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1 Deriving the WK optimal filter results for the multi-level cascade without feedback

1.1 Mapping the system onto a noise filter
The starting point for the derivation is the system of equations in main text Eq. (9), with ¢; = 0 in the absence of
feedback:

d
E&Co(f) = —Y00x0(t) +no(t),

d
E&Ci(t) = —y;0x;(t) + 010x;-1 (1) +n; (1), i>0,

where the Gaussian noise functions satisfy (n;(t)n;(t")) =20;;y;%;6(t —t"). Taking the Fourier transform of Eq. (S1),
we can solve the system of equations for the fluctuation functions dx;(w) in Fourier space,

(S

no(w)
Yo—iw’

oxp(w) =
| (S2)
oxj(w) = m (0'j16xj_1(a)) +nj(w)) , J>0,
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with f(w) denoting the Fourier transform of a function f(z). Iteratively plugging the result for 6x;_; (w) into the
0x;j(w) equation, starting from j = 1, we can solve Eq. (S2) to get the following expressions for the Fourier space
input and output fluctuations:

bro(w) = 20
Yo —lw
A N S (S3)
san (W) =|[ | =L |[oxo(@)+ Y np(w) [ | =
j=1 Vi T = k=1 910kl

Let us compare the result for dxy (w) to the Fourier transform of main text Eq. (10), the noise filter convolution
integral:

§(w) = Hw)(s(w) +n(w)). (S4)

We can make a mapping of the system to a linear noise filter with the following choice of estimate, signal, noise, and
filter function:

N Jj-1 . N )
@ =0y (@), s =), =Y @[22 He =[] 69
=1 k=1 7J10Kkl j=1 YiTHe

1.2 Concise overview of WK optimal filter theory
To apply WK theory to our problem, let us summarize its main results (see Ref. 1 for a more detailed review). Given a
Fourier-transformed signal and noise functions s(w) and n(w), let us denote the corresponding power spectra Pg(w)
and P,(w). The spectra are defined through the relation {f(w) f(w")) =27P s (w)d(w+w’), where f = s or n. For
the signal corrupted by noise, y(w) = s(w) +n(w), the corresponding power spectrum is Py (w) = Py(w) + P, (w) if
the noise is uncorrelated with the signal. This is indeed the case, since the Gaussian noise functions 7;(w) in Eq. (S5)
that contribute to n(w) are uncorrelated with ng(w), the function that enters into the signal 6x¢(w) in Eq. (S3).
Once Ps(w) and P(w) are specified, one can find a corresponding optimal filter function Hwk (w). Optimality
here means that the time-domain function Hwk (¢), plugged into the convolution integral of main text Eq. (10),
minimizes the error €(s(z),5(¢)) between the estimate and signal defined in main text Eq. (11). In Fourier space the
optimal filter takes the following form if signal and noise are uncorrelated?:

1 Py (w)
(@)= i )| . 50
The + superscripts and subscripts denote two types of causal decompositions. For example, the function P; (w) is
defined via Py (w) = |Py(w) |2, where the factor Pj(w) is chosen such that it has no zeros or poles in the upper half-
plane. This decomposition always exists for all the physical power spectra we encounter in signaling contexts. The other
decomposition, denoted by {G (w)}, for a function G (w), can be calculated from {G(w)}, = F[O(1)F ' [G(w)]].
Here #[ f(¢)] indicates the Fourier transform of a function f(¢), ¥ ! the inverse Fourier transform, and ©(¢) is a
unit step function®. In practice, it is often convenient to calculate it through an alternative method: doing a partial
fraction expansion of G (w) and keeping only those terms with no poles in the upper half-plane.

To find the lower bound on €, we inverse Fourier transform Hwg (w) back to the time domain. The minimum
error Ewk can then be expressed compactly in the following form, which is convenient for calculations:

1 (o]
Ewg=1- .0 /0 dtHwg (1)Cy(1), (S7)

where C(t) = F~'[Ps(w)] is the signal autocorrelation function, given by the inverse Fourier transform of its power
spectrum.
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1.3 Calculating the optimal filter function Hyg
Given Egs. (S3), (S6), and the properties of the Gaussian noise functions n;(t), which in Fourier space satisfy
(ni(w)nj(w)) =4nd;jyix;0(t —t’), the power spectra for the signal and noise can be written as:

2F
Py(w) = ——, (S8a)
W+,
N Jj-1 2 2
2F 1 (W™ +7)
Piw)==) — — K. (S8b)
" SJZ::‘ j g Yok

Here we have used the facts that xo = F'/yq, X; = 0y9/7; for i > 0, and have introduced the dimensionless constants
Aj= )Ej_lo-jgl/(ajoyo). Summing Pg(w) and P, (w), we can write Py (w) in the form:

2F

Py(w)=—5——5-
@+

B(iw), (S9)

where B(1) is the polynomial from main text Eq. (14),

J

S
B(1) =v2+ A [ Pl Sy (S10)
(D =% JZ:;VO B o

This is a polynomial of degree 2N in A, and hence has 2N roots. Because the coefficients of A in the polynomial
are real, the conjugate of any complex root must also be a root. Finally, because only even powers of A appear in
B(A), the negative of a root is also a root. Putting all these facts together ensures that there will always be N roots
A; where Re(4;) > 0, and the other N roots are just —1;. Moreover, among the set of A, any complex roots come
in conjugate pairs. This guarantees that the expression for Ewy in main text Eq. (13) is always real. Note that the
choice of ordering of the roots 4, j =1,..., N is arbitrary, since it does not affect the result. Taking all this into
account, we can factor B(iw) in the following way:

N N N
1
B(iw) = v} _ w+ild; w—idj)|. S11
(iw) yO(D — ]]( ) ]]( ) (S11)
Since w = —id; for j =1,...,N are all the zeros of B(iw) in the complex lower half plane, this enables us to write
down the decomposition Py (w) = P} (w)(Py(w))" where
VK
+ _ .
P) = o ],](wﬂ/l,), (S12a)
. VK /o
(Ph(w)) = ———[ [(w-iay), (S12b)
w=iYo
and
L |
K=2F| | ——. (S13)
g YoYik-1Ak

Continuing with the calculation of Hwg (w), we see that:

Py(w) _ 2F N

(Py(w))* - VK (w+ivy) 11] w—id;’

(S14)
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The quantity { i II:;S ((5)))))* }+ is computed from taking the causal part of the partial fraction decomposition of Eq. (S14).

Because the only causal pole (pole in the lower half plane) of Eq. (S14) is —ivyy, all other terms in the decomposition
are dropped, yielding:

{ Ps(w) } _ 2FiN
(Py()* ), cVK(w+iyo)’

(S15)

where C = Hﬁ.v: 1(¥0+4;). Finally, we can divide this result by Py (w), following Eq. (S6), giving us the optimal
filter:

2FiN 1
Hwk (w) = 1_[ —
=1

2F i
_C_Kl.—[w+i/lj (516)

Plugging in the definitions of C and K, we can rewrite the prefactor to get the final form for the optimal filter function:

N
_ YoYk-1Ak
Hac(w) = B (Yo+ A1) (Ak —iw)” G17

1.4 Calculating the optimal error Eyg
To calculate Ewg from Eq. (S7), we first take the inverse Fourier transform of Hwg (w) from Eq. (S17), which gives
a sum of exponentials in the time domain,

N
YoYj-14; N-1 ~Axt 1
Hwk (1) =0O(t -1 K S18
wi(1) = ()]_[ Yy [( I FT. (318)
k=1 m#k
Using the fact that C (1) = F '[P, (w)] = Xoexp(—yolt|), we can evaluate the integral in Eq. (S7) to find
Ewk =1- ﬂyw’ A 1)N—‘i 1 [ 1 (S19)
WK = -
(Yo+4;) Hyo+ A L Ak =Am
Reversing the partial fraction decomposition,
ﬁ 1 i 1 1
Y+l A y+ L L A -
N (S20)
1 1
=Ny — [
1 YT Ak g Ak = Am
with y = vy, the error reduces to the value in main text Eq. (13):
A;j
Ewk =1- ]_[ Y0¥t (S21)

(Yo+4;)%
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1.5 Conditions under which the system can achieve WK optimality
In order for the system to attain £ = Ewg, the parameters must be tuned such that H(w) « Hwk (w), where H(w)
and Hop(w) are given by Eqgs. (S5) and (S17) respectively. Comparing the two functions, we see that they are
proportional to one another when A; =y; forall j =1,...,N. Satisfying this condition actually requires a certain
relationship between the different per-capita deactivation rates y; and the A; parameters.

To see this, let us first denote By (4) as the polynomial from Eq. (S10) for a particular value of N. The explicit
forms of the polynomials for the first few values of N are as follows:

Y
ys—A
B](/UZ’)/(%-F 0A1 5
2 2 2 2 2 2
Yo—A" (yg—A)(y1—A%)
By() =vy3+ + S22
W=% Ay Yoy1iAiAz (522)
5 (A):y2+7§—ﬂz+(73—12)(712—12)+(7§—12)(7f—12)(7§—12)
’ 07 A YoyiAiA, Yov172M1 003 '

Consider the N = 1 system. There is one root A4; with a positive real part, and we set it to 1; = y; to satisfy the
condition. This requires that By (y;) =0, which occurs when y; = y9V1+A;. Interestingly, this same value of y;
will also be a root for all higher polynomials N > 1. Because the additional terms in the higher polynomials all
contain a ()/12 — A?) factor, we see that By (y1) = Bi(y1) =0 for N > 1.

Thus B»(A) has one root 11 =y = yoV1+ A that we have already found, and a new root A, =y, whose value
we need to determine. This will be true iteratively at every higher value of N: the first N -1 roots A4; =y,
j=1,...,N—1, will be the same roots as for By _; (1), and there will one new root Ay =yn. This follows from the
structure of the By () polynomials, where

By (yj)=Bj(y;))=0  forN>j. (823)
We can find all the higher roots by induction. Let us assume that we have already found the values of A; =y for
j=1,...,N—1and are interested in finding A =y . The known roots allow us to completely factor By _;(1), and
from the definition of the polynomials in Eq. (S10) that factorization has to take the form:
L (y;-2)
By-1(A) =7 (524)
0 l_l YoYj- IA

Note that we know the overall prefactor in the factorization above from the prefactor of the highest power A2V =1 in
the definition of By _;(4). Turning to By (1), we can write this polynomial as By _; (1) plus an added term,

Yo(y2—2) ﬁ (y2-2)

BNy () =By-1(1) + - (525)
YN-1IAN L1 Yoy i-1A
Comparing Eq. (S25) to Eq. (S24), we see that
)
By (1) = By-1 () + ———Bn_1()
Yoyn-1AN
(72— (526)
=By () |1+ —2——
Yoyn-1AN

Setting the factor in the brackets to zero allows us to find the new root A =y in terms of the previous root yn_,

YN =7Y0,/1+ 7];0‘1sz. (S27)
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Starting from the known value of y; = yoV1+ Ay, we can iteratively use Eq. (S27) to find all the higher roots. The
solutions are the nested radical forms shown in main text Eq. (17),

Y1=YoVI+A, Y2 =yov1+V1+A[A,, y3:yo\/1+,/1+ﬂ/1+AlA2A3’ (528)

When these conditions are satisfied, the expression for Ewk simplifies to the form in main text Eq. (18),

N 0
Ewg=1-[ | ——5 (S29)
where ¢; = y,_1/Ai/vo.

2 Deriving the WK optimal filter results for the multi-level cascade with feedback

2.1 Mapping the system onto a noise filter, finding the WK filter function and bound
The feedback derivation starts with main text Eq. (9), but with the ¢; term present:

d

E&Co(f) = —Y00x0(t) — p10xn (1) +no(1),

d (S30)
E5xi(f)=—7i5xi(l‘)+0'i15xi—1(f)+ﬂi(f), i>0,

The noise filter mapping is qualitatively different from the no feedback case, taking the form of main text Eq. (19),
s(t) = 6xo(t)lg=0,  3(2) = 6x0(1)| =0 — 0x0(2). (S31)
We know the 6x¢(#)|g=o solution in Fourier space already, having calculated it in Eq. (S3),

5(@) =010y = 222 (532)

We can manipulate the Fourier space counterpart of Eq. (S30) to relate §(w) to s(w) through a noise filter equation,

§(w) = H(w)(s(w) +n(w)), (S33)
where
N j—1 . N .
T 7Yk~ lw of HJ':lO']l
(w) = (w) , H(w) = : (S34)
e ;n, N k=1 Ti10k1 ¢ [To(rj —iw)+ 1 T o

Comparing to Eq. (S5), we see that s(w) and n(w) in this mapping are exactly the same as in the no feedback case.
Hence Ps(w) and P, (w) are the same, which means the calculation of Hwg and Ewk is unchanged. The result for
Ewk in Eq. (S21) serves as a lower bound for the error €.

2.2 Conditions under which the system can achieve WK optimality

Comparing H(w) from Eq. (S34) and Hwxk (w) from Eq. (S17), one sees that achieving H(w) = Hwxk (w), and hence
€ = Ewk, is non-trivial. However there is one scenario where this can be approximately fulfilled. We will show that
in a certain limit the N-level feedback system effectively behaves like an N =1 level system with an effective A
parameter. Note that the N = 1 version of P, (w) from Eq. (S8b) looks like:

2F

YA

Pp(w) = (835)
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Let us now consider an N-level system where y; > y for j > 0. The main frequency scale in the system is set by the
input signal, which has characteristic frequency g, so typical frequencies w that are relevant to the system behavior
all share the property that w < y; for j > 0. If we use this simplification in Eq. (S8b), the noise power spectrum can
be approximated as:

P, (w)NZ—FZ%

0 j=1""

j-1
Yk

1o Yok

(S36)

Comparing Eq. (S35) to Eq. (S36), we note that the multi-stage noise power spectrum is approximately the same
form as for an N = 1 system, except with A replaced by an effective parameter A given by:

-1
J=

l_l Yok

For the special case where the production functions R;(x;_1) = 0j1x;_1, and hence o = 07jo/X;_1 for j > 0, the
expression for A simplifies to the result shown in main text Eq. (22):

(S37)

-1
Agg = i ! (S38)
eff = F v o0 .

The corresponding N = 1 optimal filter Hwg (w) from Eq. (S17), with A.g instead of Ay, can be expressed as:

Yo(VI+Ae—1)

Hwk (w) = . (839)
wi(w) YoVT+ Aer— i
Here we have used the fact that 1; = yoV1+ A is the root for B (1) from Eq. (§22), and substituted in Acg.
Let us now write H(w) from Eq. (S34) using the approximation w < y; for j > 0,
b1 H -107j1
H(w) ~ . (840)

(vo—i) [T, v+ 1 T1I o

We can thus approximately have H(w) ~ Hwxk (w) from Eq. (S39) when the feedback strength is tuned to the value
from main text Eq. (21),

¢1=vo(VT+Aer—1) ]_[ (S41)

0'11

which then ensures that € ~ Ewg, with the latter having the N =1 form,

2
E = . S42
VK= T (542)

3 Exact error calculation in the nonlinear cascade without feedback

This section fills in the details of the calculation that transforms main text Eq. (37), a relation for the generating
function Hz (y) and its derivatives H (P) (y), into the recursion relation of main text Eq. (49). The ultimate goal is

to use the recursion relation to find the coefficients ,u(p )i

Eq. (48):

in order to evaluate the exact error E given by main text

Xo (llgl) )

0+8()

E=1- (S43)

2°
2 1 1
[( ) ”( ) (”é ))
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Recall the expansions defined in the main text for all the quantities of interest:

Ri(x;-1) = Zo'invn(xi—l;fi—l) fori >0,
n=0 (S44)
I =) i va (#:%),
7

where
(p)
H7 (1
(A (1) (845)
* I1(%;x)
Here we use the multi-dimensional versions of the Poisson distributions and Poisson-Charlier polynomials,
T(%;%) = H(xo; Xo)1(x15%1) - T (xn 1358 1),
(£;x) = (xo;%0)L(x13%1) - TL(xn-13 %N -1) (S46)

Vi (£5%) = vy (X03%0) Vi, (X1551) Vi, (XN 13 %N -1)-

More details on the Poisson-Charlier polynomials can be found in the next section of the SI, which provides a brief
guide to their most useful properties.

Since we know the production functions R;(x;—;) for our system of interest, we can easily find the coeflicients
oin in Eq. (S44), using main text Eq. (42). To derive the coefficients ll,(;p ) , we start with the relation in main text
Eq. (37):

N-1
0= A+ DHP), (1) =x; HP ()] + R (i) [HP), (1) = HP (1
;{y [+ DHP) (1) = HP (D] + R () [HP), (1) - HP (1]} s
—pynHP () +pRy (xn-)HP ™ (1).

Using Eq. (S45) and the fact that Poisson distributions satisfy (x; + DIT(x; + 1;%;) = x;11(x;;%;), we can rewrite
Eq. (S47) in terms of the J ép ) functions:

N-1
0 ={ D vilE I —xid P+ Rexi) D 7L = I = pyn P+ pR (en ) TP }H(f;:%» (S48)
i=0

Let us introduce one more expansion, for products of the R;(x;-) and J ép ) functions,

Ri(xio) I = 3 v D (2:%). (S49)
7]

Because R;(x;-1) and J )gp ) have their own individual expansions in terms of the Poisson-Charlier polynomials,

defined by Eq. (S44), the coefficients vép D are entirely determined by the coefficients o7, and ,u,(ip ) of the individual
expansions. This relation, a property of the Poisson-Charlier polynomials, is explained in more detail in SI Sec. 4.5.

It takes the form:

(p.i) _ (p) ab (=

Va o T Z Tiak gy (pon; e, O (Ki=1)s (S50)
a,b=0
a+b>n;_;
la=b|<n;_;

where C}""(z) are polynomials defined in Egs. (S66)-(S67).
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Let us define (f(%))s = Y¢ f(®)I1(£;X) as the average of a function f(#) with respect to I1(£;X). Using the
recursion relationships for Poisson-Charlier polynomials shown in Eq. (S64), one can prove the following useful
identities:

(va®:8)1") . = Ga o,

(va @R i)I) = GG,

n-é; i

0 (0) (0) (S51)
= Ga(®) | + i+ el |

= i (%) ,U,(@'i)éi +(n; +fi),u,(@p) +(ni+ Dfir“:(iﬁ)éf ’

<vﬁ (#:2)JP)

x+él—

)
)
<vﬁ(£;§)xiRi(xi—l)J£ﬂi> =i (X) [,/ (P:0) +Xiv(p’i)],
)
)

<v;, (fc;f)x,»]ép)

<Vﬁ (f;i)xiéﬂ))% = L (%) ,U,(ﬁ)éi +fiﬂ£,p)] ,
where £z (%) = HII.\:’ 0 Un; 'x?'. By multiplying Eq. (S48) by vj (%;%) and summing over £, we can use the above
averages to obtain the following relation:

N-1

1 (pii ~1i

0=—noyouy” + > (—ym,({i)é[ —nyip +5; 1%2’153) —pywul? +pyiPhD, (S52)
i=1

We can rearrange this obtain the recursion relation in main text Eq. (49),

(p-1,N) N-1{(=-1,(p.i) (p)
PVi +2im (xi Vi-e; _Vi“ﬁ—éi)

A _ (853)

" pyn + 5N niy
This relation, together with u 30) = 1 which we know from the normalization property Y.z Hz (1) = 1, is sufficient for
(p)

us to calculate any coefficient u " of interest.

4 Properties of the Poisson-Charlier polynomials

4.1 Definition of the polynomials

In this section, we summarize some properties of the polynomials v, (x;x) used in our analytical expansion approach
for calculating moments of master equations. These are variants of Poisson-Charlier (PC) polynomials*?, ¢, (x; %),
related by a trivial factor to the standard PC definition:

Vi (X5X) = (=%)" e (x;X). (S54)

The nth function v, (x;X) is a polynomial in x of degree n, depending on the parameter k. It is defined as follows:

n

Vn(X;%) = Z (:1) (_)E)m (x)n—m- (S55)

m=0

Here (X)) =x(x—=1)---(x—k+1) = k!(;{‘) is the kth falling factorial of x, with (x)g = 1. The first few polynomials
are given by:
vo(:X) =1, vi(nk)=x—% (X)) =(x-%-x, (S56)
v3(x;%) = (x —%)° = 3x(x — %) +2x.
These v, (x;X) appear in a variety of master equation expansion approaches, for example the spectral method of
Refs. 6,7. In fact, v, (x;X) = n!{(n|x), where (n|x) is the mixed product defined in Eq. A8 of Ref. 6 (with X substituted
for the rate parameter g).
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4.2 Orthogonality with respect to the Poisson distribution
One of the convenient properties of these polynomials is that they have simple averages with respect to the Poisson
distribution,

e*x

x!

=X
M(x: %) = =

(S57)
where x is a non-negative integer, and X is the parameter that defines the mean of the distribution, so that

X = X5 o xII(x;%). Let us denote the average of a function f(x) with respect to the Poisson distribution IT(x;X) in
the following way:

(F@)e= D fOMI(x:). (S58)
x=0
Then the polynomials of Eq. (S55) satisfy the following orthogonality relationship®°:
Vi (6 X)) (X3%) )z = n!X" 6, . (S59)
Since vo(x;x) = 1, a special case of Eq. (S59) when n’ = 0 gives an expression for the mean:

(Va(x;%))5 = 6no- (S60)

4.3 Using the polynomials as a basis for function expansions
The polynomials form a basis in which one can expand arbitrary functions of populations f(x),

F@) =D agva(x: %), (S61)
n=0

for some coefficients a;,. To calculate the mth coefficient «@,,, we multiply both sides of Eq. (S61) by v,,,(x;%) and
take the average with respect to I1(x;X):

V() F )z = ) @n(vm (50 (4:5)) = @m ", (S62)
n=0
where we have used the orthogonality relation Eq. (S59). Thus a, is given by:
(6B F(0))x _ K (D"
= LD 5 EDS 2 (o) (563)
mlxm o (m—n)! n x

where we have plugged in the definition of v, (x;%) from Eq. (S55). For the kinds of functions we ordinarily
encounter in working with master equations, the coeflicients a,, rapidly decay with m, so in practice we can often
form an excellent approximation by just keeping the first few (n < 5) terms in the expansion of Eq. (S61)°.

4.4 Recursion relationships
The polynomials satisfy the following recursion relationships, as can be easily verified from their definition in
Eq. (S55):

XV (X5X) = kv (x:X) + (n+X) v, (X, %) + Vg (X55),
Va(x+15X) = nv, g (655) + v, (x:X), (564)

XVu(x—1;%) =xv, (%) + via1 (x5X).
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4.5 Expanding the product of polynomials
The final property that comes in useful in calculations is that the product of two polynomials v, (x;X) and v, (x;X)
can be itself expanded in a linear combination of polynomials in the following form:

n+m

BBV (5D = ) BB (), (S65)

k=|n—-m]|
where the coefficients C}"" () are polynomials in X given by:
L2

CIM (%) = > e, (S66)

c=max(0,n—k,m—k)

Here, the sum starts at the largest of the three values 0, n — k, and m — k, and | z| denotes the largest integer less or
equal to z. The quantity I';"" is defined as:

In!
¢ clNe+rk-m)l(c+k—-n)!(m+n—k—-2c)!

Thus for example if one had two functions f(x) and g(x) with individual expansions,

F) =D awva(ui),  g(x) Y fava(x:®), (S68)
n=0 n=0
then the product can be expanded as
F)E() = ) yavalx; ), (S69)
n=0
with coefficients given by
Ya= D aBeCr (%) (S70)
k,C
k+€>n
|k=€|<n

5 Additional results for nonlinear cascades without feedback

5.1 N =2 cascade with nonlinear production functions at both levels
One example we considered in the main text was the N = 2 cascade without feedback where the first level production
function R (xg) = o11xg is linear and the second level production function R, (x) = 021x1 +022v2(x1;%1) is quadratic.
In the limit = y; /yg > 1 and p = o»9/010 > 1, where signaling is efficient (Ewg < 1/4), we get main text Eq. (55)
for the difference E — Ewg. This is minimized in main text Eq. (56), showing a small violation of the WK bound:
Emin— Ewk ~ —(2%or?) 7.

Here we generalize these results to the case where both production functions are quadratic, so that R (xg) =
o11X0 +012v2(x0;X0). Following the same approach as described in the main text, we find that for » > 1 and p > 1:

2X0 4x0 2X0
E—-FEwk = 02+ ) 20'222+ ) 0'120'22+2—40'122. (S71)
Yopr YoP Yol P Yol

If we keep the parameter o7, fixed, we can minimize E at the following value of 07;:

ryo+2xoo
0_22:_9( Y0 2% 12) (S72)
2r-xo
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The resulting minimum error value E;,, generalizing main text Eq. (56) by adding a second term proportional to
012, 1s given by:

1 20712

Ein— Ewk = — (S73)

2%or2  yor3
If 012 > 0, we see that the violation of the WK bound can be made larger through the additional nonlinearity at the
first level. However the r3 in the denominator keeps the o, term small relative to Ewg ~ 2/r when r > 1, so the
overall magnitude of the violation generally remains tiny.

5.2 N =3 cascade with a nonlinear production function only at the first level

Main text Eq. (53) shows E for an N =2 system where the first level production function can be nonlinear, but the
second level one is linear (07, =0 for n > 2). Here we generalize this to a N = 3 system with a nonlinear first level,
but all higher levels linear (02, = 03, = 0 for n > 2). The result can be expressed as:

N
E=1-2, S74
> (574)
where
Y172 (Y1 +72) v3 (V1 +73) (V2 +73) 0,075,075, %o
N = : - 5 , (S75)
(Yo+y1)? (Yo+v2) 2 (Yo+7¥3)
and
D =02 |2 i”!((71+72)(71+73)(72+73)+(71+72+73)7§”2+(71+72+73)270n)f712nf6‘
T (y1+70n) (y2+¥on) (3 +¥on)

n=l (S76)
+(y1+y2+73) (710) +y1 (Y1 +72) (Y1+¥3) 020 | +y1v2 (Y1 +72) (Y1 +73) (Y2 +7¥3) 030.

Qualitatively the behavior of E is similar to the N = 1 (main text Eq. (29)) and N =2 (main text Eq. (53)) cases when
only the first level is nonlinear: o7, for n > 2 contribute to the denominator O only through positive terms, and
hence always serve to make E larger than Ewyg. Given this pattern for N = 1 —3, it is likely that the result generalizes
to cascades of any length: nonlinearity only at the first level cannot beat the WK bound.
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