELvBqPxrPxZrwvR9eMfOcEfsH4+AYmPpJE</latexit>a2

<latexit sha1_base64="U2qqfm8XbjAMmED/5KqhvDZTyDw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4d2ZVgqW2b9yqnZDWSZNaduNRxNrAWQnZMy5GgNS5+DUUSSgIaKcCxl37Zi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aaL1HN0rpUR8iOhX6jQQv25keJAylng6ckspFz1MvE/r58ov+GmLIwTRUOyPOQnHKkIZRWgEROUKD7TBBPBdFZEJlhgonRRRV2Cvfrlv6RTNW3HvLytlptOXkcBTuEMLsCGOjThBlrQBgICnuAFXo1H49l4M96Xo2tGvnMCv2B8fAMkuZJD</latexit>a1

<latexit sha1_base64="U2qqfm8XbjAMmED/5KqhvDZTyDw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4d2ZVgqW2b9yqnZDWSZNaduNRxNrAWQnZMy5GgNS5+DUUSSgIaKcCxl37Zi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aaL1HN0rpUR8iOhX6jQQv25keJAylng6ckspFz1MvE/r58ov+GmLIwTRUOyPOQnHKkIZRWgEROUKD7TBBPBdFZEJlhgonRRRV2Cvfrlv6RTNW3HvLytlptOXkcBTuEMLsCGOjThBlrQBgICnuAFXo1H49l4M96Xo2tGvnMCv2B8fAMkuZJD</latexit>a1

Δt

Δt

Δt



Δt

Δt

Δt
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Michaelis – Menten model

<latexit sha1_base64="NQP1J+6AnB+/3eQ+HdeRYvq2EXA=">AAACEHicbVDJSgNBEO2JW4xb1KOXxkQUAmEmYPQYCAEPHuKSBTIh9HR6kiY9C901ShjyCV78FS8eFPHq0Zt/Y2cBNfFBwev3quiq54SCKzDNLyOxtLyyupZcT21sbm3vpHf36iqIJGU1GohANh2imOA+qwEHwZqhZMRzBGs4g/LYb9wxqXjg38IwZG2P9HzuckpAS530cbaSu8H2JXNB8l4fiJTBPS5j+/rnVclVs510xsybE+BFYs1IBs1Q7aQ/7W5AI4/5QAVRqmWZIbRjIoFTwUYpO1IsJHRAeqylqU88ptrx5KARPtJKF7uB1OUDnqi/J2LiKTX0HN3pEeireW8s/ue1InDP2zH3wwiYT6cfuZHAEOBxOrjLJaMghpoQKrneFdM+kYSCzjClQ7DmT14k9ULeKuZPrwqZUnEWRxIdoEN0gix0hkroAlVRDVH0gJ7QC3o1Ho1n4814n7YmjNnMPvoD4+MbPzKbcA==</latexit>

E + S → C ↑ E + P

<latexit sha1_base64="bv5k3bofIcuOWnawphJhv75pOm0=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJmnS0zN29whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRHBtXPfDWVpeWV1bz23kN7e2d3YLe/sNHaeKYZ3FIlatgGoUXGLdcCOwlSikUSCwGQyvJn7zHpXmsbw1owT9iPYlDzmjxkqt0rCbeeG41C0UvbI7BXF/kS+rCHPUuoX3Ti9maYTSMEG1bntuYvyMKsOZwHG+k2pMKBvSPrYtlTRC7WfTe8fk2Co9EsbKljRkqi5OZDTSehQFtjOiZqB/ehPxL6+dmvDSz7hMUoOSzRaFqSAmJpPnSY8rZEaMLKFMcXsrYQOqKDM2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGAh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzfMj2U=</latexit>

k1f
<latexit sha1_base64="QzmgrCDsjfO41jSHrTXczk7oqLM=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiewkzE5Rjw4jGCWSAZQk+nJ2nS0zN21whhyE948aCIV3/Hm39jZxHi9qDg8V4VVfWCRAqDrvvhLC2vrK6t5zbym1vbO7uFvf2GiVPNeJ3FMtatgBouheJ1FCh5K9GcRoHkzWB4NfGb91wbEatbHCXcj2hfiVAwilZqlYbdzAvGpW6h6JXdKYj7i3xZRZij1i28d3oxSyOukElqTNtzE/QzqlEwycf5Tmp4QtmQ9nnbUkUjbvxseu+YHFulR8JY21JIpuriREYjY0ZRYDsjigPz05uIf3ntFMNLPxMqSZErNlsUppJgTCbPk57QnKEcWUKZFvZWwgZUU4Y2ovxiCP+TRqXsnZfPbirF6uk8jhwcwhGcgAcXUIVrqEEdGEh4gCd4du6cR+fFeZ21LjnzmQP4BuftEzG0j2E=</latexit>

k1b

<latexit sha1_base64="JlCXqY12vlpqYHlJinW/e1CsPbQ=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxkTwFCYRl2PAi8cIZoFkCD2dnqSZnp6hu0YIQz7CiwdFvPo93vwbO4sQtwcFj/eqqKrnJ1IYdN0PJ7eyura+kd8sbG3v7O4V9w9aJk41400Wy1h3fGq4FIo3UaDknURzGvmSt/3weuq377k2IlZ3OE64F9GhEoFgFK3ULof9rDYp94ulasWdgbi/yJdVggUa/eJ7bxCzNOIKmaTGdKtugl5GNQom+aTQSw1PKAvpkHctVTTixstm507IiVUGJIi1LYVkpi5PZDQyZhz5tjOiODI/van4l9dNMbjyMqGSFLli80VBKgnGZPo7GQjNGcqxJZRpYW8lbEQ1ZWgTKiyH8D9p1SrVi8r5ba1UP1vEkYcjOIZTqMIl1OEGGtAEBiE8wBM8O4nz6Lw4r/PWnLOYOYRvcN4+AXdVjvY=</latexit>

k2

Fast / slow dynamics

<latexit sha1_base64="xbwNCwUmQosrYspGEo/B0I7ba0A=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4fVyrBUtsz6lVOzG8gya07dajiaWAsgOydlyNEalj4Ho4gkAQ0V4VjKvm3Fyk2xUIxwOi8OEkljTKZ4TPuahjig0k0XqefoXCsj5EdCv1ChhfpzI8WBlLPA05NZSLnqZeJ/Xj9RfsNNWRgnioZkechPOFIRyipAIyYoUXymCSaC6ayITLDAROmiiroEe/XLf0mnatqOeXlbLTedvI4CnMIZXIANdWjCDbSgDQQEPMELvBqPxrPxZrwvR9eMfOcEfsH4+AYmPpJE</latexit>a2 <latexit sha1_base64="U2qqfm8XbjAMmED/5KqhvDZTyDw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4d2ZVgqW2b9yqnZDWSZNaduNRxNrAWQnZMy5GgNS5+DUUSSgIaKcCxl37Zi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aaL1HN0rpUR8iOhX6jQQv25keJAylng6ckspFz1MvE/r58ov+GmLIwTRUOyPOQnHKkIZRWgEROUKD7TBBPBdFZEJlhgonRRRV2Cvfrlv6RTNW3HvLytlptOXkcBTuEMLsCGOjThBlrQBgICnuAFXo1H49l4M96Xo2tGvnMCv2B8fAMkuZJD</latexit>a1

Slow evolution
<latexit sha1_base64="GybeP+FrKDvtDw4bwWHzPrRwzHs="></latexit>

d

dt

[
s
c

]
→ a2f2 f1 → 0

fast slow

<latexit sha1_base64="u3am7gFymrY83CL4ue2wRlmBNmw="></latexit>

d

dt

[
s
c

]
= a1f1 + a2f2

<latexit sha1_base64="xbwNCwUmQosrYspGEo/B0I7ba0A=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4fVyrBUtsz6lVOzG8gya07dajiaWAsgOydlyNEalj4Ho4gkAQ0V4VjKvm3Fyk2xUIxwOi8OEkljTKZ4TPuahjig0k0XqefoXCsj5EdCv1ChhfpzI8WBlLPA05NZSLnqZeJ/Xj9RfsNNWRgnioZkechPOFIRyipAIyYoUXymCSaC6ayITLDAROmiiroEe/XLf0mnatqOeXlbLTedvI4CnMIZXIANdWjCDbSgDQQEPMELvBqPxrPxZrwvR9eMfOcEfsH4+AYmPpJE</latexit>a2

<latexit sha1_base64="U2qqfm8XbjAMmED/5KqhvDZTyDw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYCu4Ckmpad0V3LisYB/QxjKZTtqhkwczE6WE/ocbF4q49V/c+TdO2iy0emDgcM693DPHizmTyrK+jLX1jc2t7cJOcXdv/+CwdHTckVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vep353QcqJIvCOzWLqRvgcch8RrDS0n1lEGA18fwUz4d2ZVgqW2b9yqnZDWSZNaduNRxNrAWQnZMy5GgNS5+DUUSSgIaKcCxl37Zi5aZYKEY4nRcHiaQxJlM8pn1NQxxQ6aaL1HN0rpUR8iOhX6jQQv25keJAylng6ckspFz1MvE/r58ov+GmLIwTRUOyPOQnHKkIZRWgEROUKD7TBBPBdFZEJlhgonRRRV2Cvfrlv6RTNW3HvLytlptOXkcBTuEMLsCGOjThBlrQBgICnuAFXo1H49l4M96Xo2tGvnMCv2B8fAMkuZJD</latexit>a1

Fast transient
<latexit sha1_base64="NbW4YAJqGaG7mbG8yuOv5RHwbzY="></latexit>

d

dt

[
s
c

]
→ a1f1 (f1 ↑ f2)

<latexit sha1_base64="XX2J77YEiz6czbdAxkZbfjVLp5o=">AAAB+HicbVDLTgJBEOzFF+KDVY9eJoKJJ7JL4uNI4sUjJvJIYCWzwyxMmJ3ZzMwakfAlXjxojFc/xZt/4wB7ULCSTipV3enuChPOtPG8bye3tr6xuZXfLuzs7u0X3YPDppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4up75rQeqNJPizowTGsR4IFjECDZW6rnFcnTvoy5OEiUfkVfuuSWv4s2BVomfkRJkqPfcr25fkjSmwhCOte74XmKCCVaGEU6nhW6qaYLJCA9ox1KBY6qDyfzwKTq1Sh9FUtkSBs3V3xMTHGs9jkPbGWMz1MveTPzP66QmugomTCSpoYIsFkUpR0aiWQqozxQlho8twUQxeysiQ6wwMTargg3BX355lTSrFf+icn5bLdWqWRx5OIYTOAMfLqEGN1CHBhBI4Rle4c15cl6cd+dj0Zpzspkj+APn8wfTSpHc</latexit>

f1 → 0

Slow reduced model
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<latexit sha1_base64="sy4GZliDsdCu9gMA7UmnUhBZ2js=">AAACFXicbVBJSwMxGM3Urdat6tFLsBUq2DJTcLkIBS8ea7ELdBkymUwbmplMk4xQhvkTXvwrXjwo4lXw5r8xXQ7a+iDw8t77SL7nhIxKZZrfRmpldW19I72Z2dre2d3L7h80JI8EJnXMGRctB0nCaEDqiipGWqEgyHcYaTrDm4nffCBCUh7cq3FIuj7qB9SjGCkt2dmzfK1nXQ/t2PKSArF5EZ/K4uTqJBh2RqMIubDWK+tEGeftbM4smVPAZWLNSQ7MUbWzXx2X48gngcIMSdm2zFB1YyQUxYwkmU4kSYjwEPVJW9MA+UR24+lWCTzRigs9LvQJFJyqvydi5Es59h2d9JEayEVvIv7ntSPlXXVjGoSRIgGePeRFDCoOJxVBlwqCFRtrgrCg+q8QD5BAWOkiM7oEa3HlZdIol6yL0vldOVex5nWkwRE4BgVggUtQAbegCuoAg0fwDF7Bm/FkvBjvxscsmjLmM4fgD4zPH+U3nLs=</latexit>

R1 = k1f (eo → c)s→ k1bc R2 = k2c

<latexit sha1_base64="h7s3FEV93N20qaoKnBsjSUTeJaM="></latexit>

d

dt

[
s
c

]
=

[
→1
1

]
R1 +

[
0

→1

]
R2 =

[
gs
gc

]

<latexit sha1_base64="DcLLivow/IYlODb9uZ+FUdy4pTM=">AAACEXicbVA9SwNBEN3zM8avqKXNYiJYSLgL+IFVwMZSxaiQi2Fus3dZ3Ls9dufUEJKfYONfsbFQxNbOzn/jJqZQ44OBx3szzMwLUikMuu6nMzE5NT0zm5vLzy8sLi0XVlbPjco04zWmpNKXARguRcJrKFDyy1RziAPJL4Lrw4F/ccO1ESo5w07KGzFEiQgFA7RSs7BVMtv90yvvoB+CQeprEbURtFa3fRo1jQ9pqtUddUvNQtEtu0PQceKNSJGMcNwsfPgtxbKYJ8gkGFP33BQbXdAomOS9vJ8ZngK7hojXLU0g5qbRHX7Uo5tWadFQaVsJ0qH6c6ILsTGdOLCdMWDb/PUG4n9ePcNwv9EVSZohT9j3ojCTFBUdxENbQnOGsmMJMC3srZS1QQNDG2LehuD9fXmcnFfK3m5556RSrHqjOHJknWyQLeKRPVIlR+SY1Agj9+SRPJMX58F5cl6dt+/WCWc0s0Z+wXn/AngdnMA=</latexit>

s, R1 : fast → gs ↑ 0

<latexit sha1_base64="pzXDtEa7wWGvwPVLzM2WHnlZ07g=">AAACFnicbVDLSsNAFJ3UV62vqEs3g63gpiUp+NgIBTcua7EPaNIymUzaoZNHZyZiCf0KN/6KGxeKuBV3/o2TNgttPZcLh3PuZeYeJ2JUSMP41nIrq2vrG/nNwtb2zu6evn/QEmHMMWnikIW84yBBGA1IU1LJSCfiBPkOI21ndJ367XvCBQ2DOzmJiO2jQUA9ipFUUl8vlxo900JRxMMHaEArrfE4Ri60XI8jnLh4mrhyelVu9Kqlvl40KsYMcJmYGSmCDPW+/mW5IY59EkjMkBBd04iknSAuKWZkWrBiQSKER2hAuooGyCfCTmZnTeGJUlzohVx1IOFM/b2RIF+Iie+oSR/JoVj0UvE/rxtL79JOaBDFkgR4/pAXMyhDmGYEXcoJlmyiCMKcqr9CPEQqDamSLKgQzMWTl0mrWjHPK2e31WLNzOLIgyNwDE6BCS5ADdyAOmgCDB7BM3gFb9qT9qK9ax/z0ZyW7RyCP9A+fwCS6J26</latexit>

R1 → 0
dc

dt
= ↑R2

<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="+/RdDjZMtIdHoqkc07tLR34STxs=">AAACFXicbVDLSsNAFJ34rPUVdekm2AoVpSQFHxuh4MZlBfuANoTJZNIOncyEmYlQQn7Cjb/ixoUibgV3/o2TNgttPTDcM+fcy8w9fkyJVLb9bSwtr6yurZc2yptb2zu75t5+R/JEINxGnHLR86HElDDcVkRR3IsFhpFPcdcf3+R+9wELSTi7V5MYuxEcMhISBJWWPPOsiq4HQSggSsde6oQZ9rjM0trsIk/z6me6NE6yqmdW7Lo9hbVInIJUQIGWZ34NAo6SCDOFKJSy79ixclMoFEEUZ+VBInEM0RgOcV9TBiMs3XS6VWYdayWwQi70Ycqaqr8nUhhJOYl83RlBNZLzXi7+5/UTFV65KWFxojBDs4fChFqKW3lEVkAERopONIFIEP1XC42gjkjpIMs6BGd+5UXSadSdi/r5XaPSrBdxlMAhOAI14IBL0AS3oAXaAIFH8AxewZvxZLwY78bHrHXJKGYOwB8Ynz92qZ5O</latexit>

c =
k1feos

(k1fs+ k1b + k2)

<latexit sha1_base64="K1s5J3OQMpwfil+pmYNqsfuHFW8=">AAACC3icbZDLSsNAFIYn9VbrLerSzdBWqAtLUvCyEQpuXFawF2hDmEwm7dDJJMxMhBKyd+OruHGhiFtfwJ1v4zTNQqs/DHz85xzOnN+LGZXKsr6M0srq2vpGebOytb2zu2fuH/RklAhMujhikRh4SBJGOekqqhgZxIKg0GOk702v5/X+PRGSRvxOzWLihGjMaUAxUtpyzWpdXo38QCCcTt3U9jKc5RBkDeJGp/gkq7tmzWpaueBfsAuogUId1/wc+RFOQsIVZkjKoW3FykmRUBQzklVGiSQxwlM0JkONHIVEOml+SwaPtePDIBL6cQVz9+dEikIpZ6GnO0OkJnK5Njf/qw0TFVw6KeVxogjHi0VBwqCK4DwY6FNBsGIzDQgLqv8K8QTpYJSOr6JDsJdP/gu9VtM+b57dtmrtZhFHGRyBKmgAG1yANrgBHdAFGDyAJ/ACXo1H49l4M94XrSWjmDkEv2R8fAMPL5pc</latexit>

s =
k1bc

k1f (eo → c)

<latexit sha1_base64="oKQkf+5VbMf8dcgKbaX4KLK7vtw=">AAACEXicbVA9SwNBEN3zM8avqKXNYiJYSLgL+IFVwMZSxaiQi2Fus3dZ3Ls9dufUEJKfYONfsbFQxNbOzn/jJqZQ44OBx3szzMwLUikMuu6nMzE5NT0zm5vLzy8sLi0XVlbPjco04zWmpNKXARguRcJrKFDyy1RziAPJL4Lrw4F/ccO1ESo5w07KGzFEiQgFA7RSs7BVYtv90yvvoB+CQeprEbURtFa3fRo1mQ9pqtUddUvNQtEtu0PQceKNSJGMcNwsfPgtxbKYJ8gkGFP33BQbXdAomOS9vJ8ZngK7hojXLU0g5qbRHX7Uo5tWadFQaVsJ0qH6c6ILsTGdOLCdMWDb/PUG4n9ePcNwv9EVSZohT9j3ojCTFBUdxENbQnOGsmMJMC3srZS1QQNDG2LehuD9fXmcnFfK3m5556RSrHqjOHJknWyQLeKRPVIlR+SY1Agj9+SRPJMX58F5cl6dt+/WCWc0s0Z+wXn/AkSdnKA=</latexit>

c, R1 : fast → gc ↑ 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="zz6uVIEFRxXc/mbwVvMiBvUkrm8=">AAACG3icbVDLSsNAFJ34rPUVdelmsBXcWJKAj2XBjcta7AOatEwmk3bo5NGZiVhC/sONv+LGhSKuBBf+jdM2grYeGDiccy537nFjRoU0jC9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5Q6vJn7rjnBBo/BWjmPiBKgfUp9iJJXU061yvWvaKI55dA/rXQvao1GCPGh7Pkc49USWejL7CZyqRLmnl4yKMQVcJGZOSiBHrad/2F6Ek4CEEjMkRMc0YumkiEuKGcmKdiJIjPAQ9UlH0RAFRDjp9LYMHivFg37E1QslnKq/J1IUCDEOXJUMkByIeW8i/ud1EulfOikN40SSEM8W+QmDMoKToqBHOcGSjRVBmFP1V4gHSJUiVZ1FVYI5f/IiaVoV87xydmOVqmZeRwEcgiNwAkxwAargGtRAA2DwAJ7AC3jVHrVn7U17n0WXtHzmAPyB9vkNtmmgjw==</latexit>

R1 → R2 ds

dt
→ ↑R2

<latexit sha1_base64="DTA5VKfazjoI9L67/TzCv7ChZGc=">AAACEXicbVA9SwNBEN3zM8avqKXNYhQsJNwF/MAqYGMZxUQhF8PcZu+yuHd77M6pISQ/wca/YmOhiK2dnf/GTUzh14OBx3szzMwLUikMuu6HMzE5NT0zm5vLzy8sLi0XVlbrRmWa8RpTUumLAAyXIuE1FCj5Rao5xIHk58HV0dA/v+baCJWcYTflzRiiRISCAVqpVdjeZDuD08vy4SAEg9TXIuogaK1uBjRqMR/SVKtb6m62CkW35I5A/xJvTIpkjGqr8O63FctiniCTYEzDc1Ns9kCjYJL3835meArsCiLesDSBmJtmb/RRn25ZpU1DpW0lSEfq94kexMZ048B2xoAd89sbiv95jQzDg2ZPJGmGPGFfi8JMUlR0GA9tC80Zyq4lwLSwt1LWAQ0MbYh5G4L3++W/pF4ueXul3ZNyseKN48iRdbJBtolH9kmFHJMqqRFG7sgDeSLPzr3z6Lw4r1+tE854Zo38gPP2CUZCnKE=</latexit>

c, R2 : fast → gc ↑ 0
<latexit sha1_base64="uMkyPuC2C4ZpkVNFds+TGEPDxoo=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X23NCn0cnm7aM+AlomTkjykqPRyX51+SOKACk04Vqrt2JF2Eyw1I5xOsp1Y0QiTER7QtqECB1S5yezqCTo1Sh/5oTQlNJqpvycSHCg1DjzTGWA9VIveVPzPa8fav3YTJqJYU0Hmi/yYIx2iaQSozyQlmo8NwUQycysiQywx0SaorAnBWXx5mTRKReeyeFEt5ctOGkcGjuEEzsCBKyjDHVSgDgQkPMMrvFlP1ov1bn3MW1esdOYI/sD6/AGnIpFF</latexit>

QSSAc,R2

<latexit sha1_base64="qUWIGVFK5pKNIrfKru89epvjrQ0=">AAACG3icbVDLSsNAFJ34rPUVdelmsBXcWJKAj2XBjcta7AOatEwmk3bo5NGZiVhC/sONv+LGhSKuBBf+jdM2grYeGDiccy537nFjRoU0jC9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5Q6vJn7rjnBBo/BWjmPiBKgfUp9iJJXU061yvWvZKI55dA/rXRPao1GCPGh7Pkc49USWejL7CZyqRLmnl4yKMQVcJGZOSiBHrad/2F6Ek4CEEjMkRMc0YumkiEuKGcmKdiJIjPAQ9UlH0RAFRDjp9LYMHivFg37E1QslnKq/J1IUCDEOXJUMkByIeW8i/ud1EulfOikN40SSEM8W+QmDMoKToqBHOcGSjRVBmFP1V4gHSJUiVZ1FVYI5f/IiaVoV87xydmOVqmZeRwEcgiNwAkxwAargGtRAA2DwAJ7AC3jVHrVn7U17n0WXtHzmAPyB9vkNtO+gjg==</latexit>

R2 → R1 ds

dt
→ ↑R1

<latexit sha1_base64="fmO4reTHglRo0jQ2+RIpgP+7b1k=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WWwFTyUp+HEsePFYwbZCE8pmu2mXbjZhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0tr6xuVXeruzs7u0f2IdHXR2nirIOjUWs7gOimeCSdYCDYPeJYiQKBOsFk+uZ33tgSvNY3kGWMD8iI8lDTgkYaWBX655Msaf4aAxEqfgRO/WBXXMazhx4lbgFqaEC7YH95Q1jmkZMAhVE677rJODnRAGngk0rXqpZQuiEjFjfUEkipv18fvwUnxpliMNYmZKA5+rviZxEWmdRYDojAmO97M3E/7x+CuGVn3OZpMAkXSwKU4EhxrMk8JArRkFkhhCquLkV0zFRhILJq2JCcJdfXiXdZsO9aJzfNmstt4ijjI7RCTpDLrpELXSD2qiDKMrQM3pFb9aT9WK9Wx+L1pJVzFTRH1ifP4GMk/w=</latexit>

ω → 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="RwsNhVXGJfNPlQ2SRf+cjad3SOw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruCpJwcey4MZlBfuAppTJdNIOnUzCzI0SQt34K25cKOLWv3Dn3zhts9DWAxcO59zLvff4seAaHOfbKqysrq1vFDdLW9s7u3v2/kFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj++nvrte6Y0j+QdpDHrhWQoecApASP17aOKJxPsKT4cAVEqesAelwGklb5ddqrODHiZuDkpoxyNvv3lDSKahEwCFUTrruvE0MuIAk4Fm5S8RLOY0DEZsq6hkoRM97LZBxN8apQBDiJlSgKeqb8nMhJqnYa+6QwJjPSiNxX/87oJBFe9jMs4ASbpfFGQCAwRnsaBB1wxCiI1hFDFza2YjogiFExoJROCu/jyMmnVqu5F9fy2Vq67eRxFdIxO0Bly0SWqoxvUQE1E0SN6Rq/ozXqyXqx362PeWrDymUP0B9bnD+2vloQ=</latexit>

ω → ↑
<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="fXtTQc80rD2OKNGJFzJl0bHO1PI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBhPBU9gN+DhGRPAYxTxgs4bZySQZMjuzzMwKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3hTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRWiDSC5VO8SaciZowzDDaTtWFEchp61wdD31W09UaSbFgxnHNIjwQLA+I9hYyS/Xb6666f2jNyl3iyW34s6AlomXkRJkqHeLX52eJElEhSEca+17bmyCFCvDCKeTQifRNMZkhAfUt1TgiOognZ08QSdW6aG+VLaEQTP190SKI63HUWg7I2yGetGbiv95fmL6l0HKRJwYKsh8UT/hyEg0/R/1mKLE8LElmChmb0VkiBUmxqZUsCF4iy8vk2a14p1Xzu6qpZqXxZGHIziGU/DgAmpwC3VoAAEJz/AKb45xXpx352PemnOymUP4A+fzB73ZkDU=</latexit>

PEAR1

<latexit sha1_base64="7n1rFJfnUQIoBaiVDplU4SOhB48=">AAACG3icbVDLSgNBEJz1bXxFPXoZjIKnsBvwgSfBi0cVo4FsDL2zs8ng7M4y06uGJX6HF3/FiwdFPAke/Bsnj4MmFjQUVd10dwWpFAZd99uZmJyanpmdmy8sLC4trxRX1y6NyjTjVaak0rUADJci4VUUKHkt1RziQPKr4Oa451/dcm2ESi6wk/JGDK1ERIIBWqlZrGydX3uHDxEYpL4WrTaC1urugfphpIHlobW7eYhdH9JUq3vqbjWLJbfs9kHHiTckJTLEabP46YeKZTFPkEkwpu65KTZy0CiY5N2CnxmeAruBFq9bmkDMTSPv/9al21YJaaS0rQRpX/09kUNsTCcObGcM2DajXk/8z6tnGB00cpGkGfKEDRZFmaSoaC8oGgrNGcqOJcC0sLdS1gabCdo4CzYEb/TlcXJZKXt75d2zSunIG8YxRzbIJtkhHtknR+SEnJIqYeSRPJNX8uY8OS/Ou/MxaJ1whjPr5A+crx/FYqE3</latexit>

R1 : fast → dR1

dt
↑ 0

<latexit sha1_base64="3/+HFQ7AMqS4FUyAZCDeV7OIIWk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDraCIJSk4GNZcOOyFvuAJi2TyaQdOpmEmYlYQpZu/BU3LhRx6ye482+ctllo9cCFwzn3cu89XsyoVJb1ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vfDX1O3dESBrxWzWJiRuiIacBxUhpaWAeVpp920FxLKJ76PiBQDht9mtZap86PMkqA7NsVa0Z4F9i56QMcjQG5qfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKEx2hIeppyFBLpprNHMnisFR8GkdDFFZypPydSFEo5CT3dGSI1koveVPzP6yUquHRTyuNEEY7ni4KEQRXBaSrQp4JgxSaaICyovhXiEdJhKJ1dSYdgL778l7RrVfu8enZTK9ftPI4iOABH4ATY4ALUwTVogBbA4AE8gRfwajwaz8ab8T5vLRj5zD74BePjG1qgmOA=</latexit>

R1 → R2

1 + ω

<latexit sha1_base64="t7LPMPRRCo6hE54avZd+MgxG0oc=">AAACFHicbVDLSsNAFJ3UV62vqEs3g60gFEtS8LEsuHFZxT6giWUymbRDJ5MwMxFLyEe48VfcuFDErQt3/o3TNgttPXDhcM693HuPFzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygRmLRwxCLR9ZAkjHLSUlQx0o0FQaHHSMcbXU78zj0Rkkb8Vo1j4oZowGlAMVJa6pvViuMHAuHUl1nqq8xBcSyiB3iSyzd39Sy1qw5PskrfLFs1awq4SOyclEGOZt/8cvwIJyHhCjMkZc+2YuWmSCiKGclKTiJJjPAIDUhPU45CIt10+lQGj7TiwyASuriCU/X3RIpCKcehpztDpIZy3puI/3m9RAUXbkp5nCjC8WxRkDCoIjhJCPpUEKzYWBOEBdW3QjxEOgylcyzpEOz5lxdJu16zz2qn1/Vyw87jKIIDcAiOgQ3OQQNcgSZoAQwewTN4BW/Gk/FivBsfs9aCkc/sgz8wPn8A1maenw==</latexit>

ds

dt
→ ↑ R2

1 + ω

<latexit sha1_base64="IeUx8ehVj53ltIKMHy0/45hZdJU=">AAACGHicbZDLSsNAFIYn9VbrLerSzWArCGJNCl6WBTcuq9gLNLFMJpN26GQSZiZiCXkMN76KGxeKuO3Ot3HaZqGtPwx8/OcczpzfixmVyrK+jcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRjlpKqoY6cSCoNBjpO0Nryf19iMRkkb8Xo1i4oaoz2lAMVLa6plnFccPBMKpj7PUV5mD4lhET/A0tx2ewLuHWpbaJxqzSs8sW1VrKrgIdg5lkKvRM8eOH+EkJFxhhqTs2las3BQJRTEjWclJJIkRHqI+6WrkKCTSTaeHZfBIOz4MIqEfV3Dq/p5IUSjlKPR0Z4jUQM7XJuZ/tW6igis3pTxOFOF4tihIGFQRnKQEfSoIVmykAWFB9V8hHiAdiNJZlnQI9vzJi9CqVe2L6vltrVy38ziK4AAcgmNgg0tQBzegAZoAg2fwCt7Bh/FivBmfxtestWDkM/vgj4zxD6kkoBY=</latexit>

dc

dt
→ ↑ ωR2

1 + ω

<latexit sha1_base64="nLJc26q9Dfni6xKEXJDKlJKCMks=">AAACA3icbVDLSsNAFJ3UV62vqDvdDLaCIJaki+pGKLgR3FSxD2hCmEwn7dDJJMxMhBICbvwVNy4UcetPuPNvnLZZaOuBC4dz7uXee/yYUaks69soLC2vrK4V10sbm1vbO+buXltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/uhq4nceiJA04vdqHBM3RANOA4qR0pJnHlQcnlw6/UAgnBIvOsNZeuPdncqs4pllq2pNAReJnZMyyNH0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm05/yOCxVvowiIQuruBU/T2RolDKcejrzhCpoZz3JuJ/Xi9RwYWbUh4ninA8WxQkDKoITgKBfSoIVmysCcKC6lshHiIdh9KxlXQI9vzLi6Rdq9r1av22Vm7U8jiK4BAcgRNgg3PQANegCVoAg0fwDF7Bm/FkvBjvxsestWDkM/vgD4zPHwUdlxU=</latexit>

⌫ =
eo � c

KR + s

<latexit sha1_base64="gQcBZDvX8WN/Yp03AdluMe7sl9A=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJqUo6FBakSixILAXRh9RGkeM4rVXHiWwHqYqysPArLAwgxMo/sPE3uGkGaDnS1T06517Z93gxo1JZ1rdRWlldW98ob1a2tnd298z9g66MEoFJB0csEn0PScIoJx1FFSP9WBAUeoz0vMnVzO89ECFpxO/VNCZOiEacBhQjpSXXPK7duHeXQz8QCKcTN7W9LMt7kGU116xadSsHXCZ2QaqgQNs1v4Z+hJOQcIUZknJgW7FyUiQUxYxklWEiSYzwBI3IQFOOQiKdNL8ig6da8WEQCV1cwVz9vZGiUMpp6OnJEKmxXPRm4n/eIFHBhZNSHieKcDx/KEgYVBGcRQJ9KghWbKoJwoLqv0I8RjoQpYOr6BDsxZOXSbdRt5v15m2j2moUcZTBETgBZ8AG56AFrkEbdAAGj+AZvII348l4Md6Nj/loySh2DsEfGJ8/+fKYNw==</latexit>

KR =
k1b
k1f



QSSA/PEA:  stability and accuracy

28

Stability

Singular perturbations

QSSA, PEA

Accuracy

Singular perturbations

PEA

QSSA

Goussis, CTM 16 (2012)
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<latexit sha1_base64="sy4GZliDsdCu9gMA7UmnUhBZ2js=">AAACFXicbVBJSwMxGM3Urdat6tFLsBUq2DJTcLkIBS8ea7ELdBkymUwbmplMk4xQhvkTXvwrXjwo4lXw5r8xXQ7a+iDw8t77SL7nhIxKZZrfRmpldW19I72Z2dre2d3L7h80JI8EJnXMGRctB0nCaEDqiipGWqEgyHcYaTrDm4nffCBCUh7cq3FIuj7qB9SjGCkt2dmzfK1nXQ/t2PKSArF5EZ/K4uTqJBh2RqMIubDWK+tEGeftbM4smVPAZWLNSQ7MUbWzXx2X48gngcIMSdm2zFB1YyQUxYwkmU4kSYjwEPVJW9MA+UR24+lWCTzRigs9LvQJFJyqvydi5Es59h2d9JEayEVvIv7ntSPlXXVjGoSRIgGePeRFDCoOJxVBlwqCFRtrgrCg+q8QD5BAWOkiM7oEa3HlZdIol6yL0vldOVex5nWkwRE4BgVggUtQAbegCuoAg0fwDF7Bm/FkvBjvxscsmjLmM4fgD4zPH+U3nLs=</latexit>

R1 = k1f (eo → c)s→ k1bc R2 = k2c

<latexit sha1_base64="h7s3FEV93N20qaoKnBsjSUTeJaM="></latexit>

d

dt

[
s
c

]
=

[
→1
1

]
R1 +

[
0

→1

]
R2 =

[
gs
gc

]

<latexit sha1_base64="DcLLivow/IYlODb9uZ+FUdy4pTM=">AAACEXicbVA9SwNBEN3zM8avqKXNYiJYSLgL+IFVwMZSxaiQi2Fus3dZ3Ls9dufUEJKfYONfsbFQxNbOzn/jJqZQ44OBx3szzMwLUikMuu6nMzE5NT0zm5vLzy8sLi0XVlbPjco04zWmpNKXARguRcJrKFDyy1RziAPJL4Lrw4F/ccO1ESo5w07KGzFEiQgFA7RSs7BVMtv90yvvoB+CQeprEbURtFa3fRo1jQ9pqtUddUvNQtEtu0PQceKNSJGMcNwsfPgtxbKYJ8gkGFP33BQbXdAomOS9vJ8ZngK7hojXLU0g5qbRHX7Uo5tWadFQaVsJ0qH6c6ILsTGdOLCdMWDb/PUG4n9ePcNwv9EVSZohT9j3ojCTFBUdxENbQnOGsmMJMC3srZS1QQNDG2LehuD9fXmcnFfK3m5556RSrHqjOHJknWyQLeKRPVIlR+SY1Agj9+SRPJMX58F5cl6dt+/WCWc0s0Z+wXn/AngdnMA=</latexit>

s, R1 : fast → gs ↑ 0

<latexit sha1_base64="pzXDtEa7wWGvwPVLzM2WHnlZ07g=">AAACFnicbVDLSsNAFJ3UV62vqEs3g63gpiUp+NgIBTcua7EPaNIymUzaoZNHZyZiCf0KN/6KGxeKuBV3/o2TNgttPZcLh3PuZeYeJ2JUSMP41nIrq2vrG/nNwtb2zu6evn/QEmHMMWnikIW84yBBGA1IU1LJSCfiBPkOI21ndJ367XvCBQ2DOzmJiO2jQUA9ipFUUl8vlxo900JRxMMHaEArrfE4Ri60XI8jnLh4mrhyelVu9Kqlvl40KsYMcJmYGSmCDPW+/mW5IY59EkjMkBBd04iknSAuKWZkWrBiQSKER2hAuooGyCfCTmZnTeGJUlzohVx1IOFM/b2RIF+Iie+oSR/JoVj0UvE/rxtL79JOaBDFkgR4/pAXMyhDmGYEXcoJlmyiCMKcqr9CPEQqDamSLKgQzMWTl0mrWjHPK2e31WLNzOLIgyNwDE6BCS5ADdyAOmgCDB7BM3gFb9qT9qK9ax/z0ZyW7RyCP9A+fwCS6J26</latexit>

R1 → 0
dc

dt
= ↑R2

<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="+/RdDjZMtIdHoqkc07tLR34STxs=">AAACFXicbVDLSsNAFJ34rPUVdekm2AoVpSQFHxuh4MZlBfuANoTJZNIOncyEmYlQQn7Cjb/ixoUibgV3/o2TNgttPTDcM+fcy8w9fkyJVLb9bSwtr6yurZc2yptb2zu75t5+R/JEINxGnHLR86HElDDcVkRR3IsFhpFPcdcf3+R+9wELSTi7V5MYuxEcMhISBJWWPPOsiq4HQSggSsde6oQZ9rjM0trsIk/z6me6NE6yqmdW7Lo9hbVInIJUQIGWZ34NAo6SCDOFKJSy79ixclMoFEEUZ+VBInEM0RgOcV9TBiMs3XS6VWYdayWwQi70Ycqaqr8nUhhJOYl83RlBNZLzXi7+5/UTFV65KWFxojBDs4fChFqKW3lEVkAERopONIFIEP1XC42gjkjpIMs6BGd+5UXSadSdi/r5XaPSrBdxlMAhOAI14IBL0AS3oAXaAIFH8AxewZvxZLwY78bHrHXJKGYOwB8Ynz92qZ5O</latexit>

c =
k1feos

(k1fs+ k1b + k2)

<latexit sha1_base64="K1s5J3OQMpwfil+pmYNqsfuHFW8=">AAACC3icbZDLSsNAFIYn9VbrLerSzdBWqAtLUvCyEQpuXFawF2hDmEwm7dDJJMxMhBKyd+OruHGhiFtfwJ1v4zTNQqs/DHz85xzOnN+LGZXKsr6M0srq2vpGebOytb2zu2fuH/RklAhMujhikRh4SBJGOekqqhgZxIKg0GOk702v5/X+PRGSRvxOzWLihGjMaUAxUtpyzWpdXo38QCCcTt3U9jKc5RBkDeJGp/gkq7tmzWpaueBfsAuogUId1/wc+RFOQsIVZkjKoW3FykmRUBQzklVGiSQxwlM0JkONHIVEOml+SwaPtePDIBL6cQVz9+dEikIpZ6GnO0OkJnK5Njf/qw0TFVw6KeVxogjHi0VBwqCK4DwY6FNBsGIzDQgLqv8K8QTpYJSOr6JDsJdP/gu9VtM+b57dtmrtZhFHGRyBKmgAG1yANrgBHdAFGDyAJ/ACXo1H49l4M94XrSWjmDkEv2R8fAMPL5pc</latexit>

s =
k1bc

k1f (eo → c)

<latexit sha1_base64="oKQkf+5VbMf8dcgKbaX4KLK7vtw=">AAACEXicbVA9SwNBEN3zM8avqKXNYiJYSLgL+IFVwMZSxaiQi2Fus3dZ3Ls9dufUEJKfYONfsbFQxNbOzn/jJqZQ44OBx3szzMwLUikMuu6nMzE5NT0zm5vLzy8sLi0XVlbPjco04zWmpNKXARguRcJrKFDyy1RziAPJL4Lrw4F/ccO1ESo5w07KGzFEiQgFA7RSs7BVYtv90yvvoB+CQeprEbURtFa3fRo1mQ9pqtUddUvNQtEtu0PQceKNSJGMcNwsfPgtxbKYJ8gkGFP33BQbXdAomOS9vJ8ZngK7hojXLU0g5qbRHX7Uo5tWadFQaVsJ0qH6c6ILsTGdOLCdMWDb/PUG4n9ePcNwv9EVSZohT9j3ojCTFBUdxENbQnOGsmMJMC3srZS1QQNDG2LehuD9fXmcnFfK3m5556RSrHqjOHJknWyQLeKRPVIlR+SY1Agj9+SRPJMX58F5cl6dt+/WCWc0s0Z+wXn/AkSdnKA=</latexit>

c, R1 : fast → gc ↑ 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="zz6uVIEFRxXc/mbwVvMiBvUkrm8=">AAACG3icbVDLSsNAFJ34rPUVdelmsBXcWJKAj2XBjcta7AOatEwmk3bo5NGZiVhC/sONv+LGhSKuBBf+jdM2grYeGDiccy537nFjRoU0jC9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5Q6vJn7rjnBBo/BWjmPiBKgfUp9iJJXU061yvWvaKI55dA/rXQvao1GCPGh7Pkc49USWejL7CZyqRLmnl4yKMQVcJGZOSiBHrad/2F6Ek4CEEjMkRMc0YumkiEuKGcmKdiJIjPAQ9UlH0RAFRDjp9LYMHivFg37E1QslnKq/J1IUCDEOXJUMkByIeW8i/ud1EulfOikN40SSEM8W+QmDMoKToqBHOcGSjRVBmFP1V4gHSJUiVZ1FVYI5f/IiaVoV87xydmOVqmZeRwEcgiNwAkxwAargGtRAA2DwAJ7AC3jVHrVn7U17n0WXtHzmAPyB9vkNtmmgjw==</latexit>

R1 → R2 ds

dt
→ ↑R2

<latexit sha1_base64="DTA5VKfazjoI9L67/TzCv7ChZGc=">AAACEXicbVA9SwNBEN3zM8avqKXNYhQsJNwF/MAqYGMZxUQhF8PcZu+yuHd77M6pISQ/wca/YmOhiK2dnf/GTUzh14OBx3szzMwLUikMuu6HMzE5NT0zm5vLzy8sLi0XVlbrRmWa8RpTUumLAAyXIuE1FCj5Rao5xIHk58HV0dA/v+baCJWcYTflzRiiRISCAVqpVdjeZDuD08vy4SAEg9TXIuogaK1uBjRqMR/SVKtb6m62CkW35I5A/xJvTIpkjGqr8O63FctiniCTYEzDc1Ns9kCjYJL3835meArsCiLesDSBmJtmb/RRn25ZpU1DpW0lSEfq94kexMZ048B2xoAd89sbiv95jQzDg2ZPJGmGPGFfi8JMUlR0GA9tC80Zyq4lwLSwt1LWAQ0MbYh5G4L3++W/pF4ueXul3ZNyseKN48iRdbJBtolH9kmFHJMqqRFG7sgDeSLPzr3z6Lw4r1+tE854Zo38gPP2CUZCnKE=</latexit>

c, R2 : fast → gc ↑ 0
<latexit sha1_base64="uMkyPuC2C4ZpkVNFds+TGEPDxoo=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X23NCn0cnm7aM+AlomTkjykqPRyX51+SOKACk04Vqrt2JF2Eyw1I5xOsp1Y0QiTER7QtqECB1S5yezqCTo1Sh/5oTQlNJqpvycSHCg1DjzTGWA9VIveVPzPa8fav3YTJqJYU0Hmi/yYIx2iaQSozyQlmo8NwUQycysiQywx0SaorAnBWXx5mTRKReeyeFEt5ctOGkcGjuEEzsCBKyjDHVSgDgQkPMMrvFlP1ov1bn3MW1esdOYI/sD6/AGnIpFF</latexit>

QSSAc,R2

<latexit sha1_base64="qUWIGVFK5pKNIrfKru89epvjrQ0=">AAACG3icbVDLSsNAFJ34rPUVdelmsBXcWJKAj2XBjcta7AOatEwmk3bo5NGZiVhC/sONv+LGhSKuBBf+jdM2grYeGDiccy537nFjRoU0jC9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5Q6vJn7rjnBBo/BWjmPiBKgfUp9iJJXU061yvWvZKI55dA/rXRPao1GCPGh7Pkc49USWejL7CZyqRLmnl4yKMQVcJGZOSiBHrad/2F6Ek4CEEjMkRMc0YumkiEuKGcmKdiJIjPAQ9UlH0RAFRDjp9LYMHivFg37E1QslnKq/J1IUCDEOXJUMkByIeW8i/ud1EulfOikN40SSEM8W+QmDMoKToqBHOcGSjRVBmFP1V4gHSJUiVZ1FVYI5f/IiaVoV87xydmOVqmZeRwEcgiNwAkxwAargGtRAA2DwAJ7AC3jVHrVn7U17n0WXtHzmAPyB9vkNtO+gjg==</latexit>

R2 → R1 ds

dt
→ ↑R1

<latexit sha1_base64="fmO4reTHglRo0jQ2+RIpgP+7b1k=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WWwFTyUp+HEsePFYwbZCE8pmu2mXbjZhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0tr6xuVXeruzs7u0f2IdHXR2nirIOjUWs7gOimeCSdYCDYPeJYiQKBOsFk+uZ33tgSvNY3kGWMD8iI8lDTgkYaWBX655Msaf4aAxEqfgRO/WBXXMazhx4lbgFqaEC7YH95Q1jmkZMAhVE677rJODnRAGngk0rXqpZQuiEjFjfUEkipv18fvwUnxpliMNYmZKA5+rviZxEWmdRYDojAmO97M3E/7x+CuGVn3OZpMAkXSwKU4EhxrMk8JArRkFkhhCquLkV0zFRhILJq2JCcJdfXiXdZsO9aJzfNmstt4ijjI7RCTpDLrpELXSD2qiDKMrQM3pFb9aT9WK9Wx+L1pJVzFTRH1ifP4GMk/w=</latexit>

ω → 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="RwsNhVXGJfNPlQ2SRf+cjad3SOw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruCpJwcey4MZlBfuAppTJdNIOnUzCzI0SQt34K25cKOLWv3Dn3zhts9DWAxcO59zLvff4seAaHOfbKqysrq1vFDdLW9s7u3v2/kFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj++nvrte6Y0j+QdpDHrhWQoecApASP17aOKJxPsKT4cAVEqesAelwGklb5ddqrODHiZuDkpoxyNvv3lDSKahEwCFUTrruvE0MuIAk4Fm5S8RLOY0DEZsq6hkoRM97LZBxN8apQBDiJlSgKeqb8nMhJqnYa+6QwJjPSiNxX/87oJBFe9jMs4ASbpfFGQCAwRnsaBB1wxCiI1hFDFza2YjogiFExoJROCu/jyMmnVqu5F9fy2Vq67eRxFdIxO0Bly0SWqoxvUQE1E0SN6Rq/ozXqyXqx362PeWrDymUP0B9bnD+2vloQ=</latexit>

ω → ↑
<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="fXtTQc80rD2OKNGJFzJl0bHO1PI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBhPBU9gN+DhGRPAYxTxgs4bZySQZMjuzzMwKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3hTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRWiDSC5VO8SaciZowzDDaTtWFEchp61wdD31W09UaSbFgxnHNIjwQLA+I9hYyS/Xb6666f2jNyl3iyW34s6AlomXkRJkqHeLX52eJElEhSEca+17bmyCFCvDCKeTQifRNMZkhAfUt1TgiOognZ08QSdW6aG+VLaEQTP190SKI63HUWg7I2yGetGbiv95fmL6l0HKRJwYKsh8UT/hyEg0/R/1mKLE8LElmChmb0VkiBUmxqZUsCF4iy8vk2a14p1Xzu6qpZqXxZGHIziGU/DgAmpwC3VoAAEJz/AKb45xXpx352PemnOymUP4A+fzB73ZkDU=</latexit>

PEAR1

<latexit sha1_base64="7n1rFJfnUQIoBaiVDplU4SOhB48=">AAACG3icbVDLSgNBEJz1bXxFPXoZjIKnsBvwgSfBi0cVo4FsDL2zs8ng7M4y06uGJX6HF3/FiwdFPAke/Bsnj4MmFjQUVd10dwWpFAZd99uZmJyanpmdmy8sLC4trxRX1y6NyjTjVaak0rUADJci4VUUKHkt1RziQPKr4Oa451/dcm2ESi6wk/JGDK1ERIIBWqlZrGydX3uHDxEYpL4WrTaC1urugfphpIHlobW7eYhdH9JUq3vqbjWLJbfs9kHHiTckJTLEabP46YeKZTFPkEkwpu65KTZy0CiY5N2CnxmeAruBFq9bmkDMTSPv/9al21YJaaS0rQRpX/09kUNsTCcObGcM2DajXk/8z6tnGB00cpGkGfKEDRZFmaSoaC8oGgrNGcqOJcC0sLdS1gabCdo4CzYEb/TlcXJZKXt75d2zSunIG8YxRzbIJtkhHtknR+SEnJIqYeSRPJNX8uY8OS/Ou/MxaJ1whjPr5A+crx/FYqE3</latexit>

R1 : fast → dR1

dt
↑ 0

<latexit sha1_base64="3/+HFQ7AMqS4FUyAZCDeV7OIIWk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDraCIJSk4GNZcOOyFvuAJi2TyaQdOpmEmYlYQpZu/BU3LhRx6ye482+ctllo9cCFwzn3cu89XsyoVJb1ZRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vfDX1O3dESBrxWzWJiRuiIacBxUhpaWAeVpp920FxLKJ76PiBQDht9mtZap86PMkqA7NsVa0Z4F9i56QMcjQG5qfjRzgJCVeYISl7thUrN0VCUcxIVnISSWKEx2hIeppyFBLpprNHMnisFR8GkdDFFZypPydSFEo5CT3dGSI1koveVPzP6yUquHRTyuNEEY7ni4KEQRXBaSrQp4JgxSaaICyovhXiEdJhKJ1dSYdgL778l7RrVfu8enZTK9ftPI4iOABH4ATY4ALUwTVogBbA4AE8gRfwajwaz8ab8T5vLRj5zD74BePjG1qgmOA=</latexit>

R1 → R2

1 + ω

<latexit sha1_base64="t7LPMPRRCo6hE54avZd+MgxG0oc=">AAACFHicbVDLSsNAFJ3UV62vqEs3g60gFEtS8LEsuHFZxT6giWUymbRDJ5MwMxFLyEe48VfcuFDErQt3/o3TNgttPXDhcM693HuPFzMqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryygRmLRwxCLR9ZAkjHLSUlQx0o0FQaHHSMcbXU78zj0Rkkb8Vo1j4oZowGlAMVJa6pvViuMHAuHUl1nqq8xBcSyiB3iSyzd39Sy1qw5PskrfLFs1awq4SOyclEGOZt/8cvwIJyHhCjMkZc+2YuWmSCiKGclKTiJJjPAIDUhPU45CIt10+lQGj7TiwyASuriCU/X3RIpCKcehpztDpIZy3puI/3m9RAUXbkp5nCjC8WxRkDCoIjhJCPpUEKzYWBOEBdW3QjxEOgylcyzpEOz5lxdJu16zz2qn1/Vyw87jKIIDcAiOgQ3OQQNcgSZoAQwewTN4BW/Gk/FivBsfs9aCkc/sgz8wPn8A1maenw==</latexit>

ds

dt
→ ↑ R2

1 + ω

<latexit sha1_base64="IeUx8ehVj53ltIKMHy0/45hZdJU=">AAACGHicbZDLSsNAFIYn9VbrLerSzWArCGJNCl6WBTcuq9gLNLFMJpN26GQSZiZiCXkMN76KGxeKuO3Ot3HaZqGtPwx8/OcczpzfixmVyrK+jcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHoeEgSRjlpKqoY6cSCoNBjpO0Nryf19iMRkkb8Xo1i4oaoz2lAMVLa6plnFccPBMKpj7PUV5mD4lhET/A0tx2ewLuHWpbaJxqzSs8sW1VrKrgIdg5lkKvRM8eOH+EkJFxhhqTs2las3BQJRTEjWclJJIkRHqI+6WrkKCTSTaeHZfBIOz4MIqEfV3Dq/p5IUSjlKPR0Z4jUQM7XJuZ/tW6igis3pTxOFOF4tihIGFQRnKQEfSoIVmykAWFB9V8hHiAdiNJZlnQI9vzJi9CqVe2L6vltrVy38ziK4AAcgmNgg0tQBzegAZoAg2fwCt7Bh/FivBmfxtestWDkM/vgj4zxD6kkoBY=</latexit>

dc

dt
→ ↑ ωR2

1 + ω

<latexit sha1_base64="nLJc26q9Dfni6xKEXJDKlJKCMks=">AAACA3icbVDLSsNAFJ3UV62vqDvdDLaCIJaki+pGKLgR3FSxD2hCmEwn7dDJJMxMhBICbvwVNy4UcetPuPNvnLZZaOuBC4dz7uXee/yYUaks69soLC2vrK4V10sbm1vbO+buXltGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/uhq4nceiJA04vdqHBM3RANOA4qR0pJnHlQcnlw6/UAgnBIvOsNZeuPdncqs4pllq2pNAReJnZMyyNH0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WnKUUikm05/yOCxVvowiIQuruBU/T2RolDKcejrzhCpoZz3JuJ/Xi9RwYWbUh4ninA8WxQkDKoITgKBfSoIVmysCcKC6lshHiIdh9KxlXQI9vzLi6Rdq9r1av22Vm7U8jiK4BAcgRNgg3PQANegCVoAg0fwDF7Bm/FkvBjvxsestWDkM/vgD4zPHwUdlxU=</latexit>

⌫ =
eo � c

KR + s

<latexit sha1_base64="gQcBZDvX8WN/Yp03AdluMe7sl9A=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJqUo6FBakSixILAXRh9RGkeM4rVXHiWwHqYqysPArLAwgxMo/sPE3uGkGaDnS1T06517Z93gxo1JZ1rdRWlldW98ob1a2tnd298z9g66MEoFJB0csEn0PScIoJx1FFSP9WBAUeoz0vMnVzO89ECFpxO/VNCZOiEacBhQjpSXXPK7duHeXQz8QCKcTN7W9LMt7kGU116xadSsHXCZ2QaqgQNs1v4Z+hJOQcIUZknJgW7FyUiQUxYxklWEiSYzwBI3IQFOOQiKdNL8ig6da8WEQCV1cwVz9vZGiUMpp6OnJEKmxXPRm4n/eIFHBhZNSHieKcDx/KEgYVBGcRQJ9KghWbKoJwoLqv0I8RjoQpYOr6BDsxZOXSbdRt5v15m2j2moUcZTBETgBZ8AG56AFrkEbdAAGj+AZvII348l4Md6Nj/loySh2DsEfGJ8/+fKYNw==</latexit>

KR =
k1b
k1f
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Conventional methodologies in the MM model

SUPPLEMENTARY MATERIAL 1

A systematic derivation of the various non-dimensional forms of the MM model
leading to sQSSA, rQSSA, PEA1 and tQSSA

A new Michaelis-Menten equation valid everywhere multi-scale dynamics prevails

Dimitris G. Patsatzisa, Dimitris A. Goussisb,1

a School of Mathematical and Physical Sciences, National Technical University of Athens, 15780 Athens, Greece
b Department of Mechanical Engineering, Khalifa University, 127788 Abu Dhabi, United Arab Emirates

There is a vast literature on the conditions for the validity of the Quasi Steady State Approximation for
the variable s (rQSSA, introduced in Refs. [1, 2]) and for the variable c (sQSSA, introduced in Ref. [3]),
which apply in di↵erent regions in the parameter space of the Michaelis-Menten (MM) model. Here this
topic will be revisited, by applying a systematic study on the basis of the sets of fast and slow time scales
that characterise the dynamics of the model. In addition to the rQSSA and sQSSA, the conditions for the
validity of (i) the Partial Equilibrium Approximation for the reversible reaction S + E ⌦ C (PEA1) and
(ii) the total Quasi Steady State Approximation for the variable c (tQSSA, introduced in Ref. [4]) will be
examined. The conditions for the validity of rQSSA, sQSSA, PEA1 and tQSSA that will be derived here
will be compared with the existing ones in the literature.

The Michaelis-Menten (MM) model incorporates the reactions:

S + E ⌦ C ! E + P (1)

and is modelled by the di↵erential equations:

ds

dt
= �k1f (e0 � c)s+ k1bc = �R1f +R1b dc

dt
= k1f (e0 � c)s� k1bc� k2c = R1f

�R1b
�R2 (2)

This set of equations can be cast in non-dimensional form by introducing the non-dimensional variables
s = s⇤S, c = c⇤C and t = t⇤T :

dS

dT
= �t⇤k1fe0(1� rC)S + t⇤k1b

c⇤
s⇤

C
dC

dT
= t⇤k1fe0

s⇤
c⇤

(1� rC)S � t⇤k1bC � t⇤k2C (3)

where s⇤, c⇤ and t⇤ are reference values, r = c⇤/e0 < 1 and 1 � rC > 0; the last two relations due to the
conservation law e+ c = e0.

The two time scales that characterise the dynamics of the MM model are approximated by the expres-
sions:

⌧1 ⇡
µ

k2(1 + ⌫ + µ)
=

1

k1f (e0 � c+ s) + k1b + k2
(4)

⌧2 ⇡
1 + ⌫ + µ

k2⌫
=

k1f (e0 � c+ s) + k1b + k2
k1fk2(e0 � c)

(5)
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1

where ⌧1 < ⌧2, ⌫ = (e0 � c)/(KR + s), µ = K/(KR + s), KR = k1b/k1f is the dissociation constant,
K = k2/k1f is the Van Slyke-Culen constant, KM = KR+K is the Michaelis-Menten constant and e0�c � 0
(see Section 2 of main text). The expressions for ⌧1 and ⌧2 are derived from the definitions ⌧1 = |�+|

�1 and
⌧2 = |��|

�1 [5–7], where �+ and �� (�+ < �� < 0) are the two eigenvalues of the Jacobian J of the system
in Eq. (2):

�+ = �
k2
2

✓
1 + µ+ ⌫

µ

◆�
1 +

p
1� 4✏

�
�� = �

k2
2

✓
1 + µ+ ⌫

µ

◆�
1�

p
1� 4✏

�
(6)

✏ =
µ⌫

(1 + µ+ ⌫)2
<

1

4
(7)

in the ✏ ⌧ 1 limit that is valid almost everywhere in the µ � ⌫ plane (see Section 2 of main text). The
multiscale character of the MM model is established when:

⌧1
⌧2

=
K(e0 � c)

(KR + s+K + e0 � c)2
⌧ 1 (8)

In non-dimensional form, the expressions for the fast (⌧1) and slow (⌧2) time scales yield:

!1 =
1

t1k1fe0

1✓
1� rC +

s⇤
c⇤

rS

◆
+

k1b
k1fe0

+
k2

k1fe0

(9)

!2 =
1

t2k2

✓
1� rC +

s⇤
c⇤

rS

◆
+

k1b
k1fe0

+
k2

k1fe0
(1� rC)

(10)

where ⌧i = ti!i (i = 1, 2), !i is the non-dimensional time scale and ti is the appropriate reference value that
will be determined next.

Using the pairwise balance techinique [8], di↵erent non-dimensional forms of the system in Eq. (2) can
be constructed by considering the two possible equilibrations, R1f

⇡ R1b and R1f
⇡ R2:

(i) k1fe0
s⇤
c⇤

(1� rC)S ⇡ k1bC (11)

(ii) k1fe0
s⇤
c⇤

(1� rC)S ⇡ k2C (12)

Taking into account the estimates 1� rC = O(1), S = O(1) and C = O(1), Eqs. (11) and (12) lead to the
following relations:

(i) k1fe0
s⇤
c⇤

= O(k1b) (13)

(ii) k1fe0
s⇤
c⇤

= O(k2) (14)

Considering the relations in (i) and (ii) of Eqs. (13) and (14), Eq. (9) yields:

!1(i) =
1

t1k1fe0

1

(1� rC) +
k1b

k1fe0
(1 + arS) +

k2
k1fe0

(15)

!1(ii) =
1

t1k1fe0

1

(1� rC) +
k1b

k1fe0
+

k2
k1fe0

(1 + brS)
(16)

2

while Eq. (10) yields:

!2(i) =
1

t2k2

(1� rC) +
k1b

k1fe0
(1 + arS) +

k2
k1fe0

(1� rC)
(17)

!2(ii) =
1

t2k2

(1� rC) +
k1b

k1fe0
+

k2
k1fe0

(1 + brS)

(1� rC)
(18)

respectively, where in Eqs. (15) and (17) a = (s⇤/c⇤)(k1fe0/k1b) = O(1) and in Eqs. (16) and (18)
b = (s⇤/c⇤)(k1fe0/k2) = O(1). Taking into account the fact that rC = O(1) and rS = O(1), the three
qualitatively similar terms in the expressions in both sets of Eqs. (15,16) and (17,18) suggest that there are
three limiting cases for the values of t1 and t2:

(a) t1 = O

✓
1

k1fe0

◆
, t2 = O

✓
1

k2

◆
when

k1fe0
k1b

� 1 and
k1fe0
k2

� 1; i.e., ✏a =
k2

k1fe0
⌧ 1

(b) t1 = O

✓
1

k1b

◆
, t2 = O

✓
1

k2

k1b
k1fe0

◆
when

k1b
k1fe0

� 1 and
k1b
k2

� 1; i.e., ✏b =
k2
k1b

k1fe0
k1b

⌧ 1

(c) t1 = O

✓
1

k2

◆
, t2 = O

✓
1

k1fe0

◆
when

k2
k1fe0

� 1 and
k2
k1b

� 1; i.e., ✏c =
k1fe0
k2

⌧ 1

where ✏i (i = a, b, c) denotes the appropriate fast/slow time scale separation (✏ = t1/t2). These expressions
lead to the following conclusions:

(1) Scaling (a) relates to the case where the fast time scale is determined by the s-consuming forward
direction of the 1st reaction and the slow time scale is determined by the c-consuming 2nd reaction.

(2) Scaling (b) relates to the case where the fast time scale is determined by the c-consuming backward
direction of the 1st reaction and the slow time scale is determined by all three reactions; the influence
of reaction 1b opposing that of 1f and 2.

(3) Scaling (c) relates to the case where the fast time scale is determined by the c-consuming 2nd reaction
and the slow time scale is determined by the s-consuming forward direction of the 1st reaction.

As it is shown in the main text, these conclusions concerning the various forms of the two time scales and
of the related small parameter ✏ and their dependencies to the parameters in the MM model are reproduced
algorithmically with the CSP formalism. Next, it will be shown that fast/slow gap in the three sets of
time scales in (a) to (c) leads to the development of the Quasi Steady State Approximation (QSSA) for the
variable c (sQSSA) and the variable s (rQSSA) and Partial Equilibrium Approximation for the 1st reaction
(PEA1).

1. The (a) set of time scales

Considering the (a) set of the two time scales and setting t⇤ = t2 (since we are interested in the slow
evolution of the system along the Slow Invariant Manifold), the estimates in (i) and (ii) in Eqs. (13) and
(14) (which are based on the equilibria R1f

⇡ R1b and R1f
⇡ R2, respectively) simplify the non-dimensional

system in Eq. (3) as:

dS

dT
= �

k1fe0
k2

[(1� rC)S � C]
dC

dT
=

k1b
k2

[(1� rC)S � C]� C (19)

dS

dT
= �

k1fe0
k2


(1� rC)S �

k1b
k2

C

�
dC

dT
=


(1� rC)S �

k1b
k2

C

�
� C (20)

3

respectively. Given that ✏a = k2/(k1fe0) ⌧ 1 and t2 = O(1/k2) (i.e., R1f generates the fast direction
and R2 the slow one), it follows that only the system in Eq. (19) allows the - inherent to that system -
equilibration of the two directions of the 1st reaction (R1f

⇡ R1b) for all values of k1b/k2; while the inherent
to the system in Eq. (20) equilibration (R1f

⇡ R2) cannot be realized in the di↵erential equation of S
where ✏�1

a = (k1fe0)/k2 appears. The system in Eq. (19) (for which (s⇤/c⇤)(k1fe0/k1b) = O(1)) produces
the Quasi Steady State Approximation (QSSA) for the variable s (rQSSA) [1, 2] when a1 = k1b/k2 ⌧ ✏�1

a

(i.e., k1b/(k1fe0) ⌧ 1):

dS

dT
= �

1

✏a
[(1� rC)S � C]

dC

dT
= a1 [(1� rC)S � C]� C (21)

and the Partial Equilibrium Approximation (PEA) for the 1st reaction (PEA1) when a2a = ✏a(k1b/k2) =
O(1) (i.e., k1b/(k1fe0) = O(1)):

dS

dT
= �

1

✏a
[(1� rC)S � C]

dC

dT
=

a2a
✏a

[(1� rC)S � C]� C (22)

Considering the ✏a ! 0 limit, Eq. (21) yields:

(1� rC)S � C = 0
dC

dT
= �C (23)

which, by reverting to the dimensional form, yields:

k1f (e0 � c)s� k1bc = 0
dc

dt
= �k2c (24)

so that the rQSSA model is reproduced, as it is stated in Table 1 in the main text. In the same ✏a ! 0 limit,
Eq. (22) yields (1� rC)S � C ! 0. The leading order asymptotic limit of this expression is:

(1� rC)S � C =
✏a(1 + rS)C

(1� rC) + (1 + rS)a2a
(25)

which is obtained by di↵erentiating the expression (1� rC)S � C = 0. Substituting in Eq. (22) yields:

dS

dT
= �

C
1� rC

1 + rS
+ a2a

dC

dT
= �

C

1 +
1 + rS

1� rC
a2a

(26)

Reverting to the dimensional form, in the ✏a ! 0 limit Eqs. (25) and (26) yield:

k1f (eo � c)s� k1bc =
k2c

1 +
k1f (eo � c)

k1b + k1fs

(27)

ds

dt
= �

k2c

1 +
k1f (eo � c)

k1b + k1fs

dc

dt
= �

k2c

1 +
k1b + k1fs

k1f (eo � c)

(28)

so that the PEA1 model is reproduced, as it is stated in Table 1 in the main text.
Given that ✏a = k2/(k1fe0) ⌧ 1 applies to both the QSSA for s (rQSSA) and the PEA for the 1st reaction

(PEA1), it follows that PEA1 is more general than rQSSA, since (i) rQSSA is valid when k1b/k2 ⌧ ✏�1
a , (ii)

PEA1 is valid when k1b/k2 = O(✏�1
a ) and (iii) the condition in (i) satisfies the one in (ii), but the opposite

does not hold [9]. This result is in agreement to the theory in Refs. [10, 11].
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2. The (b) set of time scales

Considering now the (b) set of the two time scales and setting t⇤ = t2, the estimates in (i) and (ii)
simplify the non-dimensional system in Eq. (3) as:

dS

dT
= �

k1b
k2

[(1� rC)S � C]
dC

dT
=

k1bk1b
k2k1fe0


[(1� rC)S � C]�

k2
k1b

C

�
(29)

dS

dT
= �

k1b
k2


(1� rC)S �

k1b
k2

C

�
dC

dT
=

k1bk1b
k2k1fe0


k2
k1b

(1� rC)S � C �
k2
k1b

C

�
(30)

respectively. Given that ✏b = k2k1fe0/(k1bk1b) ⌧ 1 and t2 = O(k1b/(k2k1fe0)) (i.e., R1b generates the fast
direction and R1f , R2 and R1b contribute to the generation of the slow one), it follows that only the system
in Eq. (29) allows for the development of the inherent to the system equilibration (R1f

⇡ R1b) for the
values of k1b/k2 � 1 allowed in this case. Instead, the development of the inherent to the system in Eq. (30)
equilibration (R1f

⇡ R2) is not possible for the allowed range of k1b/k2. The system in Eq. (29) (for which
(s⇤/c⇤)(k1fe0/k1b) = O(1)) produces the QSSA for the variable c (sQSSA) [3] when 1 ⌧ a1 = k1b/k2 ⌧ ✏�1

b
(i.e., 1 ⌧ k1b/k2 and (k1fe0)/k1b ⌧ 1):

dS

dT
= �a1 [(1� rC)S � C]

dC

dT
=

1

✏b

⇥
(1� rC)S � C � a�1

1 C
⇤

(31)

and the PEA for the 1st reaction (PEA1) when ✏b ⌧ a2b = ✏b(k1b/k2) = O(1) (i.e., 1 ⌧ k1b/k2 and
(k1fe0)/k1b = O(1)):

dS

dT
= �

a2b
✏b

[(1� rC)S � C]
dC

dT
=

1

✏b
[(1� rC)S � C]� a�1

2b C (32)

Considering the ✏b ! 0 limit, Eq. (31) yields:

dS

dT
= �C (1� rC)S � C � a�1

1 C = 0 (33)

and by reverting to the dimensional form:

ds

dt
= �k2c k1f (e0 � c)s� k1bc� k2c = 0 (34)

so that the sQSSA model is reproduced, as it is stated in Table 1 in the main text. Similarly, in the ✏b ! 0
limit, Eq. (32) yields (1� rC)S � C ! 0. The leading order asymptotic limit of this expression is:

(1� rC)S � C =
✏ba

�1
2b (1 + rS)C

(1 + rS) + (1� rC)a2b
(35)

which is obtained by di↵erentiating the expression (1� rC)S � C = 0. Substituting in Eq. (32) yields:

dS

dT
= �

C

1 +
1� rC

1 + rS
a2b

dC

dT
= �

C

a2b +
1 + rS

1� rC

(36)

Reverting to the dimensional form, in the ✏b ! 0 limit Eqs. (35) and (36) yield:

k1f (eo � c)s� c =
k2c

1 +
k1f (eo � c)

k1b + k1fs

(37)
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ds

dt
= �

k2c

1 +
k1f (eo � c)

k1b + k1fs

dc

dt
= �

k2c

1 +
k1b + k1fs

k1f (eo � c)

(38)

so that the PEA1 model is reproduced, as it is stated in Table 1 in the main text.
As in the previous case, given that ✏b = k2k1fe0/(k1bk1b) ⌧ 1 applies to both the sQSSA (QSSA for c)

and PEA1 (partial equilibrium of the 1st reaction), it follows that PEA1 is more general than sQSSA, since
(i) sQSSA is valid when 1 ⌧ k1b/k2 ⌧ ✏�1

b , (ii) PEA1 is valid when 1 ⌧ k1b/k2 = O(✏�1
b ) and (iii) the

condition in (i) satisfies the one in (ii), but the opposite does not hold [9], in accordance to the theory in
Refs. [10, 11].

3. The (c) set of time scales

Finally, considering the (c) set of the two time scales and setting t⇤ = t2, the estimates in (i) and (ii)
simplify the non-dimensional system in Eq. (3) as:

dS

dT
= � [(1� rC)S � C]

dC

dT
=

k2
k1fe0


k1b
k2

[(1� rC)S � C]� C

�
(39)

dS

dT
= �


(1� rC)S �

k1b
k2

C

�
dC

dT
=

k2
k1fe0


(1� rC)S �

k1b
k2

C � C

�
(40)

respectively. Given that ✏c = k1fe0/k2 ⌧ 1 and t2 = O(1/(k1fe0)) (i.e., R2 generates the fast time scale and
R1f generates the slow one), it follows that only the system in Eq. (40) allows for the development of the
- inherent to the system - equilibration between R2 and R1f in the allowed range k1b/k2 ⌧ 1. This system
(for which (s⇤/c⇤)(k1fe0/k2) = O(1)) produces the sQSSA in the case where the 2nd reaction is fast:

dS

dT
= � [(1� rC)S � a3C]

dC

dT
=

1

✏c
[(1� rC)S � a3C � C] (41)

where a3 = k1b/k2 ⌧ 1. For this set of time scales, the PEA model constructed on the basis of the
equilibration of the 2nd reaction is equivalent to the sQSSA model, since this reaction has no backwards
direction and its rate involves only c [10].

Considering the ✏c ! 0 limit, Eq. (41) yields:

dS

dT
= �C (1� rC)S � a3C � C = 0 (42)

and by reverting to the dimensional form:

ds

dt
= �k2c k1f (e0 � c)s� k1bc� k2c = 0 (43)

so that the sQSSA model is reproduced, as it is stated in Table 1 in the main text.

4. Summary on the conditions of validity of rQSSA, sQSSA and PEA1

The conditions derived here on the basis of scaling arguments for the validity of rQSSA, sQSSA and
PEA1 are listed in Table 1, by introducing the non-dimensional ratios:

µ̂ =
k2
k1b

⌫̂ =
k1fe0
k1b

(44)

Along with the validity conditions, the related reaction assumed fast and the related equilibrium among the
reaction rates are also listed. In Supplementary Material 3 the condition of validity of rQSSA, sQSSA and
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Case
Fast reaction

rQSSA PEA1
Equilibrium

(a)
1f

✏a = µ̂⌫̂�1
⌧ 1 ⌫̂�1

⌧ 1 ✏a = µ̂⌫̂�1
⌧ 1 ⌫̂�1 = O(1)

R1f
⇡ R1b

Case
Fast reaction

sQSSA PEA1
Equilibrium

(b)
1b

✏b = µ̂⌫̂ ⌧ 1 µ̂ ⌧ 1 ⌫̂ ⌧ 1 ✏b = µ̂⌫̂ ⌧ 1 µ̂ ⌧ 1 ⌫̂ = O(1)

R1f
⇡ R1b

Case
Fast reaction

sQSSA PEA1
Equilibrium

(c)
2

✏c = µ̂�1⌫̂ ⌧ 1 µ̂�1
⌧ 1 NA

R1f
⇡ R2

Table 1: The conditions for the validity of the rQSSA, sQSSA and PEA1 derived here on the basis of scaling arguments and
the related to each model fast reaction and equilibrium.
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Figure 1: The regions of validity of rQSSA (↵: µ̂⌫̂�1
⌧ 1 and ⌫̂�1

⌧ 1), sQSSA (�: µ̂⌫̂ ⌧ 1, µ̂ ⌧ 1 and ⌫̂ ⌧ 1, �: µ̂�1⌫̂ ⌧ 1
and µ̂�1

⌧ 1) and PEA1 (�: µ̂⌫̂�1
⌧ 1 and ⌫̂�1 = O(1), ✏: µ̂⌫̂ ⌧ 1, µ̂ ⌧ 1 and ⌫̂ = O(1)). The thick solid and dotted lines

represent the ⌫̂ = 1 + µ̂ and 1 + ⌫̂ = µ̂ lines, respectively.

PEA1 listed in Table 1 will be compared with those derived on the basis of the CSP formulation. It will be
shown that the two sets of conditions are equivalent.

The regions of validity of rQSSA, sQSSA and PEA1 in the µ̂� ⌫̂ plane, on the basis of the criteria listed
on Table 1, are schematically displayed in Fig. 1. It is shown that rQSSA and sQSSA are valid everywhere
in the µ̂ � ⌫̂ plane, except in a strip around the ⌫̂ = 1 + µ̂ and 1 + ⌫̂ = µ̂ lines. More precisely, rQSSA is
valid in the region where the s-consuming forward direction of the 1st reaction is fast (denoted ↵), while
the sQSSA is valid in the region where the c-consuming backward direction of the 1st reaction (denoted �)
or the 2nd reaction (denoted �) is fast. The region of validity of PEA1 includes that of rQSSA, part of that
of sQSSA and the strip around the ⌫̂ = 1 line (for µ < 1) where the rQSSA, and sQSSA are not valid. This
is the region in the µ̂� ⌫̂ plane where the forward or backward direction of the 1st reaction is fast (denoted
� and ✏) and lies su�ciently to the left of the 1 + ⌫̂ = µ̂ line.

At this point it must be stated that significant e↵ort has been devoted to the derivation of valid expres-
sions for the fast and slow time scales, since this is the starting point for a successful transformation of the
governing system of di↵erential equations to the appropriate non-dimensional form and the construction of
a valid reduced model. The existing expressions for these time scales are listed in Table 2. Considering the
sQSSA, it is shown that the time scales introduced in Ref. [17] are identical to the ones derived here in the
general case, Eqs. (4,5), if the initial values s0 and c0 = 0 are replaced with the variables s and c. The time
scales introduced in Refs. [8, 15, 16] resemble those in Ref. [17], the slow time scale in Refs. [8, 12–14] is
similar to the one developed here and the fast time scale in Ref. [13] combines the two simplified expressions
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Case ⌧1 ⌧2 Reference

1

k2
or

1

k1b

1

k1f e0
cases (b) and (c)

s0
k1f e20

1

k1f e0
1967 [12], 2017 [8]

1

k1b + k2

1

k1f e0
1980 [13]

sQSSA
1

k1f s0

1

k1f e0
1983 [14]

1

k1b + k2 + k1f s0

k1b + k2 + k1f s0

k2k1f e0
1988 [15], 2017 [8]

1

k1b + k2 + k1f s0

k1b + k2 + k1f s0

k2k1f (e0 + c0)
2008 [16]

1

k1b + k2 + k1f (e0 + s0)

k1b + k2 + k1f (e0 + s0)

k2k1f (e0 + c0)
2008 [17]

1

k1f s0

k1f e0

k1f s0 + k1b + k2
2010 [18]

rQSSA

1

k1f e0

1

k2
case (a)

1

k1f (e0 � c)

1

k2
1989 [1]

1

k1f e0

1

k2
2000 [2]

Table 2: The expressions for fast and slow time scales developed here (cases (a), (b) and (c)) and existing in the literature, in
the cases of sQSSA and rQSSA.

for this time scale developed here. Regarding the rQSSA, the two time scales derived here are in agreement
with those in Ref. [2] and close to the ones in Ref. [1].

5. The conditions for which tQSSA reduces to sQSSA, rQSSA and PEA1

Having established the conditions for the validity of sQSSA, rQSSA and PEA1, the conditions for which
the total Quasi Steady State Approximation (tQSSA) [4, 19, 20] reduces to sQSSA, rQSSA and PEA1 will
be established here. The tQSSA reduced model is constructed by introducing the new variable s̄ = s+ c, by
recasting the system in Eq. (2) as:

ds̄

dt
= �k2c

dc

dt
= k1f (e0 � c)(s̄� c)� k1bc� k2c (45)

and by considering the QSSA for the variable c:

ds̄

dt
= �k2c c2 � (e0 +KM + s̄)c+ e0s̄ = 0 (46)

In order to estimate the region of validity of the reduced model in Eq. (46), the various non-dimensional forms
of the system in Eq. (45) will be analysed. Introducing the non-dimensional variables s̄ = s̄⇤S̄ = s⇤S + c⇤C,
c = c⇤C and t = t⇤T , Eq. (45) yields:

dS̄

dT
= �t⇤k2

c⇤
s̄⇤

C
dC

dT
= t⇤k1fe0(1� rC)(

s̄⇤
c⇤

S̄ � C)� t⇤k1bC � t⇤k2C (47)
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Employing the scalings that lead to the rQSSA formulation, as it is stated in Eq. (21):

k1fe0
s⇤
c⇤

= k1b t⇤ = t2 = O

✓
1

k2

◆
✏a =

k2
k1fe0

⌧ 1 a1 =
k1b
k2

⌧ ✏�1
a (48)

yields s̄⇤ = c⇤, since:

s⇤
c⇤

=
k1b

k1fe0
=

k1b
k2

k2
k1fe0

= ✏aa1 ) s̄⇤S̄ = s⇤S + c⇤C = c⇤(✏aa1S + C) (49)

where ✏aa1 ⌧ 1, so that Eq. (47) reduces to:

dS̄

dT
= �C

dC

dT
=

1

✏a

⇥
(1� rC)(S̄ � C)� ✏aa1C � ✏aC

⇤
(50)

This system can also be obtained from that in Eq. (21) for the rQSSA formulation, by using the relation
S̄ = ✏aa1S+C. In the limit of ✏a ! 0, the QSSA for c from Eq. (50) yields (1�rC)(S̄�C)�✏aa1C�✏aC !

0. Given that 1 � rC > 0 and S̄ � C > 0, the rQSSA relation (R1f
� R1b

⇡ 0) is recovered, only when
a1 = k1b/k2 � 1. In this case, the term ✏aa1C is retained and the term ✏aC can be neglected; i.e., R1f is
balanced by R1b and not by R2. The conclusion is that the tQSSA-generated model can simplify to the one
generated by rQSSA only when k1b/k2 � 1. Furthermore, by employing the scalings that lead to the PEA1
formulation, as it is stated in Eq. (22):

k1fe0
s⇤
c⇤

= k1b t⇤ = t2 = O

✓
1

k2

◆
✏a =

k2
k1fe0

⌧ 1 a2a =
k1b
k2

✏a = O(1) (51)

yields again s̄⇤ = c⇤, since

s⇤
c⇤

=
k1b

k1fe0
=

k1b
k2

k2
k1fe0

= a2a ) s̄⇤S̄ = s⇤S + c⇤C = c⇤(a2aS + C) (52)

where a2a = O(1), so that Eq. (47) reduces to:

dS̄

dT
= �C

dC

dT
=

1

✏a

⇥
(1� rC)(S̄ � C)� a2aC

⇤
� C (53)

This system can also be obtained from that in Eq. (22) for the PEA1 formulation, by using the relation
S̄ = a2aS+C. In the limit of ✏a ! 0, the QSSA for c from Eq. (53) suggests (1�rC)(S̄�C)�a2aC�✏aC ! 0,
which leads to (1� rC)(S̄�C)� a2aC ! 0 that produces the equilibration of R1f with R1b (k1f (e0 � c)s ⇡
k1bc). As it is shown in Eq. (53), in the context of tQSSA this equilibration is possible only when a2a/✏a � 1
(i.e., k1b/k2 � 1). Note that as it was shown previously, PEA1 is valid when a2a/✏a = O(✏�1

a ). Therefore,
the range of values of a2a/✏a for which tQSSA reduces to PEA1 is narrower than that for which PEA1 is
valid; see two related numerical examples in Section 4 of the main text and in Supplementary Material 3.

Considering the ✏a ! 0 limit and ✏aa1 = O(1), Eq. (50) reduces to:

dS̄

dT
= �C (1� rC)(S̄ � C)� ✏aa1C = 0 (54)

which in dimensional form becomes:

dc

dt
= �k2c k1f (eo � c)s� k1bc = 0 (55)

so that the rQSSA model is recovered, as it is stated in Table 1 in the main text. Similarly, considering the
✏a ! 0 limit and a2a = O(1), Eq. (53) reduces to:

dS̄

dT
= �C (1� rC)(S̄ � C)� a2aC = 0 (56)
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and by reverting to dimensional form:

ds

dt
+

dc

dt
= �k2c k1f (eo � c)s� k1bc = 0 (57)

Di↵erentiating the algebraic relation in Eq. (57) yields:

dc

dt
=

k1f (eo � c)

k1b + k1fs

ds

dt
(58)

which when substituted in the di↵erential equation in Eq. (57) yields:

ds

dt
= �

k2c

1 +
k1f (eo � c)

k1b + k1fs

dc

dt
=

k2c

1 +
k1b + k1fs

k1f (eo � c)

(59)

so that the leading order accurate PEA1 model is reproduced, as it is stated in Table 1 in the main text.
Next, by employing the scalings that lead to the QSSA for the variable c in the case where the 1st

reaction is fast (one version of sQSSA), as it is stated in Eq. (31):

k1fe0
s⇤
c⇤

= k1b t⇤ = t2 = O

✓
1

k2

k1b
k1fe0

◆
✏b =

k2
k1b

k1fe0
k1b

⌧ 1 1 ⌧ a1 =
k1b
k2

⌧ ✏�1
b (60)

yields s̄⇤ = c⇤/(a1✏b), since:

s⇤
c⇤

=
k1b

k1fe0
=

k2
k1b

✓
k1b
k2

k1b
k1fe0

◆
=

1

a1✏b
) s̄⇤S̄ = s⇤S + c⇤C = c⇤

1

a1✏b
(S + a1✏bC) (61)

where a1✏b ⌧ 1, so that Eq. (47) reduces to:

dS̄

dT
= �C

dC

dT
=

1

✏b

⇥
(1� rC)(S̄ � a1✏bC)� C � a�1

1 C
⇤

(62)

This system can also be obtained from that in Eq. (31) for the sQSSA formulation, by using the relation S̄ =
S+✏ba1C. In the limit of ✏b ! 0, the QSSA for c from Eq. (62) suggests (1�rC)(S̄�a1✏bC)�C�a�1

1 C ! 0,
which produces the sQSSA relation k1f (e0 � c)s ⇡ k1bc + k2c. In this case the asymptotic solution from
the QSSA for the variable c in the case where the 1st reaction is fast (i.e., Eq. (31)) is reproduced, so the
conclusion is that the tQSSA succeeds in this case. Furthermore, by employing the scalings that lead to the
PEA1 formulation, as it is stated in Eq. (32):

k1fe0
s⇤
c⇤

= k1b t⇤ = t2 = O

✓
1

k2

k1b
k1fe0

◆
✏b =

k2
k1b

k1fe0
k1b

⌧ 1 ✏b ⌧ a2b =
k1b
k2

✏b = O(1) (63)

yields again s̄⇤ = c⇤/a2b, since:

s⇤
c⇤

=
k1b

k1fe0
=

k2
k1b

✓
k1b
k2

k1b
k1fe0

◆
=

1

a2b
) s̄⇤S̄ = s⇤S + c⇤C = c⇤

1

a2b
(S + a2bC) (64)

where a2b = O(1), so that Eq. (47) reduces to:

dS̄

dT
= �C

dC

dT
=

1

✏b

⇥
(1� rC)(S̄ � a2bC)� C

⇤
� a�1

2b C (65)

This system can also be obtained from that in Eq. (32) for the PEA1 formulation, by using the relation
S̄ = S + a2bC. In the limit of ✏b ! 0, the QSSA for c from Eq. (65) suggests (1 � rC)(S̄ � a2bC) � C �

✏ba
�1
2b C ! 0, which produces k1f (e0 � c)s ⇡ k1bc only when a2b/✏b � 1 (i.e., k1b/k2 � 1). Therefore,
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the asymptotic solution from the PEA1 in Eq. (32) is always reproduced in this case by the tQSSA, since
a2b/✏b = k1b/k2 � 1.

Considering the ✏b ! 0 limit, Eq. (62) reduces to:

dS̄

dT
= �C (1� rC)(S̄ � a1✏bC)� C � a�1

1 C = 0 (66)

and by reverting to the dimensional form yields:

ds

dt
= �k2c k1f (e0 � c)s� k1bc� k2c = 0 (67)

so that the sQSSA model is recovered, as it is stated in Table 1 in the main text. Regarding Eq. (65), the
✏b ! 0 limit yields:

dS̄

dT
= �C (1� rC)(S̄ � a2bC)� C = 0 (68)

In dimensional form this system becomes:

ds

dt
+

dc

dt
= �k2c k1f (eo � c)s� k1bc = 0 (69)

which is the same as in Eq. (57). Following the same procedure, the leading order accurate PEA1 model is
reproduced, as it is stated in Table 1 in the main text.

Finally, by employing the scalings that lead to the QSSA for the variable c in the case where the 2nd
reaction is fast (another version of sQSSA), as it is stated in Eq. (41):

k1fe0
s⇤
c⇤

= k2 t⇤ = t2 = O

✓
1

k1fe0

◆
✏c =

k1fe0
k2

⌧ 1 a3 =
k1b
k2

⌧ 1 (70)

yields s̄⇤ = c⇤/✏c, since

s⇤
c⇤

=
k2

k1fe0
=

1

✏c
) s̄⇤S̄ = s⇤S + c⇤C = c⇤

1

✏c
(S + ✏cC) (71)

so that Eq. (47) reduces to:

dS̄

dT
= �C

dC

dT
=

1

✏c

⇥
(1� rC)(S̄ � ✏cC)� a3C � C

⇤
(72)

This system can also be obtained from that in Eq. (41) for the sQSSA formulation, by using the relation
S̄ = S + ✏cC. In the limit of ✏c ! 0, Eq. (72) suggests (1 � rC)(S̄ � ✏cC) � acC � C ! 0, which produces
k1f (e0 � c)s ⇡ k2c. In this case the asymptotic solution from the sQSSA model in the case where the 2nd
reaction is fast, Eq. (41), is reproduced, so the conclusion is that the tQSSA succeeds in this case also.

Considering the ✏b ! 0 limit, Eq. (72) reduces to:

dS̄

dT
= �C (1� rC)(S̄ � ✏cC)� a3C � C = 0 (73)

Reverting to the dimensional form yields:

ds

dt
= �k2c k1f (e0 � c)s� k1bc� k2c = 0 (74)

so that the sQSSA model is recovered, as it is stated in Table 1 in the main text.
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In summary, the present analysis concluded that tQSSA can always reduce to a valid sQSSA. It can also
reduce to a valid rQSSA or PEA1, only when k1b/k2 � 1. In Supplementary Material 3 it is shown that
similar results are obtained when the conditions are determined which allow the simplification of the CSP
model to the tQSSA one.

At this point it is worth noting that Borghans et al. [4], along with the tQSSA model, they introduced
expressions for the fast and slow time scales:

⌧1 =
1

k1f (KR + s0 +K + e0)
⌧2 =

(KR + s0 +K + e0)

k2e0
(75)

and the necessary condition for the validity of the tQSSA:

⌧1
⌧2

=
Ke0

(KR + s0 +K + e0)2
⌧ 1 (76)

where e0 and s0 are the initial enzyme and substrate concentrations. These expressions are similar to the
expressions for the two time scales introduced here in Eqs. (4,5). The latter expressions become identical to
those in Eqs. (75) and (76) when the if the variables s and c are replaced by the initial values s0 and c0 = 0.

6. The relation among sQSSA, rQSSA and PEA1

The various conditions developed here for the validity of sQSSA, rQSSA and PEA1 allow for the detection
of some common features of QSSA and PEA. Consider the evolution of the MM trajectory along the Slow
Invariant Manifold (SIM), according to the slow dynamics. Consider also the MM model in the following
vector form:

d

dt

"
s

c

#
= S1

�
R1f

�R1b
�
+ S2

�
R2f

�R2b
�
= asf

s + arf
r (77)

where

S1 =

"
�1

+1

#
, S2

"
0

�1

#
, R1f = k1f (e0 � c)s, R1b = k1bc, R2f = k2c, R2b = 0 (78)

the vector ar spans the fast subdomain of the tangent space (i.e., the direction along which the trajectory
lands on the SIM), the vector as spans the slow subdomain (i.e., tangent to the SIM) and f i (i = s, r) are the
related amplitudes (see Section 5 of main text and Supplementary Material 2 for details on ai and f i). Each
of the Quasi Steady State Approximation (QSSA) and Partial Equilibrium Approximation (PEA) introduces
its own vectors ai and amplitudes f i (i = s, r), which depend on the variable and reaction considered fast
[10, 11]. In both cases, the reduced (slow) model of Eq. (77) is given by:

fr = 0
d

dt

"
s

c

#
= asf

s (79)

where the algebraic relation provides an approximation of the SIM and the system of ODEs provides an
approximation of the flow on the SIM.

Given the multiscale character of the MM model, recent developments in Refs. [10, 11] suggest that the
PEA and the QSSA are valid as follows:

(i) The PEA of the i-th reaction (i = 1, 2) is valid when the stoichiometric vector Si is aligned with the
fast direction ar and when the gradient of Rif

� Rib is perpendicular to the slow direction as. These
two conditions guarantee stability and accuracy, respectively, of the reduced system in Eq. (79).
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SPASPA

Stability Accuracy

Figure 2: Schematic representation of the validity of PEA and QSSA in the multiscale systems that are amenable to singular
perturbation analysis (SPA).

(ii) When the conditions for the validity of PEA hold, if the gradients of Rif and Rib contribute equally
to the gradient of Rif

� Rib, no QSSA is valid. However, when Rif (Rib) provides negligible such
contribution, then the QSSA of a reactant represented in Rib (Rif ) is in QSSA.

These developments are schematically expressed in Fig. 2. It is shown that PEA and QSSA are valid
in only a subset of the multiscale systems that are amenable to Singular Perturbation Analysis (SPA); i.e.,
when a su�ciently large fast/slow time scale gap exists. Regarding stability (non-sti↵ness) of the reduced
model, Fig. 2 shows that the systems that are amenable to either PEA or QSSA require, in addition to the
fast/slow time scale gap that is required for all systems that are amenable to SPA: (i) ar to be aligned with
the stoichiometric vector Si of the fast reaction and (ii) as to be perpendicular to the gradient of Rif

�Rib,
which both guarantee that the slow system is free of the fast time scale [10, 11]. Regarding the accuracy
of the reduced system, Fig. 2 shows that the systems amenable to QSSA are a subset of those amenable
to PEA, since - in addition to the other two requirements - the validity of the QSSA requires that the
contribution of Rif and Rib to the gradient of Rif

�Rib is significantly di↵erent. Therefore, QSSA is valid
in a portion of the region of the parameter space where PEA is valid.

The superiority of PEA was manifested in the paper and pencil analysis presented here in Sections 1
and 2. In particular, it was shown that the first reaction is fast in the limiting cases ✏a = k2/(k1fe0) ⌧ 1 (in
which rQSSA and/or PEA1 might apply) or ✏b = k2k1fe0/(k1bk1b) ⌧ 1 (in which sQSSA and/or PEA1 might
apply). In the first case (✏a ⌧ 1) it was shown that PEA1 is valid when k1b/k2 = O(✏�1

a ) and that rQSSA
is valid when k1b/k2 ⌧ ✏�1

a (regions � and ↵ in Fig. 1, respectively). Since, the condition k1b/k2 = O(✏�1
a )

satisfies the condition k1b/k2 ⌧ ✏�1
a [9], while the opposite is not true, it follows that the region of validity of

the PEA1 extends further from that of the rQSSA, exactly as it is demonstrated in Fig. 1. Similarly, it was
shown that in the second case (✏b ⌧ 1) PEA1 is valid when 1 ⌧ k1b/k2 = O(✏�1

b ) and that sQSSA is valid
when 1 ⌧ k1b/k2 ⌧ ✏�1

b (regions ✏ and � in Fig. 1, respectively). Since, the condition 1 ⌧ k1b/k2 = O(✏�1
b )

satisfies the condition 1 ⌧ k1b/k2 ⌧ ✏�1
b , while the opposite is not true, it follows that the region of validity

of the PEA1 extends further from that of the sQSSA, also demonstrated in Fig. 1.
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<latexit sha1_base64="54DETC+mBqkb590Ca+H5jLV84UU=">AAACAHicbVDLSsNAFL2pr1pfURcu3Ay2gquSBHxshIIbwU0F+4A2hMl00g6dPJiZCCVk46+4caGIWz/DnX/jtM1CWw/cy+Gce5m5x084k8qyvo3Syura+kZ5s7K1vbO7Z+4ftGWcCkJbJOax6PpYUs4i2lJMcdpNBMWhz2nHH99M/c4jFZLF0YOaJNQN8TBiASNYackzj2p31/1BIDDJxp6T65bZQZ7XPLNq1a0Z0DKxC1KFAk3P/OoPYpKGNFKEYyl7tpUoN8NCMcJpXumnkiaYjPGQ9jSNcEilm80OyNGpVgYoiIWuSKGZ+nsjw6GUk9DXkyFWI7noTcX/vF6qgis3Y1GSKhqR+UNBypGK0TQNNGCCEsUnmmAimP4rIiOs01A6s4oOwV48eZm0nbp9UT+/d6oNp4ijDMdwAmdgwyU04Baa0AICOTzDK7wZT8aL8W58zEdLRrFzCH9gfP4A+dKV+g==</latexit>

K =
k2
k1f

1 (left):     QSSAcR1

1 (right):   QSSAcR2

2 :             QSSAsR1

3 :             PEAR1
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Conventional methodologies in the MM model

<latexit sha1_base64="IK9c4TYtQkrIQd/YPRPL9iuUsp4=">AAACCnicbVDLSsNAFJ3UV62vqEs30VZwVZKAj41QcOOygn1AE8JkMmmHTmbCzEQoIWs3/oobF4q49Qvc+TdO2yy09cDlHs65l5l7wpQSqWz726isrK6tb1Q3a1vbO7t75v5BV/JMINxBnHLRD6HElDDcUURR3E8FhklIcS8c30z93gMWknB2ryYp9hM4ZCQmCCotBeZxw8OpJJSzay+KBUS5p2AWOMW8u0UjMOt2057BWiZOSeqgRDswv7yIoyzBTCEKpRw4dqr8HApFEMVFzcskTiEawyEeaMpggqWfz04prFOtRFbMhS6mrJn6eyOHiZSTJNSTCVQjuehNxf+8QabiKz8nLM0UZmj+UJxRS3FrmosVEYGRohNNIBJE/9VCI6gDUTq9mg7BWTx5mXTdpnPRPL9z6y23jKMKjsAJOAMOuAQtcAvaoAMQeATP4BW8GU/Gi/FufMxHK0a5cwj+wPj8ASSRmoE=</latexit>

ω =
ε1
ε2

<latexit sha1_base64="k8frLH/yAiatuGUQf1rfWfGxm2M=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBXcWJKAj41QcOOygn1AW8tketMOncyEmYlYQn7FjQtF3Poj7vwbp20W2nrgwuGce7n3niBmVGnX/bZWVtfWNzYLW8Xtnd29ffug1FQikQQaRDAh2wFWwCiHhqaaQTuWgKOAQSsY30z91iNIRQW/15MYehEechpSgrWR+nap0oVYUSb4tec+pGd+VunbZbfqzuAsEy8nZZSj3re/ugNBkgi4Jgwr1fHcWPdSLDUlDLJiN1EQYzLGQ+gYynEEqpfObs+cE6MMnFBIU1w7M/X3RIojpSZRYDojrEdq0ZuK/3mdRIdXvZTyONHAyXxRmDBHC2cahDOgEohmE0MwkdTc6pARlphoE1fRhOAtvrxMmn7Vu6ie3/nlmp/HUUBH6BidIg9dohq6RXXUQAQ9oWf0it6szHqx3q2PeeuKlc8coj+wPn8AUbqTSA==</latexit>

ω = 10→2

<latexit sha1_base64="PJSOk+CBvrEcdVktAwzDvEcyMPI=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJdgKnkJStHoRCl48VrC10Iay2W7apZvdsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz88KEUaU979sqrK1vbG4Vt0s7u3v7ZfvgsK1EKjFpYcGE7IRIEUY5aWmqGekkkqA4ZOQhHN/M/IdHIhUV/F5PEhLEaMhpRDHSRurb5WqPJIoywa899/yi2rcrnuvN4awSPycVyNHs21+9gcBpTLjGDCnV9b1EBxmSmmJGpqVeqkiC8BgNSddQjmKigmx++NQ5NcrAiYQ0xbUzV39PZChWahKHpjNGeqSWvZn4n9dNdXQVZJQnqSYcLxZFKXO0cGYpOAMqCdZsYgjCkppbHTxCEmFtsiqZEPzll1dJu+b6dbd+V6s0ankcRTiGEzgDHy6hAbfQhBZgSOEZXuHNerJerHfrY9FasPKZI/gD6/MH1eGR3A==</latexit>

✏ = 0.45
1 (left):     QSSAcR1

1 (right):   QSSAcR2

2 :             QSSAsR1

3 :             PEAR1



Obstacles in conventional methodologies
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Identification of:

i. Fast/slow/decoupled variables (e.g., species)

ii. Fast/slow/unimportant processes (e.g., reactions)

iii. Proper non-dimensional form of governing equations

iv. Small parameter ε; ε → 0 yields the reduced model

Additional obstacles:
• Items in (i) and (ii) vary with time

• Number of items in (i) and (ii) vary with time

• Different sets of items in (i) and (ii) refer to different non-dimensional forms and ε.
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Alternative view: Geometrical Singular Perturbations

Hirsch (1977), Fenichel (1979), Jones (1995)

Goals:

• Identify dynamical structures in phase space (SIM)

• Exploit their properties, such as fast/slow decomposition

Basic tools:

• The tangent space (the tangent bundle)

• Fast and slow sub-domains of tangent space

(Tasso Kaper 1999  -  CKRT Jones 2006)

<latexit sha1_base64="cLDRd3Tiuq12T7OBbumRC3taX0c=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUao8FLx4r2FpsQ9lsNu3SzW7Y3Qgh9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRV8tUEdohkkvVC7CmnAnaMcxw2ksUxXHA6UMwuZn5D09UaSbFvckS6sd4JFjECDZWehwEkod5Nh1eDqs1t+7OgVaJV5AaFGgPq1+DUJI0psIQjrXue25i/Bwrwwin08og1TTBZIJHtG+pwDHVfj6/eIrOrBKiSCpbwqC5+nsix7HWWRzYzhibsV72ZuJ/Xj81UdPPmUhSQwVZLIpSjoxEs/dRyBQlhmeWYKKYvRWRMVaYGBtSxYbgLb+8SroXda9Rb9xd1VrNIo4ynMApnIMH19CCW2hDBwgIeIZXeHO08+K8Ox+L1pJTzBzDHzifP6AfkN8=</latexit>y3

<latexit sha1_base64="q9fFdX03Oq8E6A8abL7UOze3JJM=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkmR2mPBi8cK9gPbUDabTbt0sxt2N0II/RdePCji1X/jzX/jts1BWx8MPN6bYWZekHCmjet+OxubW9s7u6W98v7B4dFx5eS0q2WqCO0QyaXqB1hTzgTtGGY47SeK4jjgtBdMb+d+74kqzaR4MFlC/RiPBYsYwcZKj8NA8jDPZqP6qFJ1a+4CaJ14BalCgfao8jUMJUljKgzhWOuB5ybGz7EyjHA6Kw9TTRNMpnhMB5YKHFPt54uLZ+jSKiGKpLIlDFqovydyHGudxYHtjLGZ6FVvLv7nDVITNf2ciSQ1VJDloijlyEg0fx+FTFFieGYJJorZWxGZYIWJsSGVbQje6svrpFuveY1a4/662moWcZTgHC7gCjy4gRbcQRs6QEDAM7zCm6OdF+fd+Vi2bjjFzBn8gfP5A56bkN4=</latexit>y2
<latexit sha1_base64="eMNmTRdBzjWfGU0OTQWJYZ678BQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2A9sQ9lsNu3SzW7Y3Qgh9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8tUEdohkkvVD7CmnAnaMcxw2k8UxXHAaS+Y3s793hNVmknxYLKE+jEeCxYxgo2VHoeB5GGezUbeqFpz6+4CaJ14BalBgfao+jUMJUljKgzhWOuB5ybGz7EyjHA6qwxTTRNMpnhMB5YKHFPt54uLZ+jCKiGKpLIlDFqovydyHGudxYHtjLGZ6FVvLv7nDVITNf2ciSQ1VJDloijlyEg0fx+FTFFieGYJJorZWxGZYIWJsSFVbAje6svrpHtV9xr1xv11rdUs4ijDGZzDJXhwAy24gzZ0gICAZ3iFN0c7L86787FsLTnFzCn8gfP5A50XkN0=</latexit>y1

<latexit sha1_base64="pEWKfuac28IMM3cTa0Vy5iUB4X0=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHgxWMF+wHtUrLZbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLU8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluSAwTXLKW5VawbqoZSULBOuH4duZ3npg2XMkHO0lZkJCh5DGnxDqp2w+ViPLhdFCpejVvDrxK/IJUoUBzUPnqR4pmCZOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HJUmYCfL5vVN87pQIx0q7khbP1d8TOUmMmSSh60yIHZllbyb+5/UyG98EOZdpZpmki0VxJrBVePY8jrhm1IqJI4Rq7m7FdEQ0odZFVHYh+Msvr5L2Zc2v1+r3V9VGo4ijBKdwBhfgwzU04A6a0AIKAp7hFd7QI3pB7+hj0bqGipkT+AP0+QNYtZAv</latexit>g
SIM

<latexit sha1_base64="pEWKfuac28IMM3cTa0Vy5iUB4X0=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHgxWMF+wHtUrLZbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLU8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluSAwTXLKW5VawbqoZSULBOuH4duZ3npg2XMkHO0lZkJCh5DGnxDqp2w+ViPLhdFCpejVvDrxK/IJUoUBzUPnqR4pmCZOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HJUmYCfL5vVN87pQIx0q7khbP1d8TOUmMmSSh60yIHZllbyb+5/UyG98EOZdpZpmki0VxJrBVePY8jrhm1IqJI4Rq7m7FdEQ0odZFVHYh+Msvr5L2Zc2v1+r3V9VGo4ijBKdwBhfgwzU04A6a0AIKAp7hFd7QI3pB7+hj0bqGipkT+AP0+QNYtZAv</latexit>g

<latexit sha1_base64="yWgF271mvvPzCIsZggi9Pb8M2Jw=">AAACGXicbVDLSsNAFJ34rPUVdelmsBXqpiQFHxuh4MZlBfuANpTJZNIOnUzCzEQIIb/hxl9x40IRl7ryb5y0EbX1wMCZc+7l3nvciFGpLOvTWFpeWV1bL22UN7e2d3bNvf2ODGOBSRuHLBQ9F0nCKCdtRRUjvUgQFLiMdN3JVe5374iQNOS3KomIE6ARpz7FSGlpaFrVgecLhFNvECA1dv00ybLUU9nl93+U1X6sk+rQrFh1awq4SOyCVECB1tB8H3ghjgPCFWZIyr5tRcpJkVAUM5KVB7EkEcITNCJ9TTkKiHTS6WUZPNaKB/1Q6McVnKq/O1IUSJkErq7Md5TzXi7+5/Vj5V84KeVRrAjHs0F+zKAKYR4T9KggWLFEE4QF1btCPEY6KKXDLOsQ7PmTF0mnUbfP6qc3jUqzUcRRAofgCNSADc5BE1yDFmgDDO7BI3gGL8aD8WS8Gm+z0iWj6DkAf2B8fAEXeaGM</latexit>

dy

dt
= g(y)
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Structures in phase space
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Alternative view: Computational Singular Perturbations (CSP)

<latexit sha1_base64="yWgF271mvvPzCIsZggi9Pb8M2Jw=">AAACGXicbVDLSsNAFJ34rPUVdelmsBXqpiQFHxuh4MZlBfuANpTJZNIOnUzCzEQIIb/hxl9x40IRl7ryb5y0EbX1wMCZc+7l3nvciFGpLOvTWFpeWV1bL22UN7e2d3bNvf2ODGOBSRuHLBQ9F0nCKCdtRRUjvUgQFLiMdN3JVe5374iQNOS3KomIE6ARpz7FSGlpaFrVgecLhFNvECA1dv00ybLUU9nl93+U1X6sk+rQrFh1awq4SOyCVECB1tB8H3ghjgPCFWZIyr5tRcpJkVAUM5KVB7EkEcITNCJ9TTkKiHTS6WUZPNaKB/1Q6McVnKq/O1IUSJkErq7Md5TzXi7+5/Vj5V84KeVRrAjHs0F+zKAKYR4T9KggWLFEE4QF1btCPEY6KKXDLOsQ7PmTF0mnUbfP6qc3jUqzUcRRAofgCNSADc5BE1yDFmgDDO7BI3gGL8aD8WS8Gm+z0iWj6DkAf2B8fAEXeaGM</latexit>

dy

dt
= g(y)

fast slow

<latexit sha1_base64="1yLRfAe2WCmeQj6vWjucFF5FtuM=">AAACMnicbVDLSgMxFM34rPU16tJNsBUEocxM8bERCm50V8E+oC8ymaQNzTxIMkIZ5pvc+CWCC10o4taPMG1HqK0HAuecey+597gRZ1JZ1quxtLyyurae28hvbm3v7Jp7+3UZxgKTGg55KJoukoSzgNQUU5w0I0GQ73LScIfX43rjgQjJwuBejSLS8VE/YJRhpLTVM2+LbY8KhBOv7SM1cGkyStPEU+nVr0Zpz6Zd+3RGO7TrzOoy7ZaLPbNglawJ4CKxM1IAGao987nthTj2SaAwR1K2bCtSnQQJxTAnab4dSxIhPER90tI0QD6RnWRycgqPteNBGgr9AgUn7uxEgnwpR76rO8d7yvna2Pyv1ooVvewkLIhiRQI8/YjGHKoQjvODHhMEKz7SBGHB9K4QD5BOUOmU8zoEe/7kRVJ3SvZ56ezOKVScLI4cOARH4ATY4AJUwA2oghrA4BG8gHfwYTwZb8an8TVtXTKymQPwB8b3DxkAqyk=</latexit>

dy

dt
= a1f1 + a2f2 + a3f3

<latexit sha1_base64="watvRZiHau9RLjpZ0aM14UlAUlk=">AAACKXicbVDLSsNAFJ3UV62vqEs3g60gCCVJ8bEsuHFZwT6gScNkMmmHTh7MTMQS8jtu/BU3Coq69UecPoTaemDgzDn3cu89XsKokIbxqRVWVtfWN4qbpa3tnd09ff+gJeKUY9LEMYt5x0OCMBqRpqSSkU7CCQo9Rtre8Hrst+8JFzSO7uQoIU6I+hENKEZSSa5er9h+wBHOfDtEcuAF2SjPM1/mNkoSHj/AXxnlrhX0rLO5fy3o1SquXjaqxgRwmZgzUgYzNFz91fZjnIYkkpghIbqmkUgnQ1xSzEheslNBEoSHqE+6ikYoJMLJJpfm8EQpPgxirl4k4USd78hQKMQo9FTleE+x6I3F/7xuKoMrJ6NRkkoS4emgIGVQxnAcG/QpJ1iykSIIc6p2hXiAVHBShVtSIZiLJy+TllU1L6rnt1a5bs3iKIIjcAxOgQkuQR3cgAZoAgwewTN4A+/ak/aifWhf09KCNus5BH+gff8AXJ2n0Q==</latexit>

dy

dt
→ a2f2 + a3f3

<latexit sha1_base64="qev6U5Qj7QpWNUapKy6+oA4OVSM=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIph4IrskPo4kXjxiIo8EFjI7zMKE2ZnNzKxKNvyHFw8a49V/8ebfOMAeFKykk0pVd7q7gpgzbVz328mtrW9sbuW3Czu7e/sHxcOjppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvpn5rQeqNJPi3kxi6kd4KFjICDZW6pXDntfFcazkE3LL/WLJrbhzoFXiZaQEGer94ld3IEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsZD2rFU4IhqP51fPUVnVhmgUCpbwqC5+nsixZHWkyiwnRE2I73szcT/vE5iwms/ZSJODBVksShMODISzSJAA6YoMXxiCSaK2VsRGWGFibFBFWwI3vLLq6RZrXiXlYu7aqlWzeLIwwmcwjl4cAU1uIU6NICAgmd4hTfn0Xlx3p2PRWvOyWaO4Q+czx8DvpGB</latexit>

f1 → 0
Slow Invariant
Manifold (SIM)

Reduced (slow)
model

Lam & Goussis, PCI (1989)



Alternative view of conventional methodologies:    QSSAc,R1
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<latexit sha1_base64="sy4GZliDsdCu9gMA7UmnUhBZ2js=">AAACFXicbVBJSwMxGM3Urdat6tFLsBUq2DJTcLkIBS8ea7ELdBkymUwbmplMk4xQhvkTXvwrXjwo4lXw5r8xXQ7a+iDw8t77SL7nhIxKZZrfRmpldW19I72Z2dre2d3L7h80JI8EJnXMGRctB0nCaEDqiipGWqEgyHcYaTrDm4nffCBCUh7cq3FIuj7qB9SjGCkt2dmzfK1nXQ/t2PKSArF5EZ/K4uTqJBh2RqMIubDWK+tEGeftbM4smVPAZWLNSQ7MUbWzXx2X48gngcIMSdm2zFB1YyQUxYwkmU4kSYjwEPVJW9MA+UR24+lWCTzRigs9LvQJFJyqvydi5Es59h2d9JEayEVvIv7ntSPlXXVjGoSRIgGePeRFDCoOJxVBlwqCFRtrgrCg+q8QD5BAWOkiM7oEa3HlZdIol6yL0vldOVex5nWkwRE4BgVggUtQAbegCuoAg0fwDF7Bm/FkvBjvxscsmjLmM4fgD4zPH+U3nLs=</latexit>

R1 = k1f (eo → c)s→ k1bc R2 = k2c

<latexit sha1_base64="h7s3FEV93N20qaoKnBsjSUTeJaM="></latexit>

d

dt

[
s
c

]
=

[
→1
1

]
R1 +

[
0

→1

]
R2 =

[
gs
gc

]

<latexit sha1_base64="oKQkf+5VbMf8dcgKbaX4KLK7vtw=">AAACEXicbVA9SwNBEN3zM8avqKXNYiJYSLgL+IFVwMZSxaiQi2Fus3dZ3Ls9dufUEJKfYONfsbFQxNbOzn/jJqZQ44OBx3szzMwLUikMuu6nMzE5NT0zm5vLzy8sLi0XVlbPjco04zWmpNKXARguRcJrKFDyy1RziAPJL4Lrw4F/ccO1ESo5w07KGzFEiQgFA7RSs7BVYtv90yvvoB+CQeprEbURtFa3fRo1mQ9pqtUddUvNQtEtu0PQceKNSJGMcNwsfPgtxbKYJ8gkGFP33BQbXdAomOS9vJ8ZngK7hojXLU0g5qbRHX7Uo5tWadFQaVsJ0qH6c6ILsTGdOLCdMWDb/PUG4n9ePcNwv9EVSZohT9j3ojCTFBUdxENbQnOGsmMJMC3srZS1QQNDG2LehuD9fXmcnFfK3m5556RSrHqjOHJknWyQLeKRPVIlR+SY1Agj9+SRPJMX58F5cl6dt+/WCWc0s0Z+wXn/AkSdnKA=</latexit>

c, R1 : fast → gc ↑ 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="zz6uVIEFRxXc/mbwVvMiBvUkrm8=">AAACG3icbVDLSsNAFJ34rPUVdelmsBXcWJKAj2XBjcta7AOatEwmk3bo5NGZiVhC/sONv+LGhSKuBBf+jdM2grYeGDiccy537nFjRoU0jC9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5Q6vJn7rjnBBo/BWjmPiBKgfUp9iJJXU061yvWvaKI55dA/rXQvao1GCPGh7Pkc49USWejL7CZyqRLmnl4yKMQVcJGZOSiBHrad/2F6Ek4CEEjMkRMc0YumkiEuKGcmKdiJIjPAQ9UlH0RAFRDjp9LYMHivFg37E1QslnKq/J1IUCDEOXJUMkByIeW8i/ud1EulfOikN40SSEM8W+QmDMoKToqBHOcGSjRVBmFP1V4gHSJUiVZ1FVYI5f/IiaVoV87xydmOVqmZeRwEcgiNwAkxwAargGtRAA2DwAJ7AC3jVHrVn7U17n0WXtHzmAPyB9vkNtmmgjw==</latexit>

R1 → R2 ds

dt
→ ↑R2

fast slow

<latexit sha1_base64="u3am7gFymrY83CL4ue2wRlmBNmw="></latexit>

d

dt

[
s
c

]
= a1f1 + a2f2

<latexit sha1_base64="dLZq0zQjx+N08fvvqTZWLpXh7yk=">AAACCnicbVDLSsNAFJ34rPUVdelmtBVclaTgYyMU3LisYB/QpGUymbRDJ5MwMxFKyNqNv+LGhSJu/QJ3/o2TNoK2HrhwOOde7r3HixmVyrK+jKXlldW19dJGeXNre2fX3NtvyygRmLRwxCLR9ZAkjHLSUlQx0o0FQaHHSMcbX+d+554ISSN+pyYxcUM05DSgGCktDcyjatCnV06I1MgLUi/rUwf7kfoRhll1YFasmjUFXCR2QSqgQHNgfjp+hJOQcIUZkrJnW7FyUyQUxYxkZSeRJEZ4jIakpylHIZFuOn0lgyda8WEQCV1cwan6eyJFoZST0NOd+Yly3svF/7xeooJLN6U8ThTheLYoSBhUEcxzgT4VBCs20QRhQfWtEI+QQFjp9Mo6BHv+5UXSrtfs89rZbb3SqBdxlMAhOAanwAYXoAFuQBO0AAYP4Am8gFfj0Xg23oz3WeuSUcwcgD8wPr4Bg76awQ==</latexit>

f i = bi · g

<latexit sha1_base64="7prTCT8Fqjr6FgWaf/ODn092m7A="></latexit>

a1 =

[
→1
1

]
a2 =

[
1
0

]
<latexit sha1_base64="TMQHrWGOtX+YO4MFTMLIZPbHF8s="></latexit>

b1 =
[
0 1

]
b2 =

[
1 1

]

<latexit sha1_base64="TIUjfCvPjCUQVlTHui9oASqJDEI="></latexit>

d

dt

[
s
c

]
=

[
→1
1

]
(R1 →R2)→

[
1
0

]
R2

<latexit sha1_base64="ytN9pHPHpN4PA8gsDm0B3HUGiXE=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUBnLJk004ZmkpBkxFL6G25cKOLWn3Hn35i2s9DWAxcO59zLvffEijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNIzNNaINILnU7xoZyJmjDMstpW2mK05jTVjy8mfqtR6oNk+LejhSNUtwXLGEEWyeFyUMQYqW0fEJ+t1T2K/4MaJkEOSlDjnq39BX2JMlSKizh2JhO4CsbjbG2jHA6KYaZoQqTIe7TjqMCp9RE49nNE3TqlB5KpHYlLJqpvyfGODVmlMauM8V2YBa9qfif18lsch2NmVCZpYLMFyUZR1aiaQCoxzQllo8cwUQzdysiA6wxsS6mogshWHx5mTSrleCycnF3Xq5V8zgKcAwncAYBXEENbqEODSCg4Ble4c3LvBfv3fuYt654+cwR/IH3+QNHKpEn</latexit>

f1 → 0

<latexit sha1_base64="MI/hR5D+zGKf13vKFA7bIuP0gKQ=">AAAB/HicbVDLTgIxFO3gC/E1ytJNI5i4kcxM4mNJ4sYlEnkkMJBOKdDQmTZtxziZ4K+4caExbv0Qd/6NBWah4ElucnLOvbn3nkAwqrTjfFu5tfWNza38dmFnd2//wD48aioeS0wamDMu2wFShNGINDTVjLSFJCgMGGkFk5uZ33ogUlEe3etEED9Eo4gOKUbaSH27WK733PN6z4NdJITkj9Ap9+2SU3HmgKvEzUgJZKj17a/ugOM4JJHGDCnVcR2h/RRJTTEj00I3VkQgPEEj0jE0QiFRfjo/fgpPjTKAQy5NRRrO1d8TKQqVSsLAdIZIj9WyNxP/8zqxHl77KY1ErEmEF4uGMYOaw1kScEAlwZolhiAsqbkV4jGSCGuTV8GE4C6/vEqaXsW9rFzceaWql8WRB8fgBJwBF1yBKrgFNdAAGCTgGbyCN+vJerHerY9Fa87KZorgD6zPH/Sakv8=</latexit>

R1 →R2 ↑ 0

<latexit sha1_base64="R+6Kn7X/foKgdNDgnvKmnDjWnAc=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJhSqJxGOsxMJYEH1ITagcx2mtOk5kO4gqysLCr7AwgBAr/8DG3+C2GaBwpCsdnXOv7r3HTxiVyrK+jNLC4tLySnm1sra+sbllbu+0ZZwKTFo4ZrHo+kgSRjlpKaoY6SaCoMhnpOOPLiZ+544ISWN+o8YJ8SI04DSkGCkt9c39mhuEAuEskHkWqNxFSSLie3h8fevU+mbVqltTwL/ELkgVFGj2zU83iHEaEa4wQ1L2bCtRXoaEopiRvOKmkiQIj9CA9DTlKCLSy6Zf5PBQKwEMY6GLKzhVf05kKJJyHPm6M0JqKOe9ifif10tVeO5llCepIhzPFoUpgyqGk0hgQAXBio01QVhQfSvEQ6RDUTq4ig7Bnn/5L2k7dfu0fnLlVBtOEUcZ7IEDcARscAYa4BI0QQtg8ACewAt4NR6NZ+PNeJ+1loxiZhf8gvHxDelGmCM=</latexit>

ds

dt
→ ↑R2
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<latexit sha1_base64="sy4GZliDsdCu9gMA7UmnUhBZ2js=">AAACFXicbVBJSwMxGM3Urdat6tFLsBUq2DJTcLkIBS8ea7ELdBkymUwbmplMk4xQhvkTXvwrXjwo4lXw5r8xXQ7a+iDw8t77SL7nhIxKZZrfRmpldW19I72Z2dre2d3L7h80JI8EJnXMGRctB0nCaEDqiipGWqEgyHcYaTrDm4nffCBCUh7cq3FIuj7qB9SjGCkt2dmzfK1nXQ/t2PKSArF5EZ/K4uTqJBh2RqMIubDWK+tEGeftbM4smVPAZWLNSQ7MUbWzXx2X48gngcIMSdm2zFB1YyQUxYwkmU4kSYjwEPVJW9MA+UR24+lWCTzRigs9LvQJFJyqvydi5Es59h2d9JEayEVvIv7ntSPlXXVjGoSRIgGePeRFDCoOJxVBlwqCFRtrgrCg+q8QD5BAWOkiM7oEa3HlZdIol6yL0vldOVex5nWkwRE4BgVggUtQAbegCuoAg0fwDF7Bm/FkvBjvxscsmjLmM4fgD4zPH+U3nLs=</latexit>

R1 = k1f (eo → c)s→ k1bc R2 = k2c

<latexit sha1_base64="h7s3FEV93N20qaoKnBsjSUTeJaM="></latexit>

d

dt

[
s
c

]
=

[
→1
1

]
R1 +

[
0

→1

]
R2 =

[
gs
gc

]

<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="fXtTQc80rD2OKNGJFzJl0bHO1PI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBhPBU9gN+DhGRPAYxTxgs4bZySQZMjuzzMwKYclnePGgiFe/xpt/4yTZgyYWNBRV3XR3hTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRWiDSC5VO8SaciZowzDDaTtWFEchp61wdD31W09UaSbFgxnHNIjwQLA+I9hYyS/Xb6666f2jNyl3iyW34s6AlomXkRJkqHeLX52eJElEhSEca+17bmyCFCvDCKeTQifRNMZkhAfUt1TgiOognZ08QSdW6aG+VLaEQTP190SKI63HUWg7I2yGetGbiv95fmL6l0HKRJwYKsh8UT/hyEg0/R/1mKLE8LElmChmb0VkiBUmxqZUsCF4iy8vk2a14p1Xzu6qpZqXxZGHIziGU/DgAmpwC3VoAAEJz/AKb45xXpx352PemnOymUP4A+fzB73ZkDU=</latexit>

PEAR1

<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="uMkyPuC2C4ZpkVNFds+TGEPDxoo=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X23NCn0cnm7aM+AlomTkjykqPRyX51+SOKACk04Vqrt2JF2Eyw1I5xOsp1Y0QiTER7QtqECB1S5yezqCTo1Sh/5oTQlNJqpvycSHCg1DjzTGWA9VIveVPzPa8fav3YTJqJYU0Hmi/yYIx2iaQSozyQlmo8NwUQycysiQywx0SaorAnBWXx5mTRKReeyeFEt5ctOGkcGjuEEzsCBKyjDHVSgDgQkPMMrvFlP1ov1bn3MW1esdOYI/sD6/AGnIpFF</latexit>

QSSAc,R2

<latexit sha1_base64="fmO4reTHglRo0jQ2+RIpgP+7b1k=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WWwFTyUp+HEsePFYwbZCE8pmu2mXbjZhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0tr6xuVXeruzs7u0f2IdHXR2nirIOjUWs7gOimeCSdYCDYPeJYiQKBOsFk+uZ33tgSvNY3kGWMD8iI8lDTgkYaWBX655Msaf4aAxEqfgRO/WBXXMazhx4lbgFqaEC7YH95Q1jmkZMAhVE677rJODnRAGngk0rXqpZQuiEjFjfUEkipv18fvwUnxpliMNYmZKA5+rviZxEWmdRYDojAmO97M3E/7x+CuGVn3OZpMAkXSwKU4EhxrMk8JArRkFkhhCquLkV0zFRhILJq2JCcJdfXiXdZsO9aJzfNmstt4ijjI7RCTpDLrpELXSD2qiDKMrQM3pFb9aT9WK9Wx+L1pJVzFTRH1ifP4GMk/w=</latexit>

ω → 0
<latexit sha1_base64="gz6jG4szOz4aFHhApGUeetAZd4o=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vI+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gClnJFE</latexit>

QSSAc,R1

<latexit sha1_base64="RwsNhVXGJfNPlQ2SRf+cjad3SOw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruCpJwcey4MZlBfuAppTJdNIOnUzCzI0SQt34K25cKOLWv3Dn3zhts9DWAxcO59zLvff4seAaHOfbKqysrq1vFDdLW9s7u3v2/kFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj++nvrte6Y0j+QdpDHrhWQoecApASP17aOKJxPsKT4cAVEqesAelwGklb5ddqrODHiZuDkpoxyNvv3lDSKahEwCFUTrruvE0MuIAk4Fm5S8RLOY0DEZsq6hkoRM97LZBxN8apQBDiJlSgKeqb8nMhJqnYa+6QwJjPSiNxX/87oJBFe9jMs4ASbpfFGQCAwRnsaBB1wxCiI1hFDFza2YjogiFExoJROCu/jyMmnVqu5F9fy2Vq67eRxFdIxO0Bly0SWqoxvUQE1E0SN6Rq/ozXqyXqx362PeWrDymUP0B9bnD+2vloQ=</latexit>

ω → ↑
<latexit sha1_base64="G/6qFMWkL0k/nghBG8Ky+cESY6M=">AAAB9XicbVDLTgJBEOz1ifhCPXqZCCYeDNkl8XHEePEIIo8EFjI7zMKE2dnNzKyGbPgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3eRFnStv2t7Wyura+sZnZym7v7O7t5w4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RrdTv/lIpWKheNDjiLoBHgjmM4K1kbqFaq1200vU+X3XmRR6ubxdtGdAy8RJSR5SVHq5r04/JHFAhSYcK9V27Ei7CZaaEU4n2U6saITJCA9o21CBA6rcZHb1BJ0apY/8UJoSGs3U3xMJDpQaB57pDLAeqkVvKv7ntWPtX7sJE1GsqSDzRX7MkQ7RNALUZ5ISzceGYCKZuRWRIZaYaBNU1oTgLL68TBqlonNZvKiW8mUnjSMDx3ACZ+DAFZThDipQBwISnuEV3qwn68V6tz7mrStWOnMEf2B9/gC+PJFU</latexit>

QSSAs,R1

<latexit sha1_base64="7prTCT8Fqjr6FgWaf/ODn092m7A="></latexit>

a1 =

[
→1
1

]
a2 =

[
1
0

]
<latexit sha1_base64="TMQHrWGOtX+YO4MFTMLIZPbHF8s="></latexit>

b1 =
[
0 1

]
b2 =

[
1 1

]

<latexit sha1_base64="7bTtbU/PnwpaEDoJFx289ahZBOA="></latexit>

a1 =


0

�1

�
a2 =


1
0

�
<latexit sha1_base64="/6KCRGkBDXghIvXzvOO6f/i3l3Y="></latexit>

b1 =
⇥
0 �1

⇤
b2 =

⇥
1 0

⇤

<latexit sha1_base64="amSnFrQXZ6/bWqlwKJCLEQewgno="></latexit>

a1 =


�1
1

�
a2 =


0
1

�
<latexit sha1_base64="1z+nHWrEYTWXtR+a07cqT+oX4V4="></latexit>

b1 =
⇥
�1 0

⇤
b2 =

⇥
1 1

⇤

<latexit sha1_base64="goUiZRzQkTIAOclRqu7RidllOns="></latexit>

a1 =


�1
1

�
a2 =


1
⌫

� <latexit sha1_base64="ymVC3NSX42F3V8poHqgb+tPOFZs="></latexit>

b1 =
1

1 + ⌫

⇥
�⌫ 1

⇤

<latexit sha1_base64="6TnGbh8qDNM7D0Knf4CLILqgJkQ="></latexit>

b2 =
1

1 + ⌫

⇥
1 1

⇤

Alternative view of conventional methodologies
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CSP algorithm

<latexit sha1_base64="eaO47o/MlywUyN2N4NeWquBeoYs="></latexit>

dy

dt
= S1R1 + S2R2 + · · ·+ SKRK

<latexit sha1_base64="OtRLB9AfMcKnGL7CZLukhDNbgFw="></latexit>

y =

2

64
y1

:

yN

3

75

<latexit sha1_base64="I1lmUD7n0WsS2l0avlyvnOXbLEE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYiJYhbsU0TJgYxnBfEByhL3NXrJkb+/cnRPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZekEhh0HW/nY3Nre2d3cJecf/g8Oi4dHLaNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK3UofaTrwKoNS2a26C5B14uWkDDmag9JXfxizNOIKmaTG9Dw3QT+jGgWTfFbsp4YnlE3oiPcsVTTixs8W987IpVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP48GQrNGcqpJZRpYW8lbEw1ZWgjKtoQvNWX10m7VvXq1fp9rdyo5XEU4Bwu4Ao8uIYG3EETWsBAwjO8wpvz6Lw4787HsnXDyWfO4A+czx8BXo9B</latexit>⌧1
<latexit sha1_base64="EzELBiTgQ1g61biBHvHjNABt1ao=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtyliJYBGxshgvmA5Ah7m02yZG/v3J0TwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cxubW9k5+t7C3f3B4VDw+aZko0Yw3WSQj3Qmo4VIo3kSBkndizWkYSN4OJjdzv/3EtRGResBpzP2QjpQYCkbRSp1yD2nSvyv3iyW34i5A1omXkRJkaPSLX71BxJKQK2SSGtP13Bj9lGoUTPJZoZcYHlM2oSPetVTRkBs/Xdw7IxdWGZBhpG0pJAv190RKQ2OmYWA7Q4pjs+rNxf+8boLDaz8VKk6QK7ZcNEwkwYjMnycDoTlDObWEMi3srYSNqaYMbUQFG4K3+vI6aVUrXq1Su6+W6tUsjjycwTlcggdXUIdbaEATGEh4hld4cx6dF+fd+Vi25pxs5hT+wPn8ASvqj10=</latexit>⌧M

<latexit sha1_base64="UemZ7e/6TYKjvauGx58rJCSEQVM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BFtBEMpuD9VjwYsXoYL9gO5Ssmm2Dc1ml2QilKV/w4sHRbz6Z7z5b0zbPWjrg4HHezPMzAtTwTW47rdT2Njc2t4p7pb29g8Oj8rHJx2dGEVZmyYiUb2QaCa4ZG3gIFgvVYzEoWDdcHI797tPTGmeyEeYpiyIyUjyiFMCVvKrPhAzyO6vvFl1UK64NXcBvE68nFRQjtag/OUPE2piJoEKonXfc1MIMqKAU8FmJd9olhI6ISPWt1SSmOkgW9w8wxdWGeIoUbYk4IX6eyIjsdbTOLSdMYGxXvXm4n9e30B0E2RcpgaYpMtFkREYEjwPAA+5YhTE1BJCFbe3YjomilCwMZVsCN7qy+ukU695jVrjoV5p1vM4iugMnaNL5KFr1ER3qIXaiKIUPaNX9OYY58V5dz6WrQUnnzlFf+B8/gDQfpDZ</latexit>⌧M+1
<latexit sha1_base64="DE3zjc/Ztp/iFyMemlr0vedJeK0=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtCSxsTKYyEeEC9lbFtiwt3fZnTMhF/6FjYXG2Ppv7Pw3LnCFgi+Z5OW9mczMC2IpDLrut5Pb2Nza3snvFvb2Dw6PiscnLRMlmvEmi2SkOwE1XArFmyhQ8k6sOQ0DydvB5Gbut5+4NiJSDziNuR/SkRJDwSha6bHcQ5r007tZuV8suRV3AbJOvIyUIEOjX/zqDSKWhFwhk9SYrufG6KdUo2CSzwq9xPCYsgkd8a6liobc+Oni4hm5sMqADCNtSyFZqL8nUhoaMw0D2xlSHJtVby7+53UTHF77qVBxglyx5aJhIglGZP4+GQjNGcqpJZRpYW8lbEw1ZWhDKtgQvNWX10mrWvFqldp9tVSvZnHk4QzO4RI8uII63EIDmsBAwTO8wptjnBfn3flYtuacbOYU/sD5/AH10pBq</latexit>⌧N

<latexit sha1_base64="jnjweWYOfp5lGFNaBLg8ROXvLqg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYCt4Krs9VI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0cbm1vbObmGvuH9weHRcOjltG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdqUvBK4MSmWv6i2A14mfkzLkaA5KX/2homnMpKWCGNPzvcQGGdGWU8FmxX5qWELohIxYz1FJYmaCbHHtDF86ZYgjpV1Jixfq74mMxMZM49B1xsSOzao3F//zeqmNboKMyyS1TNLloigV2Co8fx0PuWbUiqkjhGrubsV0TDSh1gVUdCH4qy+vk3at6ter9ftauVHL4yjAOVzAFfhwDQ24gya0gMIjPMMrvCGFXtA7+li2bqB85gz+AH3+AFwAjks=</latexit>⌧

<latexit sha1_base64="RZ7Ca3EioYGVc60asxp/bwNLRrg="></latexit>

= a1f1 + · · ·+ aMfM + aM+1fM+1 + · · ·+ aNfN

fast  (dissipative) slow

<latexit sha1_base64="qMmYwMDNPoZNYYnv/MHCobvwf/I=">AAACDHicbVDLSgMxFM3UV62vqks3wVZwVWa6qG6EghuXFewDOm3JZDJtaCYZkoxQhvkAN/6KGxeKuPUD3Pk3ZtoRtPVA4HDOueTe40WMKm3bX1ZhbX1jc6u4XdrZ3ds/KB8edZSIJSZtLJiQPQ8pwignbU01I71IEhR6jHS96XXmd++JVFTwOz2LyCBEY04DipE20qhcqQZDeuWGSE+8IPHSIXWxLzT8UcYprJqUXbPngKvEyUkF5GiNyp+uL3AcEq4xQ0r1HTvSgwRJTTEjacmNFYkQnqIx6RvKUUjUIJkfk8Izo/gwENI8ruFc/T2RoFCpWeiZZLajWvYy8T+vH+vgcpBQHsWacLz4KIgZ1AJmzUCfSoI1mxmCsKRmV4gnSCKsTX8lU4KzfPIq6dRrTqPWuK1XmvW8jiI4AafgHDjgAjTBDWiBNsDgATyBF/BqPVrP1pv1vogWrHzmGPyB9fENRnqbFg==</latexit>

f i = bi · g
<latexit sha1_base64="Y5V+2p6qfFuh18nxO+odcqLv8GA=">AAACEHicbZDLSsNAFIYn9VbrLerSzWArCkJJuqguFApu3BQq2As0IUymk3boZBJmJkIJeQQ3voobF4q4denOt3HaZqGtPwx8/OcczpzfjxmVyrK+jcLK6tr6RnGztLW9s7tn7h90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPb6b17gMRkkb8Xk1i4oZoyGlAMVLa8szTikNiSVnEr51BIBBOHYUSL22e21k252Z2ZVc8s2xVrZngMtg5lEGulmd+OYMIJyHhCjMkZd+2YuWmSCiKGclKTiJJjPAYDUlfI0chkW46OyiDJ9oZwCAS+nEFZ+7viRSFUk5CX3eGSI3kYm1q/lfrJyq4dFPK40QRjueLgoRBFcFpOnBABcGKTTQgLKj+K8QjpGNROsOSDsFePHkZOrWqXa/W72rlRi2PowiOwDE4Aza4AA1wC1qgDTB4BM/gFbwZT8aL8W58zFsLRj5zCP7I+PwBUYqctg==</latexit>

✏ =
⌧M+1

⌧M
< 1

<latexit sha1_base64="mvQfCKPT5oMDvYcHc9xqPLZbXXs="></latexit>

af =
⇥
a1 · · · aM

⇤

<latexit sha1_base64="qvqgRzIjWg5AoVw63HbVX+jnikM="></latexit>

as =
⇥
aM+1 · · · aN

⇤

<latexit sha1_base64="V62K02dh+4t5hlygiySPJyhqjFs="></latexit>

bf =

2

4
b1

:
bM

3

5

<latexit sha1_base64="gBnfhsy3J3G57kjIJB1OkFyrmqg="></latexit>

bs =

2

4
bM+1

:
bN

3

5

Accuracy improvement;  x = x0+ε1x1+ε2x2 + …… 
<latexit sha1_base64="0Eu6LM4x1ejBLs7rLuxpGgjo17A=">AAACBXicbVC7SgNBFL0bXzG+Vi21GEwECwm7KaJlwMYygnlAXsxOZpMhsw9mZoWwrIWNv2JjoYit/2Dn3zibrKCJBwbOnHMv997jhJxJZVlfRm5ldW19I79Z2Nre2d0z9w+aMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOVMrlK/dUeFZIF/q6Yh7Xl45DOXEay0NDCPS10Pq7Hjxjjpy/P7n5+T9N3SwCxaZWsGtEzsjBQhQ31gfnaHAYk86ivCsZQd2wpVL8ZCMcJpUuhGkoaYTPCIdjT1sUdlL55dkaBTrQyRGwj9fIVm6u+OGHtSTj1HV6ZLykUvFf/zOpFyL3sx88NIUZ/MB7kRRypAaSRoyAQlik81wUQwvSsiYywwUTq4gg7BXjx5mTQrZbtart5UirVKFkcejuAEzsCGC6jBNdShAQQe4Ale4NV4NJ6NN+N9Xpozsp5D+APj4xuNwZiS</latexit>

as, bf
<latexit sha1_base64="Bvhb8/zGlwlcz45vLpUKK84Rx1w=">AAACBXicbVC7SgNBFL0bXzG+Vi21GEwECwm7KaJlwMYygnlAXsxOZpMhsw9mZoWwrIWNv2JjoYit/2Dn3zibrKCJBwbOnHMv997jhJxJZVlfRm5ldW19I79Z2Nre2d0z9w+aMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOVMrlK/dUeFZIF/q6Yh7Xl45DOXEay0NDCPS10Pq7Hjxjjpu+f3Pz8n6cvSwCxaZWsGtEzsjBQhQ31gfnaHAYk86ivCsZQd2wpVL8ZCMcJpUuhGkoaYTPCIdjT1sUdlL55dkaBTrQyRGwj9fIVm6u+OGHtSTj1HV6ZLykUvFf/zOpFyL3sx88NIUZ/MB7kRRypAaSRoyAQlik81wUQwvSsiYywwUTq4gg7BXjx5mTQrZbtart5UirVKFkcejuAEzsCGC6jBNdShAQQe4Ale4NV4NJ6NN+N9Xpozsp5D+APj4xuNC5iS</latexit>

af , bsFixed: Refined:

Stability of reduced model
<latexit sha1_base64="0Eu6LM4x1ejBLs7rLuxpGgjo17A=">AAACBXicbVC7SgNBFL0bXzG+Vi21GEwECwm7KaJlwMYygnlAXsxOZpMhsw9mZoWwrIWNv2JjoYit/2Dn3zibrKCJBwbOnHMv997jhJxJZVlfRm5ldW19I79Z2Nre2d0z9w+aMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOVMrlK/dUeFZIF/q6Yh7Xl45DOXEay0NDCPS10Pq7Hjxjjpy/P7n5+T9N3SwCxaZWsGtEzsjBQhQ31gfnaHAYk86ivCsZQd2wpVL8ZCMcJpUuhGkoaYTPCIdjT1sUdlL55dkaBTrQyRGwj9fIVm6u+OGHtSTj1HV6ZLykUvFf/zOpFyL3sx88NIUZ/MB7kRRypAaSRoyAQlik81wUQwvSsiYywwUTq4gg7BXjx5mTQrZbtart5UirVKFkcejuAEzsCGC6jBNdShAQQe4Ale4NV4NJ6NN+N9Xpozsp5D+APj4xuNwZiS</latexit>

as, bf
<latexit sha1_base64="Bvhb8/zGlwlcz45vLpUKK84Rx1w=">AAACBXicbVC7SgNBFL0bXzG+Vi21GEwECwm7KaJlwMYygnlAXsxOZpMhsw9mZoWwrIWNv2JjoYit/2Dn3zibrKCJBwbOnHMv997jhJxJZVlfRm5ldW19I79Z2Nre2d0z9w+aMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOVMrlK/dUeFZIF/q6Yh7Xl45DOXEay0NDCPS10Pq7Hjxjjpu+f3Pz8n6cvSwCxaZWsGtEzsjBQhQ31gfnaHAYk86ivCsZQd2wpVL8ZCMcJpUuhGkoaYTPCIdjT1sUdlL55dkaBTrQyRGwj9fIVm6u+OGHtSTj1HV6ZLykUvFf/zOpFyL3sx88NIUZ/MB7kRRypAaSRoyAQlik81wUQwvSsiYywwUTq4gg7BXjx5mTQrZbtart5UirVKFkcejuAEzsCGC6jBNdShAQQe4Ale4NV4NJ6NN+N9Xpozsp5D+APj4xuNC5iS</latexit>

af , bsRefined: Fixed:

Major drawback:  M=M(t) Leading order accuracy:
Left and right eigenvectors
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CSP algorithm

<latexit sha1_base64="eaO47o/MlywUyN2N4NeWquBeoYs="></latexit>

dy

dt
= S1R1 + S2R2 + · · ·+ SKRK

<latexit sha1_base64="OtRLB9AfMcKnGL7CZLukhDNbgFw="></latexit>

y =

2

64
y1

:

yN

3

75

<latexit sha1_base64="I1lmUD7n0WsS2l0avlyvnOXbLEE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYiJYhbsU0TJgYxnBfEByhL3NXrJkb+/cnRPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZekEhh0HW/nY3Nre2d3cJecf/g8Oi4dHLaNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK3UofaTrwKoNS2a26C5B14uWkDDmag9JXfxizNOIKmaTG9Dw3QT+jGgWTfFbsp4YnlE3oiPcsVTTixs8W987IpVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP48GQrNGcqpJZRpYW8lbEw1ZWgjKtoQvNWX10m7VvXq1fp9rdyo5XEU4Bwu4Ao8uIYG3EETWsBAwjO8wpvz6Lw4787HsnXDyWfO4A+czx8BXo9B</latexit>⌧1
<latexit sha1_base64="EzELBiTgQ1g61biBHvHjNABt1ao=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtyliJYBGxshgvmA5Ah7m02yZG/v3J0TwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cxubW9k5+t7C3f3B4VDw+aZko0Yw3WSQj3Qmo4VIo3kSBkndizWkYSN4OJjdzv/3EtRGResBpzP2QjpQYCkbRSp1yD2nSvyv3iyW34i5A1omXkRJkaPSLX71BxJKQK2SSGtP13Bj9lGoUTPJZoZcYHlM2oSPetVTRkBs/Xdw7IxdWGZBhpG0pJAv190RKQ2OmYWA7Q4pjs+rNxf+8boLDaz8VKk6QK7ZcNEwkwYjMnycDoTlDObWEMi3srYSNqaYMbUQFG4K3+vI6aVUrXq1Su6+W6tUsjjycwTlcggdXUIdbaEATGEh4hld4cx6dF+fd+Vi25pxs5hT+wPn8ASvqj10=</latexit>⌧M

<latexit sha1_base64="UemZ7e/6TYKjvauGx58rJCSEQVM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BFtBEMpuD9VjwYsXoYL9gO5Ssmm2Dc1ml2QilKV/w4sHRbz6Z7z5b0zbPWjrg4HHezPMzAtTwTW47rdT2Njc2t4p7pb29g8Oj8rHJx2dGEVZmyYiUb2QaCa4ZG3gIFgvVYzEoWDdcHI797tPTGmeyEeYpiyIyUjyiFMCVvKrPhAzyO6vvFl1UK64NXcBvE68nFRQjtag/OUPE2piJoEKonXfc1MIMqKAU8FmJd9olhI6ISPWt1SSmOkgW9w8wxdWGeIoUbYk4IX6eyIjsdbTOLSdMYGxXvXm4n9e30B0E2RcpgaYpMtFkREYEjwPAA+5YhTE1BJCFbe3YjomilCwMZVsCN7qy+ukU695jVrjoV5p1vM4iugMnaNL5KFr1ER3qIXaiKIUPaNX9OYY58V5dz6WrQUnnzlFf+B8/gDQfpDZ</latexit>⌧M+1
<latexit sha1_base64="DE3zjc/Ztp/iFyMemlr0vedJeK0=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtCSxsTKYyEeEC9lbFtiwt3fZnTMhF/6FjYXG2Ppv7Pw3LnCFgi+Z5OW9mczMC2IpDLrut5Pb2Nza3snvFvb2Dw6PiscnLRMlmvEmi2SkOwE1XArFmyhQ8k6sOQ0DydvB5Gbut5+4NiJSDziNuR/SkRJDwSha6bHcQ5r007tZuV8suRV3AbJOvIyUIEOjX/zqDSKWhFwhk9SYrufG6KdUo2CSzwq9xPCYsgkd8a6liobc+Oni4hm5sMqADCNtSyFZqL8nUhoaMw0D2xlSHJtVby7+53UTHF77qVBxglyx5aJhIglGZP4+GQjNGcqpJZRpYW8lbEw1ZWhDKtgQvNWX10mrWvFqldp9tVSvZnHk4QzO4RI8uII63EIDmsBAwTO8wptjnBfn3flYtuacbOYU/sD5/AH10pBq</latexit>⌧N

<latexit sha1_base64="jnjweWYOfp5lGFNaBLg8ROXvLqg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYCt4Krs9VI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0cbm1vbObmGvuH9weHRcOjltG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdqUvBK4MSmWv6i2A14mfkzLkaA5KX/2homnMpKWCGNPzvcQGGdGWU8FmxX5qWELohIxYz1FJYmaCbHHtDF86ZYgjpV1Jixfq74mMxMZM49B1xsSOzao3F//zeqmNboKMyyS1TNLloigV2Co8fx0PuWbUiqkjhGrubsV0TDSh1gVUdCH4qy+vk3at6ter9ftauVHL4yjAOVzAFfhwDQ24gya0gMIjPMMrvCGFXtA7+li2bqB85gz+AH3+AFwAjks=</latexit>⌧

<latexit sha1_base64="RZ7Ca3EioYGVc60asxp/bwNLRrg="></latexit>

= a1f1 + · · ·+ aMfM + aM+1fM+1 + · · ·+ aNfN

fast slow

<latexit sha1_base64="qMmYwMDNPoZNYYnv/MHCobvwf/I=">AAACDHicbVDLSgMxFM3UV62vqks3wVZwVWa6qG6EghuXFewDOm3JZDJtaCYZkoxQhvkAN/6KGxeKuPUD3Pk3ZtoRtPVA4HDOueTe40WMKm3bX1ZhbX1jc6u4XdrZ3ds/KB8edZSIJSZtLJiQPQ8pwignbU01I71IEhR6jHS96XXmd++JVFTwOz2LyCBEY04DipE20qhcqQZDeuWGSE+8IPHSIXWxLzT8UcYprJqUXbPngKvEyUkF5GiNyp+uL3AcEq4xQ0r1HTvSgwRJTTEjacmNFYkQnqIx6RvKUUjUIJkfk8Izo/gwENI8ruFc/T2RoFCpWeiZZLajWvYy8T+vH+vgcpBQHsWacLz4KIgZ1AJmzUCfSoI1mxmCsKRmV4gnSCKsTX8lU4KzfPIq6dRrTqPWuK1XmvW8jiI4AafgHDjgAjTBDWiBNsDgATyBF/BqPVrP1pv1vogWrHzmGPyB9fENRnqbFg==</latexit>

f i = bi · g
<latexit sha1_base64="Y5V+2p6qfFuh18nxO+odcqLv8GA=">AAACEHicbZDLSsNAFIYn9VbrLerSzWArCkJJuqguFApu3BQq2As0IUymk3boZBJmJkIJeQQ3voobF4q4denOt3HaZqGtPwx8/OcczpzfjxmVyrK+jcLK6tr6RnGztLW9s7tn7h90ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPb6b17gMRkkb8Xk1i4oZoyGlAMVLa8szTikNiSVnEr51BIBBOHYUSL22e21k252Z2ZVc8s2xVrZngMtg5lEGulmd+OYMIJyHhCjMkZd+2YuWmSCiKGclKTiJJjPAYDUlfI0chkW46OyiDJ9oZwCAS+nEFZ+7viRSFUk5CX3eGSI3kYm1q/lfrJyq4dFPK40QRjueLgoRBFcFpOnBABcGKTTQgLKj+K8QjpGNROsOSDsFePHkZOrWqXa/W72rlRi2PowiOwDE4Aza4AA1wC1qgDTB4BM/gFbwZT8aL8W58zFsLRj5zCP7I+PwBUYqctg==</latexit>

✏ =
⌧M+1

⌧M
< 1

Major drawback:  M=M(t)

<latexit sha1_base64="Mf2CblwHABrXqvxCnXQ2PaoAzRs="></latexit>

dy

dt
= aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="ZQzVdDlI+ve0Kv9sZ0KpZSvivNI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAruCpJFtVNoeDGjVDBPqBNy2QyaYdOZsLMRCihG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3niBhVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouKVEKjFpYsGE7ARIEUY5aWqqGekkkqA4YKQdjG9mfvuRSEUFf9CThPgxGnIaUYy0kQb2aTnqu7Wo79VgD4dCKxj172pOeWCXnIozB1wlbk5KIEdjYH/1QoHTmHCNGVKq6zqJ9jMkNcWMTIu9VJEE4TEakq6hHMVE+dn8gSm8MEoIIyFNcQ3n6u+JDMVKTeLAdMZIj9SyNxP/87qpjq79jPIk1YTjxaIoZVALOEsDhlQSrNnEEIQlNbdCPEISYW0yK5oQ3OWXV0nLq7jVSvXeK9W9PI4COAPn4BK44ArUwS1ogCbAYAqewSt4s56sF+vd+li0rln5zAn4A+vzB5MhlG4=</latexit>

f1 = f2 = · · · fM = 0
Reduced model:

<latexit sha1_base64="NTMD6RP6CtQTstRj63MliKnrbow=">AAACAXicbZDLSsNAFIZP6q3WW9SN4CbYCoJQki6qG6Hgxo1QwV6gDWEynbRDJ5MwMxFKqBtfxY0LRdz6Fu58GydtFtr6w8DHf87hzPn9mFGpbPvbKKysrq1vFDdLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv74Oqt3HoiQNOL3ahITN0RDTgOKkdKWZx5V+golXopHSEyv5nx77kwrnlm2q/ZM1jI4OZQhV9Mzv/qDCCch4QozJGXPsWPlpkgoihmZlvqJJDHCYzQkPY0chUS66eyCqXWqnYEVREI/rqyZ+3siRaGUk9DXnSFSI7lYy8z/ar1EBZduSnmcKMLxfFGQMEtFVhaHNaCCYMUmGhAWVP/VyqJAWOnQSjoEZ/HkZWjXqk69Wr+rlRu1PI4iHMMJnIEDF9CAG2hCCzA8wjO8wpvxZLwY78bHvLVg5DOH8EfG5w+vj5Za</latexit>⌧char = ⌧M+1
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Number of fast time scales 
homogeneous  DME/air;  T(0)=1100K

Explosive/Dissipative                    Temperature

Tigas et al C&F 2015

Ν=253 species

K=1542 reversible reactions
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Number of fast time scales 
homogeneous  n-hexane/air;  T(0)=600K

Explosive/Dissipative
Tigas et al C&F 2018

Ν=1118 species

K=4808 reversible reactions



Number of fast time scales
transient CH4/air flame-vortex interaction

43

Temperature

Valorani et al, C&F 2003
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No. of fast time scales Characteristic time scale

Number of fast time scales
transient CH4/air flame-vortex interaction

N=32

K=177
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No. of fast time scales Characteristic time scale

Number of fast time scales
transient CH4/air flame-vortex interaction
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The issue of transport

<latexit sha1_base64="oRLGw6/yxSvVxhP2/6VUGrh0UXI="></latexit>

dy

dt
= S1R1 + · · ·+ SKRK + L(y)

<latexit sha1_base64="I1lmUD7n0WsS2l0avlyvnOXbLEE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYiJYhbsU0TJgYxnBfEByhL3NXrJkb+/cnRPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZekEhh0HW/nY3Nre2d3cJecf/g8Oi4dHLaNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK3UofaTrwKoNS2a26C5B14uWkDDmag9JXfxizNOIKmaTG9Dw3QT+jGgWTfFbsp4YnlE3oiPcsVTTixs8W987IpVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP48GQrNGcqpJZRpYW8lbEw1ZWgjKtoQvNWX10m7VvXq1fp9rdyo5XEU4Bwu4Ao8uIYG3EETWsBAwjO8wpvz6Lw4787HsnXDyWfO4A+czx8BXo9B</latexit>⌧1
<latexit sha1_base64="EzELBiTgQ1g61biBHvHjNABt1ao=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtyliJYBGxshgvmA5Ah7m02yZG/v3J0TwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cxubW9k5+t7C3f3B4VDw+aZko0Yw3WSQj3Qmo4VIo3kSBkndizWkYSN4OJjdzv/3EtRGResBpzP2QjpQYCkbRSp1yD2nSvyv3iyW34i5A1omXkRJkaPSLX71BxJKQK2SSGtP13Bj9lGoUTPJZoZcYHlM2oSPetVTRkBs/Xdw7IxdWGZBhpG0pJAv190RKQ2OmYWA7Q4pjs+rNxf+8boLDaz8VKk6QK7ZcNEwkwYjMnycDoTlDObWEMi3srYSNqaYMbUQFG4K3+vI6aVUrXq1Su6+W6tUsjjycwTlcggdXUIdbaEATGEh4hld4cx6dF+fd+Vi25pxs5hT+wPn8ASvqj10=</latexit>⌧M

<latexit sha1_base64="UemZ7e/6TYKjvauGx58rJCSEQVM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BFtBEMpuD9VjwYsXoYL9gO5Ssmm2Dc1ml2QilKV/w4sHRbz6Z7z5b0zbPWjrg4HHezPMzAtTwTW47rdT2Njc2t4p7pb29g8Oj8rHJx2dGEVZmyYiUb2QaCa4ZG3gIFgvVYzEoWDdcHI797tPTGmeyEeYpiyIyUjyiFMCVvKrPhAzyO6vvFl1UK64NXcBvE68nFRQjtag/OUPE2piJoEKonXfc1MIMqKAU8FmJd9olhI6ISPWt1SSmOkgW9w8wxdWGeIoUbYk4IX6eyIjsdbTOLSdMYGxXvXm4n9e30B0E2RcpgaYpMtFkREYEjwPAA+5YhTE1BJCFbe3YjomilCwMZVsCN7qy+ukU695jVrjoV5p1vM4iugMnaNL5KFr1ER3qIXaiKIUPaNX9OYY58V5dz6WrQUnnzlFf+B8/gDQfpDZ</latexit>⌧M+1
<latexit sha1_base64="DE3zjc/Ztp/iFyMemlr0vedJeK0=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtCSxsTKYyEeEC9lbFtiwt3fZnTMhF/6FjYXG2Ppv7Pw3LnCFgi+Z5OW9mczMC2IpDLrut5Pb2Nza3snvFvb2Dw6PiscnLRMlmvEmi2SkOwE1XArFmyhQ8k6sOQ0DydvB5Gbut5+4NiJSDziNuR/SkRJDwSha6bHcQ5r007tZuV8suRV3AbJOvIyUIEOjX/zqDSKWhFwhk9SYrufG6KdUo2CSzwq9xPCYsgkd8a6liobc+Oni4hm5sMqADCNtSyFZqL8nUhoaMw0D2xlSHJtVby7+53UTHF77qVBxglyx5aJhIglGZP4+GQjNGcqpJZRpYW8lbEw1ZWhDKtgQvNWX10mrWvFqldp9tVSvZnHk4QzO4RI8uII63EIDmsBAwTO8wptjnBfn3flYtuacbOYU/sD5/AH10pBq</latexit>⌧N

<latexit sha1_base64="jnjweWYOfp5lGFNaBLg8ROXvLqg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYCt4Krs9VI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0cbm1vbObmGvuH9weHRcOjltG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdqUvBK4MSmWv6i2A14mfkzLkaA5KX/2homnMpKWCGNPzvcQGGdGWU8FmxX5qWELohIxYz1FJYmaCbHHtDF86ZYgjpV1Jixfq74mMxMZM49B1xsSOzao3F//zeqmNboKMyyS1TNLloigV2Co8fx0PuWbUiqkjhGrubsV0TDSh1gVUdCH4qy+vk3at6ter9ftauVHL4yjAOVzAFfhwDQ24gya0gMIjPMMrvCGFXtA7+li2bqB85gz+AH3+AFwAjks=</latexit>⌧

<latexit sha1_base64="RZ7Ca3EioYGVc60asxp/bwNLRrg="></latexit>

= a1f1 + · · ·+ aMfM + aM+1fM+1 + · · ·+ aNfN

fast slow <latexit sha1_base64="zDOPFaDLVy+8zgDYOmFa7A1ocIo="></latexit>

f i = bi · (S1R1 + · · ·+ SKRK + L(y))

<latexit sha1_base64="Mf2CblwHABrXqvxCnXQ2PaoAzRs="></latexit>

dy

dt
= aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="ZQzVdDlI+ve0Kv9sZ0KpZSvivNI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAruCpJFtVNoeDGjVDBPqBNy2QyaYdOZsLMRCihG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3niBhVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouKVEKjFpYsGE7ARIEUY5aWqqGekkkqA4YKQdjG9mfvuRSEUFf9CThPgxGnIaUYy0kQb2aTnqu7Wo79VgD4dCKxj172pOeWCXnIozB1wlbk5KIEdjYH/1QoHTmHCNGVKq6zqJ9jMkNcWMTIu9VJEE4TEakq6hHMVE+dn8gSm8MEoIIyFNcQ3n6u+JDMVKTeLAdMZIj9SyNxP/87qpjq79jPIk1YTjxaIoZVALOEsDhlQSrNnEEIQlNbdCPEISYW0yK5oQ3OWXV0nLq7jVSvXeK9W9PI4COAPn4BK44ArUwS1ogCbAYAqewSt4s56sF+vd+li0rln5zAn4A+vzB5MhlG4=</latexit>

f1 = f2 = · · · fM = 0
Reduced model:

transport
independent

chemical time scales<latexit sha1_base64="LGU3aGx0k273Q/vbJzaPME1nFdE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYiJYhbsU0TJgYxnBfEByhL3NXrJkb+/cnRPCkT9hY6GIrX/Hzn/jJrlCEx8MPN6bYWZekEhh0HW/nY3Nre2d3cJecf/g8Oi4dHLaNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK3UofaToQlUGp7FbdBcg68XJShhzNQemrP4xZGnGFTFJjep6boJ9RjYJJPiv2U8MTyiZ0xHuWKhpx42eLe2fk0ipDEsbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulGN74mVBJilyx5aIwlQRjMn+eDIXmDOXUEsq0sLcSNqaaMrQRFW0I3urL66Rdq3r1av2+Vm7U8jgKcA4XcAUeXEMD7qAJLWAg4Rle4c15dF6cd+dj2brh5DNn8AfO5w9Wdo95</latexit>⌧i
<latexit sha1_base64="sU1o0tD6OMVJH3zCzyFsfVa8YkE=">AAAB9XicbVA9TwJBEN3DL8Qv1NJmI5hYkTsKtCSxscREPhI4ydyywIa9vcvunIZc+B82Fhpj63+x89+4wBUKvmSSl/dmMjMviKUw6LrfTm5jc2t7J79b2Ns/ODwqHp+0TJRoxpsskpHuBGC4FIo3UaDknVhzCAPJ28HkZu63H7k2IlL3OI25H8JIiaFggFZ6KPcQkn6KGpSZlfvFkltxF6DrxMtIiWRo9ItfvUHEkpArZBKM6XpujH4KGgWTfFboJYbHwCYw4l1LFYTc+Oni6hm9sMqADiNtSyFdqL8nUgiNmYaB7QwBx2bVm4v/ed0Eh9d+KlScIFdsuWiYSIoRnUdAB0JzhnJqCTAt7K2UjUEDQxtUwYbgrb68TlrViler1O6qpXo1iyNPzsg5uSQeuSJ1cksapEkY0eSZvJI358l5cd6dj2VrzslmTskfOJ8/avSSbA==</latexit>⌧trans transport time scale <latexit sha1_base64="NPQmpZ17LjycWVJpziTQsFPj/A0=">AAACAnicbZDLSsNAFIYn9VbrLepK3ARbwVVJuqguC27cCBXsBZoQJtNJO3QyCTMnQgnBja/ixoUibn0Kd76N0zYLbf1h4OM/53Dm/EHCmQLb/jZKa+sbm1vl7crO7t7+gXl41FVxKgntkJjHsh9gRTkTtAMMOO0nkuIo4LQXTK5n9d4DlYrF4h6mCfUiPBIsZASDtnzzpOYCTv3sNnc5XyBILFRe882qXbfnslbBKaCKCrV988sdxiSNqADCsVIDx07Ay7AERjjNK26qaILJBI/oQKPAEVVeNj8ht861M7TCWOonwJq7vycyHCk1jQLdGWEYq+XazPyvNkghvPIyJpIUqCCLRWHKLYitWR7WkElKgE81YCKZ/qtFxlhiAjq1ig7BWT55FbqNutOsN+8a1VajiKOMTtEZukAOukQtdIPaqIMIekTP6BW9GU/Gi/FufCxaS0Yxc4z+yPj8AZz/l4k=</latexit>

⌧M ⌧ ⌧trans

<latexit sha1_base64="xE9AI0lG743SsUduSq5qmP3wzDg=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTPYCoJQkoKXZcGNm0IFe4EmhMl02g6dXJg5EUrswldx40IRt76GO9/GaZqFtv4w8PGfczhnfj8WXIFlfRuFldW19Y3iZmlre2d3z9w/aKsokZS1aCQi2fWJYoKHrAUcBOvGkpHAF6zjj29m9c4Dk4pH4T1MYuYGZBjyAacEtOWZRxUHSOI1HCFwRmnj3J5WPLNsVa1MeBnsHMooV9Mzv5x+RJOAhUAFUapnWzG4KZHAqWDTkpMoFhM6JkPW0xiSgCk3ze6f4lPt9PEgkvqFgDP390RKAqUmga87AwIjtVibmf/VegkMrt2Uh3ECLKTzRYNEYIjwLAzc55JREBMNhEqub8V0RCShoCMr6RDsxS8vQ7tWtS+rF3e1cr2Wx1FEx+gEnSEbXaE6ukVN1EIUPaJn9IrejCfjxXg3PuatBSOfOUR/ZHz+AH4alRM=</latexit>

ωM → ωM+1

<latexit sha1_base64="unM0o6DhbY/qdlRwHTSgWHeVS74="></latexit>

f i = bi · (S1R1 + · · ·+ SKRK) + bi · L(y) i=1,M
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1. Computational Singular Perturbation  (CSP)

2. Intrinsic Low-Dimensional Manifolds  (ILDM)

3. Reaction Diffusion Manifolds  (REDIM)

4. In Situ Adaptive Tabulation  (ISAT)

CSP:       Proc. Combust. Inst., 22:931-941 (1988),  Int. J. Chem. Kinet., 26:461-486 (1994)

ILDM:     Proc. Combust. Inst., 24:103-112 (1992), Proc. Combust. Inst., 25:1349-1356 (1994)

REDIM:  Proc. Combust. Inst., 31:465-472 (2007), Proc. Combust. Inst., 34:197-203 (2013)

ISAT:      Combust. Theory Model., 1:41-63 (1997),  J. Comp. Phys., 228:361-386 (2009)

Various extensions of CSP; ILDM, REDIM, ISAT
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ILDM

<latexit sha1_base64="oRLGw6/yxSvVxhP2/6VUGrh0UXI="></latexit>

dy

dt
= S1R1 + · · ·+ SKRK + L(y)

<latexit sha1_base64="RZ7Ca3EioYGVc60asxp/bwNLRrg="></latexit>

= a1f1 + · · ·+ aMfM + aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="Mf2CblwHABrXqvxCnXQ2PaoAzRs="></latexit>

dy

dt
= aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="ZQzVdDlI+ve0Kv9sZ0KpZSvivNI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAruCpJFtVNoeDGjVDBPqBNy2QyaYdOZsLMRCihG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3niBhVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouKVEKjFpYsGE7ARIEUY5aWqqGekkkqA4YKQdjG9mfvuRSEUFf9CThPgxGnIaUYy0kQb2aTnqu7Wo79VgD4dCKxj172pOeWCXnIozB1wlbk5KIEdjYH/1QoHTmHCNGVKq6zqJ9jMkNcWMTIu9VJEE4TEakq6hHMVE+dn8gSm8MEoIIyFNcQ3n6u+JDMVKTeLAdMZIj9SyNxP/87qpjq79jPIk1YTjxaIoZVALOEsDhlQSrNnEEIQlNbdCPEISYW0yK5oQ3OWXV0nLq7jVSvXeK9W9PI4COAPn4BK44ArUwS1ogCbAYAqewSt4s56sF+vd+li0rln5zAn4A+vzB5MhlG4=</latexit>

f1 = f2 = · · · fM = 0

Reduced model:

Full model:

<latexit sha1_base64="zDOPFaDLVy+8zgDYOmFa7A1ocIo="></latexit>

f i = bi · (S1R1 + · · ·+ SKRK + L(y))

1. Use right and left eigenvectors for ai and bi

2. Parametrize variables yf=h(ys)

3. Tabulate fi=0 (i=1,M) relations

4. Gov. equations for the N-M slow variables only

Maas and Pope, Proc. CI, 1994Speed up by O(10)Major drawback:  M=fixed

<latexit sha1_base64="D2ui6hCW7md3q4tLZRYerc5GB34=">AAACDHicbVDLSsNAFJ3UV62vqks3g61QNyUp+NgIBTcuXFSwD2himUwm7dBJJsxMhBLyAW78FTcuFHHrB7jzb5y0EbT1wMDhnHOZe48bMSqVaX4ZhaXlldW14nppY3Nre6e8u9eRPBaYtDFnXPRcJAmjIWkrqhjpRYKgwGWk644vM797T4SkPLxVk4g4ARqG1KcYKS0NypVqzQ6QGrl+4qZ3FNrY4wr+SNfphXlc1Smzbk4BF4mVkwrI0RqUP22P4zggocIMSdm3zEg5CRKKYkbSkh1LEiE8RkPS1zREAZFOMj0mhUda8aDPhX6hglP190SCAikngauT2ZZy3svE/7x+rPxzJ6FhFCsS4tlHfsyg4jBrBnpUEKzYRBOEBdW7QjxCAmGl+yvpEqz5kxdJp1G3TusnN41Ks5HXUQQH4BDUgAXOQBNcgRZoAwwewBN4Aa/Go/FsvBnvs2jByGf2wR8YH98PbppO</latexit>

(bi · L = 0)
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REDIM

<latexit sha1_base64="oRLGw6/yxSvVxhP2/6VUGrh0UXI="></latexit>

dy

dt
= S1R1 + · · ·+ SKRK + L(y)

<latexit sha1_base64="RZ7Ca3EioYGVc60asxp/bwNLRrg="></latexit>

= a1f1 + · · ·+ aMfM + aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="Mf2CblwHABrXqvxCnXQ2PaoAzRs="></latexit>

dy

dt
= aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="ZQzVdDlI+ve0Kv9sZ0KpZSvivNI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAruCpJFtVNoeDGjVDBPqBNy2QyaYdOZsLMRCihG3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3niBhVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouKVEKjFpYsGE7ARIEUY5aWqqGekkkqA4YKQdjG9mfvuRSEUFf9CThPgxGnIaUYy0kQb2aTnqu7Wo79VgD4dCKxj172pOeWCXnIozB1wlbk5KIEdjYH/1QoHTmHCNGVKq6zqJ9jMkNcWMTIu9VJEE4TEakq6hHMVE+dn8gSm8MEoIIyFNcQ3n6u+JDMVKTeLAdMZIj9SyNxP/87qpjq79jPIk1YTjxaIoZVALOEsDhlQSrNnEEIQlNbdCPEISYW0yK5oQ3OWXV0nLq7jVSvXeK9W9PI4COAPn4BK44ArUwS1ogCbAYAqewSt4s56sF+vd+li0rln5zAn4A+vzB5MhlG4=</latexit>

f1 = f2 = · · · fM = 0

Reduced model:

Full model:

<latexit sha1_base64="zDOPFaDLVy+8zgDYOmFa7A1ocIo="></latexit>

f i = bi · (S1R1 + · · ·+ SKRK + L(y))

<latexit sha1_base64="D2ui6hCW7md3q4tLZRYerc5GB34=">AAACDHicbVDLSsNAFJ3UV62vqks3g61QNyUp+NgIBTcuXFSwD2himUwm7dBJJsxMhBLyAW78FTcuFHHrB7jzb5y0EbT1wMDhnHOZe48bMSqVaX4ZhaXlldW14nppY3Nre6e8u9eRPBaYtDFnXPRcJAmjIWkrqhjpRYKgwGWk644vM797T4SkPLxVk4g4ARqG1KcYKS0NypVqzQ6QGrl+4qZ3FNrY4wr+SNfphXlc1Smzbk4BF4mVkwrI0RqUP22P4zggocIMSdm3zEg5CRKKYkbSkh1LEiE8RkPS1zREAZFOMj0mhUda8aDPhX6hglP190SCAikngauT2ZZy3svE/7x+rPxzJ6FhFCsS4tlHfsyg4jBrBnpUEKzYRBOEBdW7QjxCAmGl+yvpEqz5kxdJp1G3TusnN41Ks5HXUQQH4BDUgAXOQBNcgRZoAwwewBN4Aa/Go/FsvBnvs2jByGf2wR8YH98PbppO</latexit>

(bi · L = 0)

Issues to address:

1. x

2. Low temp domain

<latexit sha1_base64="5bHnScth2XpAgi05G3gGfBye674=">AAACDnicbVDLSsNAFJ3UV62vqEs3g23BVUkKPpYFNy5cVLAPaGKZTCbt0MkkzEyEEvIFbvwVNy4UcevanX/jpI2grQcuHM65l3vv8WJGpbKsL6O0srq2vlHerGxt7+zumfsHXRklApMOjlgk+h6ShFFOOooqRvqxICj0GOl5k8vc790TIWnEb9U0Jm6IRpwGFCOlpaFZrzkhUmMvSL3sjkIH+5GCP9J1Bh1OoFUbmlWrYc0Al4ldkCoo0B6an44f4SQkXGGGpBzYVqzcFAlFMSNZxUkkiRGeoBEZaMpRSKSbzt7JYF0rPgwioYsrOFN/T6QolHIaerozP1Quern4nzdIVHDhppTHiSIczxcFCYMqgnk20KeCYMWmmiAsqL4V4jESCCudYEWHYC++vEy6zYZ91ji9aVZbzSKOMjgCx+AE2OActMAVaIMOwOABPIEX8Go8Gs/Gm/E+by0Zxcwh+APj4xvQqZtD</latexit>

bi · L →= 0

syngas/air

Bykov and Maas
CTM 2007
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ISAT

1 interpolation:  2DD = 104 op.

Main obstacle 
in tabulation:

Pope, CST 1997Speed up by O(103)

D=10 degrees of freedom
10 nodes in each direction

10DD = 1011 storage nodes

realizable
vs

accessed
region accessed region:

low-dim. manifold

Table on accessed region:
Build up during the reactive 
flow calculation

Extrapolation when inside of EOA
Integration when outside of EOA
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CSP Diagnostics

<latexit sha1_base64="iR4CZ8FfCnLuDGkZZfQGBcpX/Zw=">AAAB/nicdVDLSgMxFM3UV62vUXHlJtgKrspMheqy4MZlBfuAzjBkMpk2NJMMSUYoQ8FfceNCEbd+hzv/xkxbob4OhBzOuZd7OGHKqNKO82GVVlbX1jfKm5Wt7Z3dPXv/oKtEJjHpYMGE7IdIEUY56WiqGemnkqAkZKQXjq8Kv3dHpKKC3+pJSvwEDTmNKUbaSIF9VPNCwSI1ScznIZaOUHBeC+yqW3dmgM4v8mVVwQLtwH73IoGzhHCNGVJq4Dqp9nMkNcWMTCtepkiK8BgNycBQjhKi/HwWfwpPjRLBWEjzuIYzdXkjR4kqAprJBOmR+ukV4l/eINPxpZ9TnmaacDw/FGcMagGLLmBEJcGaTQxBWFKTFeIRkghr01hluYT/SbdRd5v15k2j2mos6iiDY3ACzoALLkALXIM26AAMcvAAnsCzdW89Wi/W63y0ZC12DsE3WG+fsqyVRg==</latexit>↵3

<latexit sha1_base64="eW5z2kAzZL/am7VU2rQzjZSlLEE=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUmyqC4LblxWsA9oQphMJu3QyUyYmQglFPwVNy4Ucet3uPNvnLQV6uvAMIdz7uUeTpQxqrTjfFgrq2vrG5uVrer2zu7evn1w2FUil5h0sGBC9iOkCKOcdDTVjPQzSVAaMdKLxlel37sjUlHBb/UkI0GKhpwmFCNtpNA+rvuRYLGapObzEctGKPTqoV1zG84M0PlFvqwaWKAd2u9+LHCeEq4xQ0oNXCfTQYGkppiRadXPFckQHqMhGRjKUUpUUMziT+GZUWKYCGke13CmLm8UKFVlQDOZIj1SP71S/Msb5Dq5DArKs1wTjueHkpxBLWDZBYypJFiziSEIS2qyQjxCEmFtGqsul/A/6XoNt9lo3ni1lreoowJOwCk4By64AC1wDdqgAzAowAN4As/WvfVovViv89EVa7FzBL7BevsEsSeVRQ==</latexit>↵2

<latexit sha1_base64="jinTPFpsUGxWab6B2KfcB6/Oz6E=">AAAB/nicdVDLSsNAFJ34rPUVFVdugq3gqiRdVJcFNy4r2Ae0IdxMJu3QyUyYmQglFPwVNy4Ucet3uPNvnLQV6uvAMIdz7uUeTpgyqrTrflgrq2vrG5ulrfL2zu7evn1w2FEik5i0sWBC9kJQhFFO2ppqRnqpJJCEjHTD8VXhd++IVFTwWz1JiZ/AkNOYYtBGCuzj6iAULFKTxHwDYOkIAq8a2BWv5s7guL/Il1VBC7QC+30QCZwlhGvMQKm+56baz0FqihmZlgeZIingMQxJ31AOCVF+Pos/dc6MEjmxkOZx7czU5Y0cElUENJMJ6JH66RXiX14/0/Gln1OeZppwPD8UZ8zRwim6cCIqCdZsYghgSU1WB49AAtamsfJyCf+TTr3mNWqNm3qlWV/UUUIn6BSdIw9doCa6Ri3URhjl6AE9oWfr3nq0XqzX+eiKtdg5Qt9gvX0Cr6KVRA==</latexit>↵1

<latexit sha1_base64="ZJzE0Vw01bvudkQ83vZfGXvBApU=">AAAB9XicbVC7TsMwFL0pr1JeBUYWixaJqUo6FMZKLIxFog+pDZXjOq1Vx4lsBxRF/Q8WBhBi5V/Y+BucNAO0HMnS0Tn36h4fL+JMadv+tkobm1vbO+Xdyt7+weFR9fikp8JYEtolIQ/lwMOKciZoVzPN6SCSFAcep31vfpP5/UcqFQvFvU4i6gZ4KpjPCNZGeqiPAqxnnp8mi7FTH1drdsPOgdaJU5AaFOiMq1+jSUjigApNOFZq6NiRdlMsNSOcLiqjWNEIkzme0qGhAgdUuWmeeoEujDJBfijNExrl6u+NFAdKJYFnJrOQatXLxP+8Yaz9azdlIoo1FWR5yI850iHKKkATJinRPDEEE8lMVkRmWGKiTVEVU4Kz+uV10ms2nFajddestZtFHWU4g3O4BAeuoA230IEuEJDwDK/wZj1ZL9a79bEcLVnFzin8gfX5A+fCkhY=</latexit>y1

<latexit sha1_base64="VFXCzDjgFlnwDKt+IxjY9l4t1QM=">AAAB9XicbVC7TsMwFL0pr1JeBUYWixaJqUoyFMZKLIxFog+pDZXjOq1Vx4lsBxRF/Q8WBhBi5V/Y+BucNgO0HMnS0Tn36h4fP+ZMadv+tkobm1vbO+Xdyt7+weFR9fikq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/dpP7vUcqFYvEvU5j6oV4IljACNZGeqgPQ6ynfpCl85FbH1VrdsNeAK0TpyA1KNAeVb+G44gkIRWacKzUwLFj7WVYakY4nVeGiaIxJjM8oQNDBQ6p8rJF6jm6MMoYBZE0T2i0UH9vZDhUKg19M5mHVKteLv7nDRIdXHsZE3GiqSDLQ0HCkY5QXgEaM0mJ5qkhmEhmsiIyxRITbYqqmBKc1S+vk67bcJqN5p1ba7lFHWU4g3O4BAeuoAW30IYOEJDwDK/wZj1ZL9a79bEcLVnFzin8gfX5A+lHkhc=</latexit>y2

<latexit sha1_base64="po7RFEbss5TMdVXqhh6Qb8GqBR4=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaqC4LblxWsA9oY5lMJ+3QySTMTJQQ+h9uXCji1n9x5984abPQ1gMDh3Pu5Z45XsSZ0rb9bRU2Nre2d4q7pb39g8Oj8vFJV4WxJLRDQh7KvocV5UzQjmaa034kKQ48Tnve7Cbze49UKhaKe51E1A3wRDCfEayN9FAdBlhPPT9N5qNGdVSu2DV7AbROnJxUIEd7VP4ajkMSB1RowrFSA8eOtJtiqRnhdF4axopGmMzwhA4MFTigyk0Xqefowihj5IfSPKHRQv29keJAqSTwzGQWUq16mfifN4i1f+2mTESxpoIsD/kxRzpEWQVozCQlmieGYCKZyYrIFEtMtCmqZEpwVr+8Trr1mtOsNe/qlVY9r6MIZ3AOl+DAFbTgFtrQAQISnuEV3qwn68V6tz6WowUr3zmFP7A+fwDqzJIY</latexit>y3

Which variables (species) relate the 
most to the evolution of the system ?
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y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

: slow variable

y2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1
<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2
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y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

: slow variabley2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1

<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2

CSP Diagnostics: fast – slow variables

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2



y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

: slow variable

: slow variabley2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1
<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1

<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2
<latexit sha1_base64="TPUN7YslYZxPJSQ/2Ivg3jMJr4E=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAf16qBccWp2DmT/Il9WBeZoDsrv/WFI4oAKTThWqufYkXZTLDUjnE5L/VjRCJMJHtGeoQIHVLlpnnqKjowyRH4ozQiNcnXxIsWBUkngmc0spPrpZeJfXi/W/rmbMhHFmgoye+THHOkQZRWgIZOUaJ4YgolkJisiYywx0aao0mIJ/5N2veac1k6u65XGxbyOIhzAIRyDA2fQgCtoQgsISHiAJ3i27q1H68V6na0WrPnNPnyD9fYJ7N2SHw==</latexit>y2

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

<latexit sha1_base64="/Bc3yxIf3R6w9pd4skZywewAxQ0=">AAAB9XicdVDLSsNAFL2pr1pfVZduBlvBVUkKPnBVcOOygn1AG8tkOmmHTiZhZqKE0P9w40IRt/6LO//GSVqhvg5cOJxzL/dwvIgzpW37wyosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yWXmd+6oVCwUNzqJqBvgkWA+I1gb6bbaD7Aee36aTAdOdVCuODU7B7J/kS+rAnM0B+X3/jAkcUCFJhwr1XPsSLsplpoRTqelfqxohMkEj2jPUIEDqtw0Tz1FR0YZIj+UZoRGubp4keJAqSTwzGYWUv30MvEvrxdr/9xNmYhiTQWZPfJjjnSIsgrQkElKNE8MwUQykxWRMZaYaFNUabGE/0m7XnNOayfX9UrjYl5HEQ7gEI7BgTNowBU0oQUEJDzAEzxb99aj9WK9zlYL1vxmH77BevsE61iSHg==</latexit>y1

54

CSP Diagnostics: fast – slow variables

CSP Pointer
<latexit sha1_base64="lDuCFWfHddUV4roTqVCR29kBMhc="></latexit>

D1 =

[
a11b

1
1

a21b
1
2

]

<latexit sha1_base64="wHTzzRha6yjoBopWZ9vKO9Acc2w="></latexit>

a1 =

[
a11

a21

]

<latexit sha1_base64="8dohnN2OBZXoMMbjaZgc6Bp2Sx0=">AAACI3icbVDLSgMxFM34rPVVdekmWBVXZWbAB4JQcONSwT6gM5YkvVODmcyQZMQy9F/c+CtuXCjixoX/YtoO4utAuIdz7uXmHpoKro3rvjtT0zOzc/OlhfLi0vLKamVtvamTTDFosEQkqk2JBsElNAw3AtqpAhJTAS16czryW7egNE/kpRmkEMakL3nEGTFW6laOt4OYmGsa5XR45Z0EFPpc5tRqit8NMe16Vx7etdW3NQDZ+/K2u5WqW3PHwH+JV5AqKnDerbwGvYRlMUjDBNG647mpCXOiDGcChuUg05ASdkP60LFUkhh0mI9vHOIdq/RwlCj7pMFj9ftETmKtBzG1naOD9G9vJP7ndTITHYU5l2lmQLLJoigT2CR4FBjucQXMiIElhClu/4rZNVGEGRtr2Ybg/T75L2n6Ne+gtn/hV+t+EUcJbaIttIc8dIjq6AydowZi6B49omf04jw4T86r8zZpnXKKmQ30A87HJ6w0o54=</latexit>

b1 =
[
b11 b12

]

<latexit sha1_base64="SY9oYIy7b1pjss0yZfq4yKUGLk8=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q1vBVckUfGyEghuXFewD2hgmk0k7dPJgZiKUkL0bf8WNC0Xc+gPu/BsnbQRtPXDhcM693HuPG3MmlWV9GaWV1bX1jfJmZWt7Z3fP3D/oyigRhHZIxCPRd7GknIW0o5jitB8LigOX0547ucr93j0VkkXhrZrG1A7wKGQ+I1hpyTGr9WGA1dj1Uze7Q0PiRQr+KDhz0CWqO2bNalgzwGWCClIDBdqO+Tn0IpIENFSEYykHyIqVnWKhGOE0qwwTSWNMJnhEB5qGOKDSTme/ZPBYKx70I6ErVHCm/p5IcSDlNHB1Z36mXPRy8T9vkCj/wk5ZGCeKhmS+yE84VBHMg4EeE5QoPtUEE8H0rZCMscBE6fgqOgS0+PIy6TYb6KxxetOstZpFHGVwBKrgBCBwDlrgGrRBBxDwAJ7AC3g1Ho1n4814n7eWjGLmEPyB8fEN4VqaQQ==</latexit>

b1 · a1 = 1

<latexit sha1_base64="ItT5P2YPP/+oGfekZ/Kt7FzPwQI=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAm2giCUyYCXjVBw47KCvUA7HTJppg3NZIYkI5RS3Pgqblwo4tancOfbmGlnodUDCR//fw7J+YOEM6Ud58sqLC2vrK4V10sbm1vbO/buXlPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bweg681v3VCoWizs9TqgX4YFgISNYG8m3Dyq4h3wUZNcp7rlzdK9QxbfLTtWZFfwLKIcyyKvu25/dfkzSiApNOFaqg5xEexMsNSOcTkvdVNEEkxEe0I5BgSOqvMlshSk8NkofhrE0R2g4U39OTHCk1DgKTGeE9VAtepn4n9dJdXjpTZhIUk0FmT8UphzqGGZ5wD6TlGg+NoCJZOavkAyxxESb1EomBLS48l9oulV0Xj27dcs1N4+jCA7BETgBCFyAGrgBddAABDyAJ/ACXq1H69l6s97nrQUrn9kHv8r6+AboXpSC</latexit>

a11b
1
1 + a21b

1
2 = 1

Manias et al, CNSNS 2025

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2
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CSP Diagnostics

<latexit sha1_base64="iR4CZ8FfCnLuDGkZZfQGBcpX/Zw=">AAAB/nicdVDLSgMxFM3UV62vUXHlJtgKrspMheqy4MZlBfuAzjBkMpk2NJMMSUYoQ8FfceNCEbd+hzv/xkxbob4OhBzOuZd7OGHKqNKO82GVVlbX1jfKm5Wt7Z3dPXv/oKtEJjHpYMGE7IdIEUY56WiqGemnkqAkZKQXjq8Kv3dHpKKC3+pJSvwEDTmNKUbaSIF9VPNCwSI1ScznIZaOUHBeC+yqW3dmgM4v8mVVwQLtwH73IoGzhHCNGVJq4Dqp9nMkNcWMTCtepkiK8BgNycBQjhKi/HwWfwpPjRLBWEjzuIYzdXkjR4kqAprJBOmR+ukV4l/eINPxpZ9TnmaacDw/FGcMagGLLmBEJcGaTQxBWFKTFeIRkghr01hluYT/SbdRd5v15k2j2mos6iiDY3ACzoALLkALXIM26AAMcvAAnsCzdW89Wi/W63y0ZC12DsE3WG+fsqyVRg==</latexit>↵3

<latexit sha1_base64="eW5z2kAzZL/am7VU2rQzjZSlLEE=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUmyqC4LblxWsA9oQphMJu3QyUyYmQglFPwVNy4Ucet3uPNvnLQV6uvAMIdz7uUeTpQxqrTjfFgrq2vrG5uVrer2zu7evn1w2FUil5h0sGBC9iOkCKOcdDTVjPQzSVAaMdKLxlel37sjUlHBb/UkI0GKhpwmFCNtpNA+rvuRYLGapObzEctGKPTqoV1zG84M0PlFvqwaWKAd2u9+LHCeEq4xQ0oNXCfTQYGkppiRadXPFckQHqMhGRjKUUpUUMziT+GZUWKYCGke13CmLm8UKFVlQDOZIj1SP71S/Msb5Dq5DArKs1wTjueHkpxBLWDZBYypJFiziSEIS2qyQjxCEmFtGqsul/A/6XoNt9lo3ni1lreoowJOwCk4By64AC1wDdqgAzAowAN4As/WvfVovViv89EVa7FzBL7BevsEsSeVRQ==</latexit>↵2

<latexit sha1_base64="jinTPFpsUGxWab6B2KfcB6/Oz6E=">AAAB/nicdVDLSsNAFJ34rPUVFVdugq3gqiRdVJcFNy4r2Ae0IdxMJu3QyUyYmQglFPwVNy4Ucet3uPNvnLQV6uvAMIdz7uUeTpgyqrTrflgrq2vrG5ulrfL2zu7evn1w2FEik5i0sWBC9kJQhFFO2ppqRnqpJJCEjHTD8VXhd++IVFTwWz1JiZ/AkNOYYtBGCuzj6iAULFKTxHwDYOkIAq8a2BWv5s7guL/Il1VBC7QC+30QCZwlhGvMQKm+56baz0FqihmZlgeZIingMQxJ31AOCVF+Pos/dc6MEjmxkOZx7czU5Y0cElUENJMJ6JH66RXiX14/0/Gln1OeZppwPD8UZ8zRwim6cCIqCdZsYghgSU1WB49AAtamsfJyCf+TTr3mNWqNm3qlWV/UUUIn6BSdIw9doCa6Ri3URhjl6AE9oWfr3nq0XqzX+eiKtdg5Qt9gvX0Cr6KVRA==</latexit>↵1

<latexit sha1_base64="L8BhUwenJxYJAJcXdrAIF7aMOWY=">AAAB+nicdVBLS8NAGNz4rPWV6tHLYit4CkmLqb0VvHisaB/QhrDZbNqlmwe7G6XE/hQvHhTx6i/x5r9x00ZQ0YFlh5nvY2fHSxgV0jQ/tJXVtfWNzdJWeXtnd29frxz0RJxyTLo4ZjEfeEgQRiPSlVQyMkg4QaHHSN+bXuR+/5ZwQePoRs4S4oRoHNGAYiSV5OqV2siLmS9mobrgtWvVXL1qGpZp240WNA1zAUVaZ82GZUOrUKqgQMfV30d+jNOQRBIzJMTQMhPpZIhLihmZl0epIAnCUzQmQ0UjFBLhZIvoc3iiFB8GMVcnknChft/IUCjycGoyRHIifnu5+Jc3TGVw7mQ0SlJJIrx8KEgZlDHMe4A+5QRLNlMEYU5VVogniCMsVVtlVcLXT+H/pFc3LNuwr+rVdr2oowSOwDE4BRZogja4BB3QBRjcgQfwBJ61e+1Re9Fel6MrWrFzCH5Ae/sEXYmTZA==</latexit>

S1

<latexit sha1_base64="ex+2JGV2GGbt8eMXqB4Xukor9TA=">AAAB+nicdVDNSsNAGNzUv1r/Uj16WWwFTyWJUu2t4MVjRVsLbQibzaZdusmG3Y1SYh/FiwdFvPok3nwbN23FKjqw7DDzfXzD+AmjUlnWh1FYWl5ZXSuulzY2t7Z3zPJuR/JUYNLGnHHR9ZEkjMakrahipJsIgiKfkRt/dJ77N7dESMrjazVOiBuhQUxDipHSkmeWq32fs0COI/3BK8+pembFrllTQOubNOzGiXMMv6wKmKPlme/9gOM0IrHCDEnZs61EuRkSimJGJqV+KkmC8AgNSE/TGEVEutk0+gQeaiWAIRf6xQpO1cWNDEUyD6cnI6SG8reXi395vVSFZ25G4yRVJMazQ2HKoOIw7wEGVBCs2FgThAXVWSEeIoGw0m2VFkv4n3Scml2v1S+dStOZ11EE++AAHAEbnIImuAAt0AYY3IEH8ASejXvj0XgxXmejBWO+swd+wHj7BDdbk0o=</latexit>

S2

<latexit sha1_base64="Z0Hx7JZkuq9uiCqKayAlDN71OCQ=">AAAB+nicdVBLS8NAGNz4rPWV6tHLYit4CkmDbb0VvHisaB/QhrDZbNqlmwe7G6XE/hQvHhTx6i/x5r9x00ZQ0YFlh5nvY2fHSxgV0jQ/tJXVtfWNzdJWeXtnd29frxz0RJxyTLo4ZjEfeEgQRiPSlVQyMkg4QaHHSN+bXuR+/5ZwQePoRs4S4oRoHNGAYiSV5OqV2siLmS9mobrgtWvXXL1qGuYC0DRaZqPebCpybttnLRtahVUFBTqu/j7yY5yGJJKYISGGlplIJ0NcUszIvDxKBUkQnqIxGSoaoZAIJ1tEn8MTpfgwiLk6kYQL9ftGhkKRh1OTIZIT8dvLxb+8YSqDlpPRKEklifDyoSBlUMYw7wH6lBMs2UwRhDlVWSGeII6wVG2VVQlfP4X/k17dsBpG46pebdeLOkrgCByDU2CBJmiDS9ABXYDBHXgAT+BZu9cetRftdTm6ohU7h+AHtLdPZviTaw==</latexit>

S3 <latexit sha1_base64="Q7NCX9NDOIEnJurqbVIwskVMBcQ=">AAAB+nicbVDNS8MwHE3n15xfnR69BDfBU2nH2HYcePE40X3AVkqapltYmpYkVUbdn+LFgyJe/Uu8+d+YbUV0+iDk8d7vR16enzAqlW1/GoWNza3tneJuaW//4PDILB/3ZJwKTLo4ZrEY+EgSRjnpKqoYGSSCoMhnpO9PLxd+/44ISWN+q2YJcSM05jSkGCkteWa5OvJjFshZpC9449WrnlmxLXsJaFutetN2WvBbcXJSATk6nvkxCmKcRoQrzJCUQ8dOlJshoShmZF4apZIkCE/RmAw15Sgi0s2W0efwXCsBDGOhD1dwqf7cyFAkF+H0ZITURK57C/E/b5iqsOVmlCepIhyvHgpTBlUMFz3AgAqCFZtpgrCgOivEEyQQVrqtki7BWf/yX9KrWU7DalzXKu1aXkcRnIIzcAEc0ARtcAU6oAswuAeP4Bm8GA/Gk/FqvK1GC0a+cwJ+wXj/AjnZk0s=</latexit>

S4

<latexit sha1_base64="qAm9ppmR/lgsvNYyZS2ckXb212o=">AAAB+nicbVA7T8MwGHTKq5RXCyOLRYvEFCUlfW2VWBiLoA+prSLHcVqrjhPZDqgq/SksDCDEyi9h49/gtB2gcJLl0933yefzYkalsqwvI7OxubW9k93N7e0fHB7lC8cdGSUCkzaOWCR6HpKEUU7aiipGerEgKPQY6XqTq9Tv3hMhacTv1DQmwxCNOA0oRkpLbr5QGngR8+U01Be8dSslN1+0zHqlUa9dQst0HKfRcDSxFoD2ihTBCi03/znwI5yEhCvMkJR924rVcIaEopiReW6QSBIjPEEj0teUo5DI4WwRfQ7PteLDIBL6cAUX6s+NGQplGk5PhkiN5bqXiv95/UQF9eGM8jhRhOPlQ0HCoIpg2gP0qSBYsakmCAuqs0I8RgJhpdvK6RLs9S//JZ2yaVfN6k252Cyv6siCU3AGLoANaqAJrkELtAEGD+AJvIBX49F4Nt6M9+VoxljtnIBfMD6+AX9Rk3o=</latexit>

S5

Which precesses (reactions, transport)

drive the system ?
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CSP Diagnostics: fast – slow reactions

dy

dt
= S1R1 + · · ·+ SKRK

<latexit sha1_base64="R3bMM0AftHsHdOmY2krGMQYQJ0w="></latexit>

dy

dt
= a1f1 + · · ·+ aNfN

<latexit sha1_base64="LFa6FwxqH199Z4do8gBTNmH/Dr8="></latexit>

fn = (bn.S1)R1 + · · ·+ (bn.SK)RK
<latexit sha1_base64="NGMEXjHuA/yHOyi17XQQmLQLZjw="></latexit>

bi.aj = �ij
<latexit sha1_base64="cYmK/WtZYcAViKkjrDO0QPSdeBE=">AAACD3icbVDLSsNAFJ3UV62vqEs3wVZxFZKK6EYounFZwT6gScNkMmmnnTyYmQgl5A/c+CtuXCji1q07/8ZJG0FbDwycOede7r3HjSnhwjC+lNLS8srqWnm9srG5tb2j7u61eZQwhFsoohHrupBjSkLcEkRQ3I0ZhoFLcccdX+d+5x4zTqLwTkxibAdwEBKfICik5KjHNSuAYuj6qZv1if7zgZkzurQ8TAXsE2dUc9SqoRtTaIvELEgVFGg66qflRSgJcCgQhZz3TCMWdgqZIIjirGIlHMcQjeEA9yQNYYC5nU7vybQjqXiaHzH5QqFN1d8dKQw4nwSurMz35fNeLv7n9RLhX9gpCeNE4BDNBvkJ1USk5eFoHmEYCTqRBCJG5K4aGkIGkZARVmQI5vzJi6Rd181T/ey2Xm1cFXGUwQE4BCfABOegAW5AE7QAAg/gCbyAV+VReVbelPdZaUkpevbBHygf3xx0nLQ=</latexit>

dy

dt
⇡ aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="8oUBoIjoIH7okgnltXYRhYAPzNY="></latexit>

f1, · · · , fM ⇡ 0
<latexit sha1_base64="eS1iepB1dFVo83GIr16k+eB6QxI=">AAACBHicbVDLSsNAFJ3UV62vqMtuBlvBRSlJRXRZdONGqGAf0KRlMpm0QyeZMDMRS+jCjb/ixoUibv0Id/6N0zYLbT1w4XDOvdx7jxczKpVlfRu5ldW19Y38ZmFre2d3z9w/aEmeCEyamDMuOh6ShNGINBVVjHRiQVDoMdL2RldTv31PhKQ8ulPjmLghGkQ0oBgpLfXNYjno2RXoYJ8rWYFB78ZBcSz4A7TKfbNkVa0Z4DKxM1ICGRp988vxOU5CEinMkJRd24qVmyKhKGZkUnASSWKER2hAuppGKCTSTWdPTOCxVnwYcKErUnCm/p5IUSjlOPR0Z4jUUC56U/E/r5uo4MJNaRQnikR4vihIGFQcThOBPhUEKzbWBGFB9a0QD5FAWOncCjoEe/HlZdKqVe3T6tltrVS/zOLIgyI4AifABuegDq5BAzQBBo/gGbyCN+PJeDHejY95a87IZg7BHxifP/WzlmM=</latexit>

y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

y2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

Sn
<latexit sha1_base64="+AfVlW5p0gdQZVrbjc6qfgdaOek=">AAAB9XicbVDLTgIxFL2DL8QX6tJNI5i4IjMQo0uiG5cY5ZHAQDqlAw2dzqTtaMiE/3DjQmPc+i/u/Bs7MAsFT9Lk5Jx7c0+PF3GmtG1/W7m19Y3Nrfx2YWd3b/+geHjUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3uUn99iOVioXiQU8j6gZ4JJjPCNZG6pd7AdZjz0/uZ31RHhRLdsWeA60SJyMlyNAYFL96w5DEARWacKxU17Ej7SZYakY4nRV6saIRJhM8ol1DBQ6ocpN56hk6M8oQ+aE0T2g0V39vJDhQahp4ZjINqZa9VPzP68bav3ITJqJYU0EWh/yYIx2itAI0ZJISzaeGYCKZyYrIGEtMtCmqYEpwlr+8SlrVilOrXNxVS/XrrI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYjOasbOcY/sD6/AEMTpI4</latexit>

fast reaction

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1
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dy

dt
= S1R1 + · · ·+ SKRK

<latexit sha1_base64="R3bMM0AftHsHdOmY2krGMQYQJ0w="></latexit>

dy

dt
= a1f1 + · · ·+ aNfN

<latexit sha1_base64="LFa6FwxqH199Z4do8gBTNmH/Dr8="></latexit>

fn = (bn.S1)R1 + · · ·+ (bn.SK)RK
<latexit sha1_base64="NGMEXjHuA/yHOyi17XQQmLQLZjw="></latexit>

bi.aj = �ij
<latexit sha1_base64="cYmK/WtZYcAViKkjrDO0QPSdeBE=">AAACD3icbVDLSsNAFJ3UV62vqEs3wVZxFZKK6EYounFZwT6gScNkMmmnnTyYmQgl5A/c+CtuXCji1q07/8ZJG0FbDwycOede7r3HjSnhwjC+lNLS8srqWnm9srG5tb2j7u61eZQwhFsoohHrupBjSkLcEkRQ3I0ZhoFLcccdX+d+5x4zTqLwTkxibAdwEBKfICik5KjHNSuAYuj6qZv1if7zgZkzurQ8TAXsE2dUc9SqoRtTaIvELEgVFGg66qflRSgJcCgQhZz3TCMWdgqZIIjirGIlHMcQjeEA9yQNYYC5nU7vybQjqXiaHzH5QqFN1d8dKQw4nwSurMz35fNeLv7n9RLhX9gpCeNE4BDNBvkJ1USk5eFoHmEYCTqRBCJG5K4aGkIGkZARVmQI5vzJi6Rd181T/ey2Xm1cFXGUwQE4BCfABOegAW5AE7QAAg/gCbyAV+VReVbelPdZaUkpevbBHygf3xx0nLQ=</latexit>

dy

dt
⇡ aM+1fM+1 + · · ·+ aNfN

<latexit sha1_base64="8oUBoIjoIH7okgnltXYRhYAPzNY="></latexit>

f1, · · · , fM ⇡ 0
<latexit sha1_base64="eS1iepB1dFVo83GIr16k+eB6QxI=">AAACBHicbVDLSsNAFJ3UV62vqMtuBlvBRSlJRXRZdONGqGAf0KRlMpm0QyeZMDMRS+jCjb/ixoUibv0Id/6N0zYLbT1w4XDOvdx7jxczKpVlfRu5ldW19Y38ZmFre2d3z9w/aEmeCEyamDMuOh6ShNGINBVVjHRiQVDoMdL2RldTv31PhKQ8ulPjmLghGkQ0oBgpLfXNYjno2RXoYJ8rWYFB78ZBcSz4A7TKfbNkVa0Z4DKxM1ICGRp988vxOU5CEinMkJRd24qVmyKhKGZkUnASSWKER2hAuppGKCTSTWdPTOCxVnwYcKErUnCm/p5IUSjlOPR0Z4jUUC56U/E/r5uo4MJNaRQnikR4vihIGFQcThOBPhUEKzbWBGFB9a0QD5FAWOncCjoEe/HlZdKqVe3T6tltrVS/zOLIgyI4AifABuegDq5BAzQBBo/gGbyCN+PJeDHejY95a87IZg7BHxifP/WzlmM=</latexit>

CSP Diagnostics: fast – slow reactions

y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

y2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

Sn
<latexit sha1_base64="+AfVlW5p0gdQZVrbjc6qfgdaOek=">AAAB9XicbVDLTgIxFL2DL8QX6tJNI5i4IjMQo0uiG5cY5ZHAQDqlAw2dzqTtaMiE/3DjQmPc+i/u/Bs7MAsFT9Lk5Jx7c0+PF3GmtG1/W7m19Y3Nrfx2YWd3b/+geHjUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3uUn99iOVioXiQU8j6gZ4JJjPCNZG6pd7AdZjz0/uZ31RHhRLdsWeA60SJyMlyNAYFL96w5DEARWacKxU17Ej7SZYakY4nRV6saIRJhM8ol1DBQ6ocpN56hk6M8oQ+aE0T2g0V39vJDhQahp4ZjINqZa9VPzP68bav3ITJqJYU0EWh/yYIx2itAI0ZJISzaeGYCKZyYrIGEtMtCmqYEpwlr+8SlrVilOrXNxVS/XrrI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYjOasbOcY/sD6/AEMTpI4</latexit>

slow reaction

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1
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y1
<latexit sha1_base64="vsS35cE0N6Y9fWvfxN5E4JmbY6w=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms6FTHZYrds2eA60SJycVyNEalr8Go5DEARWacKxU37Ej7aZYakY4nZUGsaIRJlM8pn1DBQ6octN56hk6M8oI+aE0T2g0V39vpDhQKgk8M5mFVMteJv7n9WPtX7kpE1GsqSCLQ37MkQ5RVgEaMUmJ5okhmEhmsiIywRITbYoqmRKc5S+vkk695jRqF3f1SvM6r6MIJ3AK5+DAJTThFlrQBgISnuEV3qwn68V6tz4WowUr3zmGP7A+fwDrRJIi</latexit>

y2
<latexit sha1_base64="aY6HvdJ0Fy1Dg94O/2AAH2pjOXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBlvBVUlaRJdFNy4r2Ae0sUymk3boZBJmJkoI/Q83LhRx67+482+ctFlo64GBwzn3cs8cL+JMadv+tgpr6xubW8Xt0s7u3v5B+fCoo8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11vepP53UcqFQvFvU4i6gZ4LJjPCNZGeqgOAqwnnp8ms2G9OixX7Jo9B1olTk4qkKM1LH8NRiGJAyo04VipvmNH2k2x1IxwOisNYkUjTKZ4TPuGChxQ5abz1DN0ZpQR8kNpntBorv7eSHGgVBJ4ZjILqZa9TPzP68fav3JTJqJYU0EWh/yYIx2irAI0YpISzRNDMJHMZEVkgiUm2hRVMiU4y19eJZ16zWnULu7qleZ1XkcRTuAUzsGBS2jCLbSgDQQkPMMrvFlP1ov1bn0sRgtWvnMMf2B9/gDsyZIj</latexit>

Sn
<latexit sha1_base64="+AfVlW5p0gdQZVrbjc6qfgdaOek=">AAAB9XicbVDLTgIxFL2DL8QX6tJNI5i4IjMQo0uiG5cY5ZHAQDqlAw2dzqTtaMiE/3DjQmPc+i/u/Bs7MAsFT9Lk5Jx7c0+PF3GmtG1/W7m19Y3Nrfx2YWd3b/+geHjUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3uUn99iOVioXiQU8j6gZ4JJjPCNZG6pd7AdZjz0/uZ31RHhRLdsWeA60SJyMlyNAYFL96w5DEARWacKxU17Ej7SZYakY4nRV6saIRJhM8ol1DBQ6ocpN56hk6M8oQ+aE0T2g0V39vJDhQahp4ZjINqZa9VPzP68bav3ITJqJYU0EWh/yYIx2itAI0ZJISzaeGYCKZyYrIGEtMtCmqYEpwlr+8SlrVilOrXNxVS/XrrI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYjOasbOcY/sD6/AEMTpI4</latexit>

Sn
1

<latexit sha1_base64="yYFWG6FRSXVPsoKv4Hat34rNdC4=">AAAB+3icbVDLSsNAFL3xWesr1qWbYCu4KklFdFl047KifUAbw2Q6aYdOJmFmIpaQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98zxY0alsu1vY2V1bX1js7RV3t7Z3ds3DyodGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqT69zvPhIhacTv1TQmbohGnAYUI6Ulz6zUBiFSYz9I77IH7qVOVvPMql23Z7CWiVOQKhRoeebXYBjhJCRcYYak7Dt2rNwUCUUxI1l5kEgSIzxBI9LXlKOQSDedZc+sE60MrSAS+nFlzdTfGykKpZyGvp7Mg8pFLxf/8/qJCi7dlPI4UYTj+aEgYZaKrLwIa0gFwYpNNUFYUJ3VwmMkEFa6rrIuwVn88jLpNOrOWf38tlFtXhV1lOAIjuEUHLiAJtxAC9qA4Qme4RXejMx4Md6Nj/noilHsHMIfGJ8/gqGUGQ==</latexit>

Sn
2

<latexit sha1_base64="kzuW3Q8VSAqtbx9h4ZBQccMg+RM=">AAAB+3icbVDLSsNAFL3xWesr1qWbYCu4KklFdFl047KifUAbw2Q6aYdOJmFmIpaQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98zxY0alsu1vY2V1bX1js7RV3t7Z3ds3DyodGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqT69zvPhIhacTv1TQmbohGnAYUI6Ulz6zUBiFSYz9I77IH7qWNrOaZVbtuz2AtE6cgVSjQ8syvwTDCSUi4wgxJ2XfsWLkpEopiRrLyIJEkRniCRqSvKUchkW46y55ZJ1oZWkEk9OPKmqm/N1IUSjkNfT2ZB5WLXi7+5/UTFVy6KeVxogjH80NBwiwVWXkR1pAKghWbaoKwoDqrhcdIIKx0XWVdgrP45WXSadSds/r5baPavCrqKMERHMMpOHABTbiBFrQBwxM8wyu8GZnxYrwbH/PRFaPYOYQ/MD5/AIQnlBo=</latexit>

Sn = Sn
1 + Sn

2
<latexit sha1_base64="eh+/hbl09WmA7dL063GdwcTfC98=">AAACGXicbVDLSsNAFJ34rPUVdelmsBUEoSQV0Y1QdOOyon1AG8NkOmmHTiZhZiKUkN9w46+4caGIS135N07aLPrwwMCZc+7l3nu8iFGpLOvXWFpeWV1bL2wUN7e2d3bNvf2mDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzhTea3noiQNOQPahQRJ0B9Tn2KkdKSa1rlboDUwPOT+/SRX01/3MROT2eFalp2zZJVscaAi8TOSQnkqLvmd7cX4jggXGGGpOzYVqScBAlFMSNpsRtLEiE8RH3S0ZSjgEgnGV+WwmOt9KAfCv24gmN1uiNBgZSjwNOV2aJy3svE/7xOrPxLJ6E8ihXheDLIjxlUIcxigj0qCFZspAnCgupdIR4ggbDSYRZ1CPb8yYukWa3YZ5Xzu2qpdp3HUQCH4AicABtcgBq4BXXQABg8g1fwDj6MF+PN+DS+JqVLRt5zAGZg/PwBIm2hAA==</latexit>

Sn
2

<latexit sha1_base64="kzuW3Q8VSAqtbx9h4ZBQccMg+RM=">AAAB+3icbVDLSsNAFL3xWesr1qWbYCu4KklFdFl047KifUAbw2Q6aYdOJmFmIpaQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98zxY0alsu1vY2V1bX1js7RV3t7Z3ds3DyodGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqT69zvPhIhacTv1TQmbohGnAYUI6Ulz6zUBiFSYz9I77IH7qWNrOaZVbtuz2AtE6cgVSjQ8syvwTDCSUi4wgxJ2XfsWLkpEopiRrLyIJEkRniCRqSvKUchkW46y55ZJ1oZWkEk9OPKmqm/N1IUSjkNfT2ZB5WLXi7+5/UTFVy6KeVxogjH80NBwiwVWXkR1pAKghWbaoKwoDqrhcdIIKx0XWVdgrP45WXSadSds/r5baPavCrqKMERHMMpOHABTbiBFrQBwxM8wyu8GZnxYrwbH/PRFaPYOYQ/MD5/AIQnlBo=</latexit>

Sn
<latexit sha1_base64="+AfVlW5p0gdQZVrbjc6qfgdaOek=">AAAB9XicbVDLTgIxFL2DL8QX6tJNI5i4IjMQo0uiG5cY5ZHAQDqlAw2dzqTtaMiE/3DjQmPc+i/u/Bs7MAsFT9Lk5Jx7c0+PF3GmtG1/W7m19Y3Nrfx2YWd3b/+geHjUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3uUn99iOVioXiQU8j6gZ4JJjPCNZG6pd7AdZjz0/uZ31RHhRLdsWeA60SJyMlyNAYFL96w5DEARWacKxU17Ej7SZYakY4nRV6saIRJhM8ol1DBQ6ocpN56hk6M8oQ+aE0T2g0V39vJDhQahp4ZjINqZa9VPzP68bav3ITJqJYU0EWh/yYIx2itAI0ZJISzaeGYCKZyYrIGEtMtCmqYEpwlr+8SlrVilOrXNxVS/XrrI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYjOasbOcY/sD6/AEMTpI4</latexit>

increase y1

Sn
2

<latexit sha1_base64="kzuW3Q8VSAqtbx9h4ZBQccMg+RM=">AAAB+3icbVDLSsNAFL3xWesr1qWbYCu4KklFdFl047KifUAbw2Q6aYdOJmFmIpaQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98zxY0alsu1vY2V1bX1js7RV3t7Z3ds3DyodGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqT69zvPhIhacTv1TQmbohGnAYUI6Ulz6zUBiFSYz9I77IH7qWNrOaZVbtuz2AtE6cgVSjQ8syvwTDCSUi4wgxJ2XfsWLkpEopiRrLyIJEkRniCRqSvKUchkW46y55ZJ1oZWkEk9OPKmqm/N1IUSjkNfT2ZB5WLXi7+5/UTFVy6KeVxogjH80NBwiwVWXkR1pAKghWbaoKwoDqrhcdIIKx0XWVdgrP45WXSadSds/r5baPavCrqKMERHMMpOHABTbiBFrQBwxM8wyu8GZnxYrwbH/PRFaPYOYQ/MD5/AIQnlBo=</latexit>

Sn
<latexit sha1_base64="+AfVlW5p0gdQZVrbjc6qfgdaOek=">AAAB9XicbVDLTgIxFL2DL8QX6tJNI5i4IjMQo0uiG5cY5ZHAQDqlAw2dzqTtaMiE/3DjQmPc+i/u/Bs7MAsFT9Lk5Jx7c0+PF3GmtG1/W7m19Y3Nrfx2YWd3b/+geHjUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3uUn99iOVioXiQU8j6gZ4JJjPCNZG6pd7AdZjz0/uZ31RHhRLdsWeA60SJyMlyNAYFL96w5DEARWacKxU17Ej7SZYakY4nRV6saIRJhM8ol1DBQ6ocpN56hk6M8oQ+aE0T2g0V39vJDhQahp4ZjINqZa9VPzP68bav3ITJqJYU0EWh/yYIx2itAI0ZJISzaeGYCKZyYrIGEtMtCmqYEpwlr+8SlrVilOrXNxVS/XrrI48nMApnIMDl1CHW2hAEwhIeIZXeLOerBfr3fpYjOasbOcY/sD6/AEMTpI4</latexit>

increases y2

decreases y2

CSP Diagnostics: fast – slow components of a reaction

<latexit sha1_base64="g8l9P3lrge5PCrzu17OPLykMdaY=">AAAB9XicbVDLSgMxFL2pr1pfVZdugq3gqswUfOCq4MZlBfuAdiyZNNOGZjJDklHK0P9w40IRt/6LO//GTFtEWw8EDufcyz05fiy4No7zhXIrq2vrG/nNwtb2zu5ecf+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJ35rQemNI/knRnHzAvJQPKAU2KsdF/uhsQM/SAlk1613CuWnIozBf4h7iIpwRz1XvGz249oEjJpqCBad1wnNl5KlOFUsEmhm2gWEzoiA9axVJKQaS+dpp7gE6v0cRAp+6TBU/X3RkpCrcehbyezkHrRy8T/vE5igksv5TJODJN0dihIBDYRzirAfa4YNWJsCaGK26yYDoki1NiiCraEpS8vk2a14p5Xzm6rpdrVvI48HMExnIILF1CDG6hDAygoeIIXeEWP6Bm9offZaA7Ndw7hD9DHN8gLkgc=</latexit>a2

<latexit sha1_base64="JrCMtIKyEejKQzc4m4yb6x9SAxE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZmpz7oquHFZwT6gHUsmzbShmcyQZJQy9D/cuFDErf/izr8x0weo9UDgcM693JPjRZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFseVhRzgSta6Y5bUWS4sDjtOkNr1O/+UClYqG406OIugHuC+YzgrWR7oudAOuB5yd43HWK3XzBLtkTILvk2JXTygly5sqcFGCGWjf/2emFJA6o0IRjpdqOHWk3wVIzwuk414kVjTAZ4j5tGypwQJWbTFKP0ZFResgPpXlCo4n6cyPBgVKjwDOTaUj110vF/7x2rP1LN2EiijUVZHrIjznSIUorQD0mKdF8ZAgmkpmsiAywxESbonKmhIUvL5JGueScl85uy4Xq1ayOLBzAIRyDAxdQhRuoQR0ISHiCF3i1Hq1n6816n45mrNnOPvyC9fEN7BeSIA==</latexit>a1

On the manifold:
<latexit sha1_base64="VZaZM2HBvQI0baehOoeidVGmQfM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBlvBVUkKPnBVcOOyon1AG8tkOmmHTiZhZlIooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x7eZ355QqVgkHvU0pl6Ih4IFjGBtpL5tV3oh1iM/SB9mffdJVPp22ak6c6BV4uakDDkaffurN4hIElKhCcdKdV0n1l6KpWaE01mplygaYzLGQ9o1VOCQKi+dJ5+hM6MMUBBJ84RGc/X3RopDpaahbyazmGrZy8T/vG6ig2svZSJONBVkcShIONIRympAAyYp0XxqCCaSmayIjLDERJuySqYEd/nLq6RVq7qX1Yv7Wrl+k9dRhBM4hXNw4QrqcAcNaAKBCTzDK7xZqfVivVsfi9GCle8cwx9Ynz+xjJMI</latexit>

Sn
1 has no influence

Michalaki et al, J Math Biol, 2018
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Diamantis et al, CTM 2015
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Diamantis et al, CTM 2015
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Diamantis et al, CTM 2015

time scale

reactions

variables



63

CSP diagnostics:  explosive mode in H2/air autoignition
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Chemical vs thermal runaway regime

CSP diagnostics:  explosive mode in H2/air autoignition
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Propagation mechanism of NH3/air premixed flame

Heat, H2O, O2, NH3

H + O2 → OH + O
NO + NH2 → NNH + OH
HNO(+M) → NO + H(+M)
H2 + OH → H2O + H

Convection

T
Heat, NH2, NO, H, H2

Diffusion

NO + NH2 → NNH + OH
H + O2 → OH + O
NH3 + OH → NH2 + H2O

Tingas et al, IJHE 2024
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Heat, H2O, O2, DME, CH2O, C2H6

H+O2 → OH+O
HCO(+M) → CO+H(+M)
H2+OH → H2O+H
CO+OH → CO2+H

Convection

T
Heat, CH3, HO2, H

Diffusion

CH3+HO2→ CH3O+OH
CH3O+O2 → CH2O+HO2
DME+OH→ CH3O CH2 +H2O

Propagation mechanism of DME3/air premixed flame

Radaideh et al, submitted
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Optimal input in Machine Learning algorithms

Radaideh et al, Energy and AI, 2023



68

Optimal input in Machine Learning algorithms

System fully specified when
T(0), p(0) and φ are known

Homogeneous autoignition
of H2/air CH4/air mixtures
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Optimal input in Machine Learning algorithms

MLP:    Multilayer Perceptron
SHAP: SHapley Additive exPlanations
PC:      Principal Component
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Optimal input in Machine Learning algorithms

Input: T(0), p(0), φ

H2/air CH4/air
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Optimal input in Machine Learning algorithms

H2/air

CH4/air
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Optimal input in Machine Learning algorithms

3 PCs

2 PCs

H2/air CH4/air
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Optimal input in Machine Learning algorithms

H2/air

CH4/air
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Optimal input in Machine Learning algorithms

input
<latexit sha1_base64="sBO1y7pFTFncup77jCLH2Yz7b0w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBhMhXsJuwMcx4MVjBPOAzRJmJ7PJkNmZZaZXCEs+w4sHRbz6Nd78GyfJHjSxoKGo6qa7K0wEN+C6305hY3Nre6e4W9rbPzg8Kh+fdIxKNWVtqoTSvZAYJrhkbeAgWC/RjMShYN1wcjf3u09MG67kI0wTFsRkJHnEKQEr+dU+kHTAau5ldVCuuHV3AbxOvJxUUI7WoPzVHyqaxkwCFcQY33MTCDKigVPBZqV+alhC6ISMmG+pJDEzQbY4eYYvrDLEkdK2JOCF+nsiI7Ex0zi0nTGBsVn15uJ/np9CdBtkXCYpMEmXi6JUYFB4/j8ecs0oiKklhGpub8V0TDShYFMq2RC81ZfXSadR967rVw+NSrORx1FEZ+gc1ZCHblAT3aMWaiOKFHpGr+jNAefFeXc+lq0FJ585RX/gfP4AiyqQEw==</latexit>

ωe(0)
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Optimal input in Machine Learning algorithms
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Sensitivity analysis: extended Zeldovich mechanism

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

Initial conditions: 
equilibrium of homogeneous, adiabatic constant
volume autoignition of a NH3/air mixture; φ = 0.6 
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Developing equilibria

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>
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CSP diagnostics

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

M=2:   Fast reaction/species: 3b / NO,    R3f - R3b = 0

           Fast reaction/species: 2f / O2,      R2f - R2b = 0

M=1:   Fast reaction/species: 3b / NO,   R3f - R3b = 0
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79

Phase space

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

QSSA  O2

QSSA  NO

M=2:   Fast reaction/species: 3b / NO,    R3f - R3b = 0

           Fast reaction/species: 2f / O2,      R2f - R2b = 0

M=1:   Fast reaction/species: 3b / NO,   R3f - R3b = 0



k3f [N ][O] + k3f
@[N ]

@lnk3f
[O] + k3f [N ]

@[O]

@lnk3f
= k3b

@[NO]

@lnk3f
<latexit sha1_base64="YUwFt3NHgFGmYMyhHRem5ygscjc="></latexit><latexit sha1_base64="YUwFt3NHgFGmYMyhHRem5ygscjc="></latexit><latexit sha1_base64="YUwFt3NHgFGmYMyhHRem5ygscjc="></latexit><latexit sha1_base64="YUwFt3NHgFGmYMyhHRem5ygscjc="></latexit>

k3f
@[N ]

@lnk3b
[O] + k3f [N ]

@[O]

@lnk3b
= k3b[NO] + k3b

@[NO]

@lnk3b
<latexit sha1_base64="m8M+qcnJnU7xc0QOA2XCqsx9/8A="></latexit><latexit sha1_base64="m8M+qcnJnU7xc0QOA2XCqsx9/8A="></latexit><latexit sha1_base64="m8M+qcnJnU7xc0QOA2XCqsx9/8A="></latexit><latexit sha1_base64="m8M+qcnJnU7xc0QOA2XCqsx9/8A="></latexit>

k3f
@

@k3f
<latexit sha1_base64="inu1CrFNNB6aa8eyDoBQBvkkkS8=">AAACFXicbVBNS8MwGE7n15xfVY9egpvgQUa7HfQ49OJxgtuEtZQ0TbewNC1JKozS/Qgv/hUvHhTxKnjz35huQ3TzgcCT53nfN3kfP2FUKsv6Mkorq2vrG+XNytb2zu6euX/QlXEqMOngmMXizkeSMMpJR1HFyF0iCIp8Rnr+6Krwe/dESBrzWzVOiBuhAachxUhpyTPPaiMva4a5E4QC4cxJkFAUsclkkv9c4Kwkr3lm1apbU8BlYs9JFczR9sxPJ4hxGhGuMENS9m0rUW5WjMWM5BUnlSRBeIQGpK8pRxGRbjbdKocnWglgGAt9uIJT9XdHhiIpx5GvKyOkhnLRK8T/vH6qwgs3ozxJFeF49lCYMqhiWEQEAyoIVmysCcKC6r9CPEQ6HqWDrOgQ7MWVl0m3Ubeb9cZNo9q6nMdRBkfgGJwCG5yDFrgGbdABGDyAJ/ACXo1H49l4M95npSVj3nMI/sD4+AbV6p/b</latexit>

k3b
@

@k3b
<latexit sha1_base64="oYPlQ8PhrXxyNAxiGy7qua4HsXA=">AAACFXicbVBNS8MwGE7n15xfVY9egpvgQUa7HfQ49OJxgtuEtZQ0TbewNC1JKozS/Qgv/hUvHhTxKnjz35huQ3TzgcCT53nfN3kfP2FUKsv6Mkorq2vrG+XNytb2zu6euX/QlXEqMOngmMXizkeSMMpJR1HFyF0iCIp8Rnr+6Krwe/dESBrzWzVOiBuhAachxUhpyTPPaiMva/q5E4QC4cxJkFAUsclkkv9c4Kwkr3lm1apbU8BlYs9JFczR9sxPJ4hxGhGuMENS9m0rUW5WjMWM5BUnlSRBeIQGpK8pRxGRbjbdKocnWglgGAt9uIJT9XdHhiIpx5GvKyOkhnLRK8T/vH6qwgs3ozxJFeF49lCYMqhiWEQEAyoIVmysCcKC6r9CPEQ6HqWDrOgQ7MWVl0m3Ubeb9cZNo9q6nMdRBkfgGJwCG5yDFrgGbdABGDyAJ/ACXo1H49l4M95npSVj3nMI/sD4+AbJJp/T</latexit>

80

Relations among the sensitivity coefficients

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

k3f [N ][O] = k3b[NO]
<latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit>

k3f

✓
@[N ]

@lnk3f
+

@[N ]

@lnk3b

◆
[O] + k3f [N ]

✓
@[O]

@lnk3f
+

@[O]

@lnk3b

◆

= k3b

✓
@[NO]

@lnk3f
+

@[NO]

@lnk3b

◆

<latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit>

M=1:   Fast reaction/species: 3b / NO,   R3f - R3b = 0
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k3f

✓
@[N ]

@lnk3f
+

@[N ]

@lnk3b

◆
[O] + k3f [N ]

✓
@[O]

@lnk3f
+

@[O]

@lnk3b

◆

= k3b

✓
@[NO]

@lnk3f
+

@[NO]

@lnk3b

◆

<latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit><latexit sha1_base64="+CAhgxwqR80XGiTuCcggb+CzIms=">AAADbnicrVJdS+NAFJ0mu37UVdsVfFgRh61CRSiJ+7D7Isj6sk9+gFUhCWUynbRDJ5Mwc7NQQvbJX+ibv8GX/QlOmiJd7UIfPBA4c++5nJvDDVPB NTjOY82yP3xcWl5Zra99Wt/YbDQ/3+gkU5R1aSISdRcSzQSXrAscBLtLFSNxKNhtODor+7e/mdI8kdcwTlkQk4HkEacETKnXrN3vj3r5t6jwBYug7fcjRWjup0QBJ8I7D4qXBxaykhZHC8jCosC+4oMhHHoXwVE1aYTzfS4W85kjm/HBvo//vCvwSWXxn3AW3Hqebmbt/Xq912g5HWcC/Ja4U9JCU1z2Gg9+P6FZzCRQQbT2XCeFIC8tqGBF3c80SwkdkQHzDJUkZjrIJ+dS4ANT6eMoUeaTgCfV2YmcxFqP49AoYwJD/bpXFuf1vAyiH0HOZZoBk7QyijKBIcHl7eE+V4yCGBtCqOJmV0yHxGQF5kLLENzXv/yW3Bx3XKfjXh23Tn9O41hBO+graiMXfUen6Be6RF1Ea09W0/pi7Vh/7W17196rpFZtOrOF/oHdfgbXcyeW</latexit>

k3f

✓
@[N ]

@lnk1f
+

@[N ]

@lnk1b
+

@[N ]

@lnk2f
+

@[N ]

@lnk2b
+

@[N ]

@lnk3f
+

@[N ]

@lnk3b

◆
[O]+

<latexit sha1_base64="wPQXP8/hSFJcaR79LZe4RSiVowk="></latexit>

k3f [N ]

✓
@[O]

@lnk1f
+

@[O]

@lnk1b
+

@[O]

@lnk2f
+

@[O]

@lnk2b
+

@[O]

@lnk3f
+

@[O]

@lnk3b

◆
=

<latexit sha1_base64="QoLxp71yDAySN9M04PdNzcGBzWI="></latexit>

k3b

✓
@[NO]

@lnk1f
+

@[NO]

@lnk1b
+

@[NO]

@lnk2f
+

@[NO]

@lnk2b
+

@[NO]

@lnk3f
+

@[NO]

@lnk3b

◆

<latexit sha1_base64="YBmIlAwJkGXXnc6iWALbP0bsAUg="></latexit>

Relations among the sensitivity coefficients
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k3f [N ][O] = k3b[NO]
<latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit><latexit sha1_base64="rYXb//NV8TffPfMVthLBsoMCXgA=">AAACBHicbVC7TsMwFHV4lvAKMHaxaJGYqqQMsCBVsDDRItGHlEaR4zqtVceJbAepijqw8CssDCDEykew8Tc4bQZoOZKlc8+5V9f3BAmjUtn2t7Gyura+sVnaMrd3dvf2rYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8XXudx+IkDTm92qSEC9CQ05DipHSkm+Vq2M/Owun7q3nNr3LvAh00fSqpulbFbtmzwCXiVOQCijQ8q2v/iDGaUS4wgxJ6Tp2orwMCUUxI1Ozn0qSIDxGQ+JqylFEpJfNjpjCE60MYBgL/biCM/X3RIYiKSdRoDsjpEZy0cvF/zw3VeGFl1GepIpwPF8UpgyqGOaJwAEVBCs20QRhQfVfIR4hgbDSueUhOIsnL5NOvebYNeeuXmlcFXGUQBkcg1PggHPQADegBdoAg0fwDF7Bm/FkvBjvxse8dcUoZo7AHxifPwvOlmQ=</latexit>

g =

✓
@

@lnk1f
+

@

@lnk1b
+

@

@lnk2f
+

@

@lnk2b
+

@

@lnk3f
+

@

@lnk3b

◆

<latexit sha1_base64="pTxIHfcWVA2JoUJDJpBeln4geB4="></latexit>

(k3f [O])g[N ] + (k3f [N ])g[O]� (k3b)g[NO] = 0
<latexit sha1_base64="SPiGkrlzhnkUwph/MUzi+5ND1Dc=">AAACI3icbZDLSsNAFIYn9VbrLerSTbAVKmJJ2oUiCEU3rtoK9gJpCJPppB06uTAzEUrIu7jxVdy4UIobF76L0zSCtv4w8POdczhzfiekhAtd/1RyK6tr6xv5zcLW9s7unrp/0OFBxBBuo4AGrOdAjinxcVsQQXEvZBh6DsVdZ3w7q3cfMeMk8B/EJMSWB4c+cQmCQiJbvSqVx3ZccxOzaZ32sRiZDevsBzUy1LTOU+QkWUvTutZLtlrUK3oqbdkYmSmCTC1bnfYHAYo87AtEIeemoYfCiiETBFGcFPoRxyFEYzjEprQ+9DC34vTGRDuRZKC5AZPPF1pKf0/E0ON84jmy04NixBdrM/hfzYyEe2nFxA8jgX00X+RGVBOBNgtMGxCGkaATaSBiRP5VQyPIIBIy1oIMwVg8edl0qhWjVjHuq8X6TRZHHhyBY1AGBrgAdXAHWqANEHgCL+ANvCvPyqsyVT7mrTklmzkEf6R8fQNpD6JD</latexit>

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

Relations among the sensitivity coefficients

[0, 0, k3f [O], k3f [N ], � k3b]

2

6666664

g[N2]

g[O2]

g[N ]

g[O]

g[NO]

3

7777775
= 0

<latexit sha1_base64="KTy6IKvojK9rtak9YQ98lyhyIgE="></latexit>
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G =

2

6664

g[sp1]
g[sp2]
g[sp3]

:

3

7775

<latexit sha1_base64="OXsJWy0AXQ1ZNka84JFz+8undV0="></latexit>

g =

✓
@

@lnk1f
+

@

@lnk1b
+

@

@lnk2f
+ · · ·

◆

<latexit sha1_base64="4uzt0FQY4IFekZOLYrEcNTD00a0="></latexit>

dG

dt
= g + JG

<latexit sha1_base64="3pXuNN527M9HLfxZnxF1G40M9y8=">AAACI3icbVDLSsNAFJ3UV62vqEs3g60gCCWpC0UQii4UVxXsA5pQJpNJO3TyYGYilJB/ceOvuHGhFDcu/BcnbYraemDgzDn3cu89TsSokIbxqRWWlldW14rrpY3Nre0dfXevJcKYY9LEIQt5x0GCMBqQpqSSkU7ECfIdRtrO8Drz24+ECxoGD3IUEdtH/YB6FCOppJ5+UbFcjyOcuJaP5MDxkps0TVyZXs7+/fRkRu9S+FNV6ello2pMABeJmZMyyNHo6WPLDXHsk0BihoTomkYk7QRxSTEjacmKBYkQHqI+6SoaIJ8IO5ncmMIjpbjQC7l6gYQT9XdHgnwhRr6jKrMVxbyXif953Vh653ZCgyiWJMDTQV7MoAxhFhh0KSdYspEiCHOqdoV4gFRkUsVaUiGY8ycvklatap5WzftauX6Vx1EEB+AQHAMTnIE6uAUN0AQYPIEX8AbetWftVRtrH9PSgpb37IM/0L6+AeDXpZ8=</latexit>

J = grad(g)
<latexit sha1_base64="sH+UQF4UiZHW9sF76TNrTypu5k8=">AAACDnicbVC7SgNBFJ31GeNr1dJmMAnEJuzGQhshaCNWEcwDkiXMzs4mQ2YfzNwVw7JfYOOv2FgoYmtt5984eQiaeODC4Zx7ufceNxZcgWV9GUvLK6tr67mN/ObW9s6uubffVFEiKWvQSESy7RLFBA9ZAzgI1o4lI4ErWMsdXo791h2TikfhLYxi5gSkH3KfUwJa6pmlYjcgMHD99DrD511g95D2JfGy8o/ez46LPbNgVawJ8CKxZ6SAZqj3zM+uF9EkYCFQQZTq2FYMTkokcCpYlu8misWEDkmfdTQNScCUk07eyXBJKx72I6krBDxRf0+kJFBqFLi6c3yjmvfG4n9eJwH/zEl5GCfAQjpd5CcCQ4TH2WCPS0ZBjDQhVHJ9K6YDIgkFnWBeh2DPv7xImtWKfVKxb6qF2sUsjhw6REeojGx0imroCtVRA1H0gJ7QC3o1Ho1n4814n7YuGbOZA/QHxsc38v2cCA==</latexit>

y =

2

6664

[sp1]

[sp2]

[sp3]

:

3

7775

<latexit sha1_base64="8aisUl6SN3W8QCpmi0rRuZ8X/Lw="></latexit>

dy

dt
= g

<latexit sha1_base64="iQhyadrC022+fOHGphP3Ea+nc4k=">AAACDXicbVDLSsNAFJ3UV62vqEs3g63gqiR1oRuh6MZlBfuAJpTJZNIOnUzCzEQIIT/gxl9x40IRt+7d+TdO2gjaemDgzDn3cu89XsyoVJb1ZVRWVtfWN6qbta3tnd09c/+gJ6NEYNLFEYvEwEOSMMpJV1HFyCAWBIUeI31vel34/XsiJI34nUpj4oZozGlAMVJaGpmNhuMHAuHMd0KkJl6QpXme+Sq//PmP88bIrFtNawa4TOyS1EGJzsj8dPwIJyHhCjMk5dC2YuVmSCiKGclrTiJJjPAUjclQU45CIt1sdk0OT7TiwyAS+nEFZ+rvjgyFUqahpyuLFeWiV4j/ecNEBRduRnmcKMLxfFCQMKgiWEQDfSoIVizVBGFB9a4QT5AOR+kAazoEe/HkZdJrNe2zpn3bqrevyjiq4Agcg1Ngg3PQBjegA7oAgwfwBF7Aq/FoPBtvxvu8tGKUPYfgD4yPb6aInI0=</latexit>

Q = as1bs1 + as2bs2
<latexit sha1_base64="9T9xfZP7C8gTWy+N7Awy3aKO6/c=">AAACNXicbVDLSsNAFJ34rPEVdelmsBUEoSTZ6EYounHhogX7gDaGyXTSDp08mJkIJeSn3PgfrnThQhG3/oKTNgXbemDg3HPuZe49XsyokKb5pq2srq1vbJa29O2d3b194+CwJaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre6Cb324+ECxqF93IcEydAg5D6FCOpJNe4q/QCJIeenzayqxlFmZsKK5uVXvaQl+dztj1v21lF112jbFbNCeAysQpSBgXqrvHS60c4CUgoMUNCdC0zlk6KuKSYkUzvJYLECI/QgHQVDVFAhJNOrs7gqVL60I+4eqGEE/XvRIoCIcaBpzrzTcWil4v/ed1E+pdOSsM4kSTE04/8hEEZwTxC2KecYMnGiiDMqdoV4iHiCEsVdB6CtXjyMmnZVcusWg27XLsu4iiBY3ACzoAFLkAN3II6aAIMnsAr+ACf2rP2rn1p39PWFa2YOQJz0H5+AYjmrQY=</latexit><latexit sha1_base64="9T9xfZP7C8gTWy+N7Awy3aKO6/c=">AAACNXicbVDLSsNAFJ34rPEVdelmsBUEoSTZ6EYounHhogX7gDaGyXTSDp08mJkIJeSn3PgfrnThQhG3/oKTNgXbemDg3HPuZe49XsyokKb5pq2srq1vbJa29O2d3b194+CwJaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre6Cb324+ECxqF93IcEydAg5D6FCOpJNe4q/QCJIeenzayqxlFmZsKK5uVXvaQl+dztj1v21lF112jbFbNCeAysQpSBgXqrvHS60c4CUgoMUNCdC0zlk6KuKSYkUzvJYLECI/QgHQVDVFAhJNOrs7gqVL60I+4eqGEE/XvRIoCIcaBpzrzTcWil4v/ed1E+pdOSsM4kSTE04/8hEEZwTxC2KecYMnGiiDMqdoV4iHiCEsVdB6CtXjyMmnZVcusWg27XLsu4iiBY3ACzoAFLkAN3II6aAIMnsAr+ACf2rP2rn1p39PWFa2YOQJz0H5+AYjmrQY=</latexit><latexit sha1_base64="9T9xfZP7C8gTWy+N7Awy3aKO6/c=">AAACNXicbVDLSsNAFJ34rPEVdelmsBUEoSTZ6EYounHhogX7gDaGyXTSDp08mJkIJeSn3PgfrnThQhG3/oKTNgXbemDg3HPuZe49XsyokKb5pq2srq1vbJa29O2d3b194+CwJaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre6Cb324+ECxqF93IcEydAg5D6FCOpJNe4q/QCJIeenzayqxlFmZsKK5uVXvaQl+dztj1v21lF112jbFbNCeAysQpSBgXqrvHS60c4CUgoMUNCdC0zlk6KuKSYkUzvJYLECI/QgHQVDVFAhJNOrs7gqVL60I+4eqGEE/XvRIoCIcaBpzrzTcWil4v/ed1E+pdOSsM4kSTE04/8hEEZwTxC2KecYMnGiiDMqdoV4iHiCEsVdB6CtXjyMmnZVcusWg27XLsu4iiBY3ACzoAFLkAN3II6aAIMnsAr+ACf2rP2rn1p39PWFa2YOQJz0H5+AYjmrQY=</latexit><latexit sha1_base64="9T9xfZP7C8gTWy+N7Awy3aKO6/c=">AAACNXicbVDLSsNAFJ34rPEVdelmsBUEoSTZ6EYounHhogX7gDaGyXTSDp08mJkIJeSn3PgfrnThQhG3/oKTNgXbemDg3HPuZe49XsyokKb5pq2srq1vbJa29O2d3b194+CwJaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre6Cb324+ECxqF93IcEydAg5D6FCOpJNe4q/QCJIeenzayqxlFmZsKK5uVXvaQl+dztj1v21lF112jbFbNCeAysQpSBgXqrvHS60c4CUgoMUNCdC0zlk6KuKSYkUzvJYLECI/QgHQVDVFAhJNOrs7gqVL60I+4eqGEE/XvRIoCIcaBpzrzTcWil4v/ed1E+pdOSsM4kSTE04/8hEEZwTxC2KecYMnGiiDMqdoV4iHiCEsVdB6CtXjyMmnZVcusWg27XLsu4iiBY3ACzoAFLkAN3II6aAIMnsAr+ACf2rP2rn1p39PWFa2YOQJz0H5+AYjmrQY=</latexit>

bi.aj = �ij
<latexit sha1_base64="I+0qRzIXhhQWs+ejNXFBDOKxYPM=">AAACFnicbVDLSsNAFJ3UV42vqEs3g63gxpB0oxuh6MZlBfuAJg2TyaSddvJgZiKUkK9w46+4caGIW3Hn35i0EbT1wIXDOfdy7z1uzKiQhvGlVFZW19Y3qpvq1vbO7p62f9ARUcIxaeOIRbznIkEYDUlbUslIL+YEBS4jXXdyXfjde8IFjcI7OY2JHaBhSH2KkcwlRzurWwGSI9dP3WyQ0gzq8EdAmTO+tDzCJBpQZwzrqupoNUM3ZoDLxCxJDZRoOdqn5UU4CUgoMUNC9E0jlnaKuKSYkUy1EkFihCdoSPo5DVFAhJ3O3srgSa540I94XqGEM/X3RIoCIaaBm3cWJ4tFrxD/8/qJ9C/slIZxIkmI54v8hEEZwSIj6FFOsGTTnCDMaX4rxCPEEZZ5kkUI5uLLy6TT0E1DN28bteZVGUcVHIFjcApMcA6a4Aa0QBtg8ACewAt4VR6VZ+VNeZ+3VpRy5hD8gfLxDaxHnl8=</latexit><latexit sha1_base64="I+0qRzIXhhQWs+ejNXFBDOKxYPM=">AAACFnicbVDLSsNAFJ3UV42vqEs3g63gxpB0oxuh6MZlBfuAJg2TyaSddvJgZiKUkK9w46+4caGIW3Hn35i0EbT1wIXDOfdy7z1uzKiQhvGlVFZW19Y3qpvq1vbO7p62f9ARUcIxaeOIRbznIkEYDUlbUslIL+YEBS4jXXdyXfjde8IFjcI7OY2JHaBhSH2KkcwlRzurWwGSI9dP3WyQ0gzq8EdAmTO+tDzCJBpQZwzrqupoNUM3ZoDLxCxJDZRoOdqn5UU4CUgoMUNC9E0jlnaKuKSYkUy1EkFihCdoSPo5DVFAhJ3O3srgSa540I94XqGEM/X3RIoCIaaBm3cWJ4tFrxD/8/qJ9C/slIZxIkmI54v8hEEZwSIj6FFOsGTTnCDMaX4rxCPEEZZ5kkUI5uLLy6TT0E1DN28bteZVGUcVHIFjcApMcA6a4Aa0QBtg8ACewAt4VR6VZ+VNeZ+3VpRy5hD8gfLxDaxHnl8=</latexit><latexit sha1_base64="I+0qRzIXhhQWs+ejNXFBDOKxYPM=">AAACFnicbVDLSsNAFJ3UV42vqEs3g63gxpB0oxuh6MZlBfuAJg2TyaSddvJgZiKUkK9w46+4caGIW3Hn35i0EbT1wIXDOfdy7z1uzKiQhvGlVFZW19Y3qpvq1vbO7p62f9ARUcIxaeOIRbznIkEYDUlbUslIL+YEBS4jXXdyXfjde8IFjcI7OY2JHaBhSH2KkcwlRzurWwGSI9dP3WyQ0gzq8EdAmTO+tDzCJBpQZwzrqupoNUM3ZoDLxCxJDZRoOdqn5UU4CUgoMUNC9E0jlnaKuKSYkUy1EkFihCdoSPo5DVFAhJ3O3srgSa540I94XqGEM/X3RIoCIaaBm3cWJ4tFrxD/8/qJ9C/slIZxIkmI54v8hEEZwSIj6FFOsGTTnCDMaX4rxCPEEZZ5kkUI5uLLy6TT0E1DN28bteZVGUcVHIFjcApMcA6a4Aa0QBtg8ACewAt4VR6VZ+VNeZ+3VpRy5hD8gfLxDaxHnl8=</latexit><latexit sha1_base64="I+0qRzIXhhQWs+ejNXFBDOKxYPM=">AAACFnicbVDLSsNAFJ3UV42vqEs3g63gxpB0oxuh6MZlBfuAJg2TyaSddvJgZiKUkK9w46+4caGIW3Hn35i0EbT1wIXDOfdy7z1uzKiQhvGlVFZW19Y3qpvq1vbO7p62f9ARUcIxaeOIRbznIkEYDUlbUslIL+YEBS4jXXdyXfjde8IFjcI7OY2JHaBhSH2KkcwlRzurWwGSI9dP3WyQ0gzq8EdAmTO+tDzCJBpQZwzrqupoNUM3ZoDLxCxJDZRoOdqn5UU4CUgoMUNC9E0jlnaKuKSYkUy1EkFihCdoSPo5DVFAhJ3O3srgSa540I94XqGEM/X3RIoCIaaBm3cWJ4tFrxD/8/qJ9C/slIZxIkmI54v8hEEZwSIj6FFOsGTTnCDMaX4rxCPEEZZ5kkUI5uLLy6TT0E1DN28bteZVGUcVHIFjcApMcA6a4Aa0QBtg8ACewAt4VR6VZ+VNeZ+3VpRy5hD8gfLxDaxHnl8=</latexit>

dy

dt
= Qg

<latexit sha1_base64="gWlxhyaJoN712HYUQRhpcMeJW1g=">AAACF3icbVDLSsNAFJ3UV62vqEs3wVZwFZK60I1QdOOyBfuAJpTJZNIOnUzCzEQIIX/hxl9x40IRt7rzb5y0KWjrgYEz59zLvfd4MSVCWta3Vllb39jcqm7Xdnb39g/0w6OeiBKOcBdFNOIDDwpMCcNdSSTFg5hjGHoU973pbeH3HzAXJGL3Mo2xG8IxIwFBUCpppJsNxw84RJnvhFBOvCBL8zzzZX69+HfyBRvnjZFet0xrBmOV2CWpgxLtkf7l+BFKQswkolCIoW3F0s0glwRRnNecROAYoikc46GiDIZYuNnsrtw4U4pvBBFXj0ljpv7uyGAoRBp6qrJYUSx7hfifN0xkcOVmhMWJxAzNBwUJNWRkFCEZPuEYSZoqAhEnalcDTaCKSaooayoEe/nkVdJrmvaFaXea9dZNGUcVnIBTcA5scAla4A60QRcg8AiewSt40560F+1d+5iXVrSy5xj8gfb5A/OpoQg=</latexit>

dG

dt
= Q (g + JG)

<latexit sha1_base64="LcDXnxQEOMmt8EjvcAqfaEI80Eo="></latexit>

br · g = 0
<latexit sha1_base64="K8W58Mtn4WB7AFb0v1ivZd3MMu8=">AAACCHicbVDLSsNAFJ3UV62vqEsXBlvBVUnqQjdC0Y3LCvYBTSyTyaQdOpkJMxOhhCzd+CtuXCji1k9w5984aSNo64ELh3Pu5d57/JgSqWz7yygtLa+srpXXKxubW9s75u5eR/JEINxGnHLR86HElDDcVkRR3IsFhpFPcdcfX+V+9x4LSTi7VZMYexEcMhISBJWWBuZhzY2gGvlh6md3wkUBVz/CMLuwawOzatftKaxF4hSkCgq0BuanG3CURJgpRKGUfceOlZdCoQiiOKu4icQxRGM4xH1NGYyw9NLpI5l1rJXACrnQxZQ1VX9PpDCSchL5ujM/Us57ufif109UeO6lhMWJwgzNFoUJtRS38lSsgAiMFJ1oApEg+lYLjaCASOnsKjoEZ/7lRdJp1J3TunPTqDYvizjK4AAcgRPggDPQBNegBdoAgQfwBF7Aq/FoPBtvxvustWQUM/vgD4yPb7c1mcI=</latexit>

br ·G = 0
<latexit sha1_base64="MNaiTiQ2DJBz3A/WuLNwdz3dMc0=">AAACCHicbVDLSsNAFJ34rPUVdenCwVZwVZK60I1QdKHLCvYBTSyTyaQdOpmEmYlQQpZu/BU3LhRx6ye482+ctBG09cCFwzn3cu89XsyoVJb1ZSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJrockYZSTlqKKkW4sCAo9Rjre6DL3O/dESBrxWzWOiRuiAacBxUhpqW8eVJ0QqaEXpF52JxzsR+pHuMrOrWrfrFg1awI4T+yCVECBZt/8dPwIJyHhCjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhPU45CIt108kgGj7TiwyASuriCE/X3RIpCKcehpzvzI+Wsl4v/eb1EBWduSnmcKMLxdFGQMKgimKcCfSoIVmysCcKC6lshHiKBsNLZlXUI9uzL86Rdr9knNfumXmlcFHGUwD44BMfABqegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGGNZmi</latexit>
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10-18 10-15 10-12 10-9 10-6 10-3
t

10-8

10-4

100

104
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f1

f2

f3

M=2

M=1

10-18 10-15 10-12 10-9 10-6 10-3
t

10-25

10-20

10-15

10-10

10-5

M=1 M=2

b1.G
b2.G
b3.G

f2 = b2 · g = bs1 · g
<latexit sha1_base64="BHgU8/cIqa/yGFbZPsG3AcRJT6k=">AAACK3icbVDLSsNAFJ3UV62vqEs3g63gqiRxoRuh1I3LCvYBTVomk0k7dPJgZiKUkP9x46+40IUP3PofTtoItvXAhcM593LvPW7MqJCG8aGV1tY3NrfK25Wd3b39A/3wqCOihGPSxhGLeM9FgjAakrakkpFezAkKXEa67uQm97sPhAsahfdyGhMnQKOQ+hQjqaSh3qz5A+vaDpAcu37qZoPUymzsRfJXGmULrjCX7dpQrxp1Ywa4SsyCVEGB1lB/sb0IJwEJJWZIiL5pxNJJEZcUM5JV7ESQGOEJGpG+oiEKiHDS2a8ZPFOKB/2IqwolnKl/J1IUCDENXNWZnyiWvVz8z+sn0r9yUhrGiSQhni/yEwZlBPPgoEc5wZJNFUGYU3UrxGPEEZYq3ooKwVx+eZV0rLp5UTfvrGqjWcRRBifgFJwDE1yCBrgFLdAGGDyCZ/AG3rUn7VX71L7mrSWtmDkGC9C+fwCpmKkw</latexit>

f3 = b3 · g = bs2 · g
<latexit sha1_base64="VK4chSS1KJ0/rE5rB9LsPNgIrHo=">AAACK3icbVDLSsNAFJ34rPUVdelmsBVclaRd6EYodeOygn1Am5bJZNIOnUzCzEQoIf/jxl9xoQsfuPU/nLQRbOuBC4dz7uXee9yIUaks68NYW9/Y3Nou7BR39/YPDs2j47YMY4FJC4csFF0XScIoJy1FFSPdSBAUuIx03MlN5nceiJA05PdqGhEnQCNOfYqR0tLQbJT9Qe26HyA1dv3ETQdJLe1jL1S/0ihdcGV12S4PzZJVsWaAq8TOSQnkaA7Nl74X4jggXGGGpOzZVqScBAlFMSNpsR9LEiE8QSPS05SjgEgnmf2awnOteNAPhS6u4Ez9O5GgQMpp4OrO7ES57GXif14vVv6Vk1AexYpwPF/kxwyqEGbBQY8KghWbaoKwoPpWiMdIIKx0vEUdgr388ippVyt2rWLfVUv1Rh5HAZyCM3ABbHAJ6uAWNEELYPAInsEbeDeejFfj0/iat64Z+cwJWIDx/QOuo6kz</latexit>

b2 ·G = bs1 ·G
<latexit sha1_base64="kmrvWQYjLl8bDz32lSFor0JYR2I=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g63gqiR1oRul6EKXFewDmlgm00k7dJIJMxOhhPyNG3/FjaAiuvRPnLQRauuBC4dz7uXee7yIUaks68soLC2vrK4V10sbm1vbO+buXkvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N7rK/PYDEZLy8E6NI+IGaBBSn2KktNQzLypOgNTQ8xMvvU9qqYP7XP1K1+n5rCvtebvSM8tW1ZoALhI7J2WQo9EzX50+x3FAQoUZkrJrW5FyEyQUxYykJSeWJEJ4hAakq2mIAiLdZPJnCo+00oc+F7pCBSfq7ESCAinHgac7sxPlvJeJ/3ndWPlnbkLDKFYkxNNFfsyg4jALDfapIFixsSYIC6pvhXiIBMJKR1vSIdjzLy+SVq1qn1Tt21q5fpnHUQQH4BAcAxucgjq4AQ3QBBg8gmfwBt6NJ+PF+DA+p60FI5/ZB39gfP8AkOinlQ==</latexit>

b3 ·G = bs2 ·G
<latexit sha1_base64="TUM9c4VEUUuCABu3riaNruZDmo0=">AAACJ3icbVDLSsNAFJ34rPUVdekm2AquStIudKMUXeiygn1AE8tkOmmHTmbCzEQoIX/jxl9xI6iILv0TJ22E2nrgwuGce7n3Hj+iRCrb/jKWlldW19YLG8XNre2dXXNvvyV5LBBuIk656PhQYkoYbiqiKO5EAsPQp7jtj64yv/2AhSSc3alxhL0QDhgJCIJKSz3zouyGUA39IPHT+6SWuqjP1a90nZ7PurI6b5d7Zsmu2BNYi8TJSQnkaPTMV7fPURxiphCFUnYdO1JeAoUiiOK06MYSRxCN4AB3NWUwxNJLJn+m1rFW+lbAhS6mrIk6O5HAUMpx6OvO7EQ572Xif143VsGZlxAWxQozNF0UxNRS3MpCs/pEYKToWBOIBNG3WmgIBURKR1vUITjzLy+SVrXi1CrObbVUv8zjKIBDcAROgANOQR3cgAZoAgQewTN4A+/Gk/FifBif09YlI585AH9gfP8AlDGnlw==</latexit>

b1 ·G = br ·G ⇡ 0
<latexit sha1_base64="GDct3GBAXlGcs6ecKw+/Afb1z6k=">AAACLnicbVDLSsNAFJ34rPUVdekm2AquSlIXuhGKIrqsYB/QxDKZTtqhk5kwMxFLyBe58Vd0IaiIWz/DSRuhth64cDjnXu69x48okcq234yFxaXlldXCWnF9Y3Nr29zZbUoeC4QbiFMu2j6UmBKGG4ooituRwDD0KW75w4vMb91jIQlnt2oUYS+EfUYCgqDSUte8LLshVAM/SPz0LnFSF/W4+pWu0rNpV8y6LowiwR/sctcs2RV7DGueODkpgRz1rvni9jiKQ8wUolDKjmNHykugUARRnBbdWOIIoiHs446mDIZYesn43dQ61ErPCrjQxZQ1VqcnEhhKOQp93ZmdKme9TPzP68QqOPUSwqJYYYYmi4KYWopbWXZWjwiMFB1pApEg+lYLDaCASOmEizoEZ/bledKsVpzjinNTLdXO8zgKYB8cgCPggBNQA9egDhoAgUfwDN7Bh/FkvBqfxtekdcHIZ/bAHxjfP8rGqs4=</latexit>

f1 = b1 · g = br · g ⇡ 0
<latexit sha1_base64="Z3ewpkfW6vsS0RVmBVb+cgPrUb8=">AAACMnicbVDLSsNAFJ34rPUVdekm2AquSqYudCMU3eiugn1Ak5bJdNIOnWTCzEQsId/kxi8RXOhCEbd+hJM2gm09cOFwzr3ce48XMSqVbb8aS8srq2vrhY3i5tb2zq65t9+UPBaYNDBnXLQ9JAmjIWkoqhhpR4KgwGOk5Y2uMr91T4SkPLxT44i4ARqE1KcYKS31zJuy34UXToDU0PMTL+0mMHVwn6tfaZDOuGLedVAUCf5gl3tmya7YE1iLBOakBHLUe+az0+c4DkioMENSdqAdKTdBQlHMSFp0YkkihEdoQDqahigg0k0mL6fWsVb6ls+FrlBZE/XvRIICKceBpzuzU+W8l4n/eZ1Y+eduQsMoViTE00V+zCzFrSw/q08FwYqNNUFYUH2rhYdIIKx0ykUdApx/eZE0qxV4WoG31VLtMo+jAA7BETgBEJyBGrgGddAAGDyCF/AOPown4834NL6mrUtGPnMAZmB8/wDsKqxo</latexit>

M = 1<latexit sha1_base64="PDt1HYp85SH5hf+bNKwCUK7ku4I=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQhshaGMjRPCSQHKEvc1esmR379jdE8KR32BjoYitP8jOf+MmuUITHww83pthZl6YcKaN6347hbX1jc2t4nZpZ3dv/6B8eNTScaoI9UnMY9UJsaacSeobZjjtJIpiEXLaDse3M7/9RJVmsXw0k4QGAg8lixjBxkp+9f7aq/bLFbfmzoFWiZeTCuRo9stfvUFMUkGlIRxr3fXcxAQZVoYRTqelXqppgskYD2nXUokF1UE2P3aKzqwyQFGsbEmD5urviQwLrScitJ0Cm5Fe9mbif143NdFVkDGZpIZKslgUpRyZGM0+RwOmKDF8YgkmitlbERlhhYmx+ZRsCN7yy6ukVa95FzXvoV5p3ORxFOEETuEcPLiEBtxBE3wgwOAZXuHNkc6L8+58LFoLTj5zDH/gfP4ATx2NsA==</latexit>



85

Relations among the sensitivity coefficients
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M = 2<latexit sha1_base64="rjTWMYAMCV8qdE4Y7D8CadTcVoI=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQhshaGMjRPCSQHKEvc1esmRv99jdE8KR32BjoYitP8jOf+MmuUITHww83pthZl6YcKaN6347hbX1jc2t4nZpZ3dv/6B8eNTSMlWE+kRyqToh1pQzQX3DDKedRFEch5y2w/HtzG8/UaWZFI9mktAgxkPBIkawsZJfvb+uV/vliltz50CrxMtJBXI0++Wv3kCSNKbCEI617npuYoIMK8MIp9NSL9U0wWSMh7RrqcAx1UE2P3aKzqwyQJFUtoRBc/X3RIZjrSdxaDtjbEZ62ZuJ/3nd1ERXQcZEkhoqyGJRlHJkJJp9jgZMUWL4xBJMFLO3IjLCChNj8ynZELzll1dJq17zLmreQ73SuMnjKMIJnMI5eHAJDbiDJvhAgMEzvMKbI5wX5935WLQWnHzmGP7A+fwBUKKNsQ==</latexit>

f1 = b1 · g = br1 · g ⇡ 0
<latexit sha1_base64="A2lppHoKfDmzjK/EMw5i527B2Zw=">AAACM3icbVDLSsNAFJ34rPUVdekm2AquSqYudCMU3YirCvYBTVom00k7dJIJMxOxhPyTG3/EhSAuFHHrPzhpI9jWAxcO59zLvfd4EaNS2farsbS8srq2Xtgobm5t7+yae/tNyWOBSQNzxkXbQ5IwGpKGooqRdiQICjxGWt7oKvNb90RIysM7NY6IG6BBSH2KkdJSz7wp+1144QRIDT0/8dJuAlMH97n6lQbpjCsWbAdFkeAPdrlnluyKPYG1SGBOSiBHvWc+O32O44CECjMkZQfakXITJBTFjKRFJ5YkQniEBqSjaYgCIt1k8nNqHWulb/lc6AqVNVH/TiQokHIceLozO1XOe5n4n9eJlX/uJjSMYkVCPF3kx8xS3MoCtPpUEKzYWBOEBdW3WniIBMJKx1zUIcD5lxdJs1qBpxV4Wy3VLvM4CuAQHIETAMEZqIFrUAcNgMEjeAHv4MN4Mt6MT+Nr2rpk5DMHYAbG9w9zwayj</latexit>

f2 = b2 · g = br2 · g ⇡ 0
<latexit sha1_base64="p5sV93VWECcCX1z3rU4Y5gxC1qQ=">AAACM3icbVDLSsNAFJ34rPUVdekm2AquShIXuhGKbsRVBfuAJi2TyaQdOsmEmYlYQv7JjT/iQhAXirj1H5y0EWzrgQuHc+7l3nu8mBIhTfNVW1peWV1bL22UN7e2d3b1vf2WYAlHuIkYZbzjQYEpiXBTEklxJ+YYhh7FbW90lfvte8wFYdGdHMfYDeEgIgFBUCqpr99Ug5594YRQDr0g9bJeamcO8pn8lQbZjMsXbAfGMWcPZrWvV8yaOYGxSKyCVECBRl9/dnyGkhBHElEoRNcyY+mmkEuCKM7KTiJwDNEIDnBX0QiGWLjp5OfMOFaKbwSMq4qkMVH/TqQwFGIceqozP1XMe7n4n9dNZHDupiSKE4kjNF0UJNSQzMgDNHzCMZJ0rAhEnKhbDTSEHCKpYi6rEKz5lxdJy65ZpzXr1q7UL4s4SuAQHIETYIEzUAfXoAGaAIFH8ALewYf2pL1pn9rXtHVJK2YOwAy07x945Kym</latexit>

f3 = b3 · g = bs · g
<latexit sha1_base64="i1i/Pp5gdUmVOYqiONvgxn08e9g=">AAACKnicbVDLSsNAFJ34rPUVdelmsBVclaRd6EaounFZwT6gSctkMmmHTiZhZiKUkO9x46+46UIpbv0QJ20F23rgwuGce7n3Hi9mVCrLmhobm1vbO7uFveL+weHRsXly2pJRIjBp4ohFouMhSRjlpKmoYqQTC4JCj5G2N3rI/fYLEZJG/FmNY+KGaMBpQDFSWuqbd+WgV7t1QqSGXpB6WS+tZQ72I/UrDbIlV6665b5ZsirWDHCd2AtSAgs0+ubE8SOchIQrzJCUXduKlZsioShmJCs6iSQxwiM0IF1NOQqJdNPZqxm81IoPg0jo4grO1L8TKQqlHIee7sxPlKteLv7ndRMV3Lgp5XGiCMfzRUHCoIpgnhv0qSBYsbEmCAuqb4V4iATCSqdb1CHYqy+vk1a1Ytcq9lO1VL9fxFEA5+ACXAEbXIM6eAQN0AQYvIJ38AE+jTdjYkyNr3nrhrGYOQNLML5/ACcZqPc=</latexit>

b1 ·G = br1 ·G ⇡ 0
<latexit sha1_base64="88OJ/G7nyZm3EaL4zCRsdbQHHvc=">AAACL3icbVDLSsNAFJ34rPUVdelmsBVclaQudCMUBXVZwT6giWUynbRDJ5kwMxFLyB+58Ve6EVHErX/hpI1QWw9cOJxzL/fe40WMSmVZb8bS8srq2npho7i5tb2za+7tNyWPBSYNzBkXbQ9JwmhIGooqRtqRICjwGGl5w6vMbz0SISkP79UoIm6A+iH1KUZKS13zuuwESA08P/HSh8ROHdzj6le6SS9mXbFgOyiKBH+yyl2zZFWsCeAisXNSAjnqXXPs9DiOAxIqzJCUHduKlJsgoShmJC06sSQRwkPUJx1NQxQQ6SaTf1N4rJUe9LnQFSo4UWcnEhRIOQo83ZmdKue9TPzP68TKP3cTGkaxIiGeLvJjBhWHWXiwRwXBio00QVhQfSvEAyQQVjriog7Bnn95kTSrFfu0Yt9VS7XLPI4COARH4ATY4AzUwC2ogwbA4BmMwTv4MF6MV+PT+Jq2Lhn5zAH4A+P7B1EDqwk=</latexit>

b2 ·G = br2 ·G ⇡ 0
<latexit sha1_base64="TsyWBGfLGergpZwYv5G9F/42gw0=">AAACL3icbVDLSsNAFJ34rPUVdelmsBVclaQudCMUBXVZwT6giWUynbRDJ5kwMxFLyB+58Ve6EVHErX/hpI1QWw9cOJxzL/fe40WMSmVZb8bS8srq2npho7i5tb2za+7tNyWPBSYNzBkXbQ9JwmhIGooqRtqRICjwGGl5w6vMbz0SISkP79UoIm6A+iH1KUZKS13zuuwESA08P/HSh6SaOrjH1a90k17MumLBdlAUCf5klbtmyapYE8BFYuekBHLUu+bY6XEcByRUmCEpO7YVKTdBQlHMSFp0YkkihIeoTzqahigg0k0m/6bwWCs96HOhK1Rwos5OJCiQchR4ujM7Vc57mfif14mVf+4mNIxiRUI8XeTHDCoOs/BgjwqCFRtpgrCg+laIB0ggrHTERR2CPf/yImlWK/Zpxb6rlmqXeRwFcAiOwAmwwRmogVtQBw2AwTMYg3fwYbwYr8an8TVtXTLymQPwB8b3D1Rcqws=</latexit>

b3 ·G = bs ·G
<latexit sha1_base64="194yFJ1s7AFM0EAMZIuncFjcG0M=">AAACJnicbVDLSsNAFJ34rPUVdelmsBVclaRd6KZQdKHLCvYBTSyTyaQdOpmEmYlQQr7Gjb/ixkVFxJ2f4rSNUFsPXDiccy/33uPFjEplWV/G2vrG5tZ2Yae4u7d/cGgeHbdllAhMWjhikeh6SBJGOWkpqhjpxoKg0GOk441upn7niQhJI/6gxjFxQzTgNKAYKS31zXrZCZEaekHqZY9pLXOwH6lf6TarL7py2S33zZJVsWaAq8TOSQnkaPbNieNHOAkJV5ghKXu2FSs3RUJRzEhWdBJJYoRHaEB6mnIUEummszczeK4VHwaR0MUVnKmLEykKpRyHnu6cniiXvan4n9dLVHDlppTHiSIczxcFCYMqgtPMoE8FwYqNNUFYUH0rxEMkEFY62aIOwV5+eZW0qxW7VrHvq6XGdR5HAZyCM3ABbHAJGuAONEELYPAMXsEEvBsvxpvxYXzOW9eMfOYE/IHx/QMOA6db</latexit>
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M=1:  Physical understanding

CSP    Fast reaction:  3b
           Fast species:   NO   
           Equilibrium:     QSSANO    R3f - R3b = 0

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

LSA    Fast variable:

           Equilibrium:

Fast species
Fast reaction

<latexit sha1_base64="/B1YXDQ2OUpH32KQlm3JJtV++iU=">AAACPnicjVBNS8MwGE7n15xfVY9egpsgCKOdOL0IAy+edIL7gK2UNEu3sDQtSSqM0l/mxd/gzaMXD4p49Wi2FdTNgw8EnjzP+77J+3gRo1JZ1pORW1hcWl7JrxbW1jc2t8ztnaYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vOHF2G/dESFpyG/VKCJOgPqc+hQjpSXXbJS6PV8gnHQjJBRFDHaurp30+8r40E2O/TQ9+lehl6bnVsk1i1bZmgDOEzsjRZCh7pqP3V6I44BwhRmSsmNbkXKS8WjMSFroxpJECA9Rn3Q05Sgg0kkm66fwQCs96IdCH67gRP3ZkaBAylHg6coAqYGc9cbiX14nVv6Zk1AexYpwPH3IjxlUIRxnCXtUEKzYSBOEBdV/hXiAdEhKJ17QIdizK8+TZqVsV8snN5VirZrFkQd7YB8cAhucghq4BHXQABjcg2fwCt6MB+PFeDc+pqU5I+vZBb9gfH4BAWKwJQ==</latexit>

ω[NO]

ωlnk3f
+

ω[NO]

ωlnk3b
= 0

<latexit sha1_base64="nCMeWZpts0sesUBeA5uyxtTEQ8U=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BFvBU0kKVo8FL560gv3ANJTNdtou3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMC2LOlHacbyu3tr6xuZXfLuzs7u0fFA+PWipKJMUmjXgkOwFRyJnApmaaYyeWSMKAYzsYX8/89hNKxSLxoCcx+iEZCjZglGgjPZa7qEfe7Z1f7hVLTsWZw14lbkZKkKHRK351+xFNQhSacqKU5zqx9lMiNaMcp4VuojAmdEyG6BkqSIjKT+cXT+0zo/TtQSRNCW3P1d8TKQmVmoSB6QyJHqllbyb+53mJHlz5KRNxolHQxaJBwm0d2bP37T6TSDWfGEKoZOZWm46IJFSbkAomBHf55VXSqlbcWuXivlqq17I48nACp3AOLlxCHW6gAU2gIOAZXuHNUtaL9W59LFpzVjZzDH9gff4AbuOQFA==</latexit>

⊋[NO]
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M=2:  Physical understanding

CSP    Fast reaction:  2f
           Fast species:   O2,   
           Equilibrium:     QSSA O2,    R2f - R2b = 0

(r1) N2 +O $ N +NO
<latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit><latexit sha1_base64="8GjWBQvOyJXtXIM4zjgbO9vmj/w=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUSICmE3jZZBG6skgnlAdllmJ7PJkNkHM3eVsOQfbPwVGwtFbG3s/Bsnj0ITD1w4nHMv997jxYIrMM1vI7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3vD64nfvmdS8Si8g1HMnID0Q+5zSkBLbv6sWJKudWpjG9fcCj7HdWwL5oPk/QEQKaMHXNNqrV7MufmCWTanwMvEmpMCmqPh5r/sXkSTgIVABVGqa5kxOCmRwKlg45ydKBYTOiR91tU0JAFTTjr9aYxPtNLDfiR1hYCn6u+JlARKjQJPdwYEBmrRm4j/ed0E/Esn5WGcAAvpbJGfCAwRngSEe1wyCmKkCaGS61sxHRBJKOgYJyFYiy8vk1albJll67ZSqF7N48iiI3SMSshCF6iKblADNRFFj+gZvaI348l4Md6Nj1lrxpjPHKI/MD5/AOmkmmk=</latexit>

(r2) O2 +N $ O +NO
<latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit><latexit sha1_base64="fpHslarnxYRLFYwFCSxmqspCct4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g61QFUqSjS6LblzZCvYBTQiT6aQdnDyYuVFK6D+48VfcuFDErRt3/o1J24W2HrhwOOde7r3HiwVXYBjfWmFpeWV1rbhe2tjc2t7Rd/faKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63h3l7nfuWdS8Si8hVHMnIAMQu5zSiCTXP2kUpWudWxjGzdcC5/ia2wL5oPkgyEQKaMH3MjVRqXk6mWjZkyAF4k5I2U0Q9PVv+x+RJOAhUAFUapnGjE4KZHAqWDjkp0oFhN6Rwasl9GQBEw56eSnMT7KlD72I5lVCHii/p5ISaDUKPCyzoDAUM17ufif10vAP3dSHsYJsJBOF/mJwBDhPCDc55JREKOMECp5diumQyIJhSzGPARz/uVF0rZqplEzb6xy/WIWRxEdoENURSY6Q3V0hZqohSh6RM/oFb1pT9qL9q59TFsL2mxmH/2B9vkD7N6aaw==</latexit>

(r3) N +O $ NO
<latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit><latexit sha1_base64="Pw+Wkbbv2n5536qquLwRRZfxSUQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g61QEUpSF7osunHVVrAPaEKZTCft0MmDmRulhP6AG3/FjQtF3Lp359+YtFlo64ELh3Pu5d57nFBwBYbxreVWVtfWN/Kbha3tnd09ff+grYJIUtaigQhk1yGKCe6zFnAQrBtKRjxHsI4zvk79zj2Tigf+HUxCZntk6HOXUwKJ1NdLpbLsn59a2MJ1fIYb2BLMBcmHIyBSBg+43igV+nrRqBgz4GViZqSIMjT7+pc1CGjkMR+oIEr1TCMEOyYSOBVsWrAixUJCx2TIegn1iceUHc++meKTRBlgN5BJ+YBn6u+JmHhKTTwn6fQIjNSil4r/eb0I3Es75n4YAfPpfJEbCQwBTqPBAy4ZBTFJCKGSJ7diOiKSUEgCTEMwF19eJu1qxTQq5m21WLvK4sijI3SMyshEF6iGblATtRBFj+gZvaI37Ul70d61j3lrTstmDtEfaJ8/1iaY5Q==</latexit>

LSA    Fast variable:

           Equilibrium:

Fast species
Fast reaction

<latexit sha1_base64="98e5bayCrxCHi9CrERwsUmqdUAg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFvBU9ktWD0WvHizgv2A7VKyabYNzSZLMiuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPBDbjut1PY2Nza3inulvb2Dw6PyscnHaNSTVmbKqF0LySGCS5ZGzgI1ks0I3EoWDec3M797hPThiv5CNOEBTEZSR5xSsBKfrXPYOzfD+pBdVCuuDV3AbxOvJxUUI7WoPzVHyqaxkwCFcQY33MTCDKigVPBZqV+alhC6ISMmG+pJDEzQbY4eYYvrDLEkdK2JOCF+nsiI7Ex0zi0nTGBsVn15uJ/np9CdBNkXCYpMEmXi6JUYFB4/j8ecs0oiKklhGpub8V0TDShYFMq2RC81ZfXSade8xq1q4d6pdnI4yiiM3SOLpGHrlET3aEWaiOKFHpGr+jNAefFeXc+lq0FJ585RX/gfP4A/LaQYQ==</latexit>

⊋[O2]
<latexit sha1_base64="8TTlE7n1IsoooGsirRqc661wUi4=">AAACQHicjVDNS8MwHE3n15xfU49egpsgCKMtOL0IAy/enOA+YC0lTdMtLE1Lkgqj9E/z4p/gzbMXD4p49WT2AermwQeBl/feLx/PTxiVyjSfjMLS8srqWnG9tLG5tb1T3t1ryzgVmLRwzGLR9ZEkjHLSUlQx0k0EQZHPSMcfXo79zh0Rksb8Vo0S4kaoz2lIMVJa8sqdqhOEAuHMSZBQFDHYu/ZsN//eMz70MjvM85P/Jf08vzCrXrli1swJ4CKxZqQCZmh65UcniHEaEa4wQ1L2LDNRbjY+GjOSl5xUkgThIeqTnqYcRUS62aSAHB5pJYBhLPTiCk7UnxMZiqQcRb5ORkgN5Lw3Fv/yeqkKz92M8iRVhOPpRWHKoIrhuE0YUEGwYiNNEBZUvxXiAdItKd15SZdgzX95kbTtmlWvnd7YlUZ9VkcRHIBDcAwscAYa4Ao0QQtgcA+ewSt4Mx6MF+Pd+JhGC8ZsZh/8gvH5BUrgsL0=</latexit>

ω[O2]

ωlnk2f
+

ω[O2]

ωlnk2b
= 0
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Appendix A

A01

Lindemann Mechanism



The traditional method (asymptotics):  Lindemann mechanism

A02

First steps in asymptotic analysis:   1) get the system in non-dimensional form

                                                         2) define the small parameter e 

€ 

A +  A  
k1b

k1f
⇔   B +  A

€ 

B  ⇒
k2

  Products

€ 

d 
dt

Y

Z

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

=

+1

-1

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 k1fZ
2 +

-1

+1

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 k1bYZ +
-1

 0

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

 k2Y

€ 

[B] =  Y

[A] =  Z

  

€ 

dy
dt

= S1 (R1f - R1b) + S2 R2

Y
Z

S1

S2



Three different non-dimensional systems

A03

1st system

€ 

dy
dt

=
z2

ε
−

yz
ε
− y            dz

dt
= −r z2

ε
−

yz
ε

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟     

€ 

ε = k2
k1bAo

<<1

2nd system

€ 

dy
dt

= z2 − yz− y             dz
dt

= −r(z2 − yz)    

€ 

ε =
k2

k1bAo
=O(1)

3rd system

€ 

dy
dt

=
z2

ε
− yz− y

ε
            dz

dt
= −r(z2 −εyz)    

€ 

ε = k1bAo
k2

<<1

€ 

r = k1f
k1b

€ 

[A] = Aoz



Three non-dimensional systems

A04

1st system

2nd system

3rd system

!!!!"##$
%&
%#!!!"!!!!!!!!!"##

%&
%" ''









ε

−
ε

−=−
ε

−
ε

=

!!!!"#$%&#
'(
'#!!!!"!!!!!!!!!"##

'(
'" )) −−=−−=

PEA-1

QSSA-z

QSSA-y
!!!!"#$%&#

'(
'#!!!!!!!!!!!!""##

'(
'" )

)
ε−−=

ε
−−

ε
=

r=O(1),  ε<<1

r>>1,  ε=O(1)

r=O(1),  ε<<1

:
:



Trajectories:    k1f=103    k1b=103    k2=1

A05

10-6 10-3 100

Y

10-4

10-2

100

Z

PEA-1
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10-6 10-3 100
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10-4
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Z

Leading order asymptotics
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Trajectories:    k1f=103    k1b=1    k2=1

A06

10-6 10-3 100 103
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Leading order asymptotics
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Long term (global) behavior: 3 different approximations

A07

10-6 10-3 100

Y

10-4

10-2
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Z

PEA-1

QSSA-y

10-6 10-3 100 103

Y

10-4

10-2

100

102
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QSSA-z

QSSA-y

k1f=103    k1b=1    k2=1 k1f=103    k1b=103    k2=1

X X
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Long term (global) behavior: 3 different approximations

A08
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10-2
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PEA-1

QSSA-y

QSSA-z

QSSA-y

k1f=103    k1b=1    k2=1 k1f=103    k1b=103    k2=1
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Long term behavior:  QSSA - y

A09

10-6 10-3 100

Y

10-4

10-2

100

Z

PEA-1

QSSA-y

k1f=103    k1b=103    k2=1

 

ε
!"
!#

= $% − "$ & ε"'''

 

!"
!#

= −"$ + ε%"
 

! = !" +ε!# + $$$

 

! = !" +ε!# + $$$

 

!" = #$"
%###

 

!"#
!$

= −"#
%

Fine !

Normal form



Long term behavior:  PEA-1

A10

10-6 10-3 100

Y

10-4

10-2

100

Z

PEA-1

QSSA-y

k1f=103    k1b=103    k2=1

 

! = !" +ε!# + $$$

 

! = !" +ε!# + $$$
 

ε
!"
!#

= $% − "$ −ε"&&&&

 

ε
!"
!#

= −"$ + %"&&&&

 

!" = #$" Problem !

 

!" = #$"

Not in normal form



Getting the non-dimensional system in normal form

A11

 

ε
!"
!#

= $% −"$ & ε"''''

 

ε
!"
!#

= −"$ + %"&&&&
 

ε
!"
!#

= $%−"&$%− '"& ( ε"))))

 

!"
!#

= −$%%%%

 

! = !" +ε!# + $$$

 

! =!" +ε!# + $$$

 

! = "+ #

 

!" = #$%"###

 

!"#
!$

= −%#

 

! ="−#

 

!" = #$"###

 

!"#
!$

= % & '#
(

Fine !



Long term (global) behavior: 3 different models

A12
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Long term (global) behavior: 3 different models

A13

k1f=103    k1b=103    k2=1


