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Solution of the equation y’ = f(y) and Bell Polynomials

Ronald Orozco Lopez

Abstract. In this paper we use Faa di Bruno’s formula to associate Bell polynomial
values to differential equations of the form y’ = f(y). That is, we use partial Bell
polynomials to represent the solution of such an equation and use the solution to
compute special values of partial Bell polynomials.

1 Introduction

It is a known fact that Bell polynomials are closely related to the derivatives of the
composition of functions. For example, Faa di Bruno [5], Foissy [6], and Riordan [10]
proved that Bell polynomials are a very useful tool in mathematics to represent the n-th
derivative of the composition of functions. Also, Bernardini and Ricci [2], Yildiz et al. [12],
Caley [3], and Wang [13] showed the relationship between Bell polynomials and differential
equations. On the other hand, Orozco [9] studied the convergence of the analytic solution
of the autonomous differential equation y*) = f(y) using Faa di Bruno’s formula. We
can then consider differential equations as a source for researching special values of Bell
polynomials.

In this paper we consider the solution y(¢, ) = g(t+¢'(z)) of the autonomous differen-
tial equation ' = f(y) and show how to express this solution by means of Bell polynomials.
This will then be used to find special values of partial Bell polynomials. Here we will not
consider convergence issues, but formal solutions of such a differential equation.

This paper is organized as follows. We start with basic results on partial and complete
Bell polynomials and special values of these. In the third section we show what condition
g(x) must satisfy for g(t + ¢g~'(z)) to be a solution of ¢/ = f(y). We conclude by showing
the relationship between Bell polynomials and the solution of the differential equation
y = f(y) when f(z) = az, f(z) = e, f(x) = V1—2?, f(x) = 1+2° f(z)=Va?+]1,
f(x)=1—2% and f(z) = 11)Q1,Whereaoz€C
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2 Preliminaries

The following basic results can be found in Comtet [4], and Riordan [11]. Exponential
Bell polynomials are used to encode information about the ways in which a set can be
partitioned, making them a very useful tool in combinatorial analysis. Bell polynomials
are obtained from the derivatives of composite functions and are given by the formula of
Faa Di Bruno [5]. Bell [1], Gould [7], Mihoubi [8], Wang [14] and Feng Qi [15], [16], [17]
(among many others) provided important results on these polynomials. We start with the
definition of the partial Bell polynomials.

Definition 2.1. The exponential partial Bell polynomials are the polynomials

Bn,k‘(l‘h Tpyeoo ,l’n_k+1)

in the infinite variables x1, x5, ... defined by the series expansion

() tj
exXp (UZ.CEJF) 1+Zn|2u Bnk $1,x2,...,$n_k+1). (1)
j=1 ’ n=1

or equivalently defined by the series expansion of the k-th power

k
1 [ ¥ - "
FPOELY I SL NI B
n=~k

=1

The following result gives the explicit way to calculate the partial Bell polynomials

Theorem 2.2. The partial or incomplete exponential Bell polynomials are given by

B n! 21\ Tp—k+1 ok
Bg(z1, ... Tpogt1) —201!62' — <1‘> (—(n—k‘i‘l)!) ;

where the summation takes place over all integers cy, co, ..., Coh_pr1 > 0, such that

c+20+-+m—k+1)cpp1 = n,
citet ot ek = k.

Some values of partial Bell polynomials are

B, k(0L 1. .. (n—k)) = {n} (Unsigned Stirling number of first kind),

—1
B, (1. .. " )— (Lah number),

n

k

Bhk(1,1,... {Z} (Stirling number of second kind),
Bn’k(l, 2 ,n— k +1 (

)k" ¥ (Idempotent number).
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Then we can see the beautiful relationship that exists between Bell polynomials and num-
bers like the above.
Feng Qi [17] deduced the following identity that will be very useful to us

1ol k
Bl 1,00, 0) = 2—-k%<n - k:)x%_”,

that together with the identity

Bn,k(abxla GbQI'Q, s >abnik+1$nfk+1) = akann,k(xla Lo, ... 7xn7k+1> (3)
leads us to b "
_ a- n 2k—n
B, x(ax,a,0,0,...,0) = 2"’fH(n—k>x ) (4)

Finally we show Faa di Bruno’s formula. Let f and g be functions with exponential
generating functions an‘% and bn% respectively, with a,, b, € C. Then
o0 n xn
flg(z)) = f(bo) + Z Z F®(00) Bpp (b, ... bn—k-i—l)m' (5)

n=1 k=1

3 Differential equation y’ = f(y) and Bell polynomials

This section contains the general results of this paper. Here we show the condition that
the function g(x) must satisfy for g(t+g~*(z)) to be a solution of the differential equation
v = f(y). Then we will give a representation of g(t+ g~*(x)) in power series using partial
Bell polynomials and finally we use the solution of the equation 3y’ = f(y) to find special
values of partial Bell polynomials.

Theorem 3.1. The function y(t,z) = g(t + g~ *(z)) is solution of the differential equation

y' = f(y) with initial value problem y(0) = x, where f(x) = m.

Proof. Using the method of separation of variables and the value of the function f(x) given
in the hypothesis, we find that

dy - —1y/
= / (67 (y)dy

= gly)=t+C.
As y(0) = x, then y(t,z) = g(t + g~ '()). O

Theorem 3.2. The function g(t+ g~ (x)) has the following representation using Bell poly-
nomials

gt +g M (x) =x+g'[g7 " (x)]t



106 Ronald Orozco Lépez

where g™ (g~ ()] satisfies
g™y Zf g @), g @), n21

with g~ (y) = f()

Proof. Applying Taylor formula to g(t + g~ (x)) we get
glt+g7'(x) = =+ Zg(”’(g‘1

tn—i—l

_ (n+1 —1
= z+4'[g t+Zg (x) (n+1)!'

Since g(t + g~'(z)) is solution of ¥ = f(y) with initial value problem y(0) = x, then by

directly applying Faa di Bruno’s formula (5) to ¢ = f(y) we obtain the desired result.

]

Theorem 3.3. Let v/ = f(y) be the autonomous differential equation with initial value

problem y(0) = x. Forn >k > 1 we have

Buw(g'lg™ ()], 9"lg 7 ()], ... g™ g7 (2)])

o
Z( ) vt g )

Proof. Making ,, = ¢ [g~*(z)] in the equation (2) leads us to

1
k!

Z Bn,k(g,[g_l(x)], o ’g(n_kﬂ)[g_l(x)])g
n=k
1

Y Busldlg @), g g (@) ——;
n=~k

t=0

(8)
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and then by making ¢ = 0, we obtain the desired result

k
- m— 1 i, k—1 dm % —
Bui(g'lg™ @), g™ Vg @) = 45 E :( ) )T g (g (@) O
t=0

4 Some examples

We will use the Theorem 3.2 to represent the solution g(t+g¢~*(x)) by Bell polynomials
when f(z) is any of the following functions: f(z) = ax, f(x) = €*, f(z) = V1 —a?,
flx) =1+2% f(z) = Va2 £ 1, f(z) =1 — 2% and f(z) = W, where a,a € C.
In addition by using the Theorem 3.3 we will find identities for Bell polynomials, some
of which were constructed by Feng Qi et al in [15], [16], [17]. In particular, we will note
that we can associate Stirling numbers and Lah numbers with autonomous differential
equations of order one.

4.1 Equation vy’ = ay

The solution to this equation is y(t,z) = ze® where f(x) = azx, f® () =0 for k > 2,
and g™ [g~!(x)] = a”x. By the Theorem 3.2, we have the representation of ze® using Bell
polynomials

tn—i—l

re™ = z+art+a f® (ax,d’x, ... a" " ly)——
»¥Y o

tn+1

= r+axt+ az B,i(ar,d’z, ... a"r) CES]

n=1

and by the Theorem 3.3 we find the following value of Bell polynomial using the solution
y(t,x) = xe™

k n

1 dr.
2 n—k+1 o k 7 k—z i _ait
By x(ax,a’z,. .. a xr) = k—Z() pre
a”xk i ( )
_ Z k: % n

1=

t=0

where we have used that

(=i (e

We then relate the Stirling numbers of the second kind to the differential equation
Yy = ay. When we make x = 1, a = 1, the above provides another proof for the known
result By (1,1,...,1) = {}}.
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4.2 Equation y' = Y

The solution to this equation is y(¢,z) = —In(—t + e~*). Then by the Theorem 3.2,
with f(z) = e* and g™ [g7(z)] = (n — 1)!e™, we have the representation of the function
—In(—t + e ), that is,

—In(—t+e ) =a+e€"t

o n thrl
+ée” By (0le® 11 (n — E)len=ktbe)y _—____
2 e
>SS B Ol 0= )
=+ et+e” e’ B, (OL1 ... (n—k)!
— — (n+1)!
0o tn—i—l
=z +e"t+e” Y B, (011, (n—1)) N

n=1

By the Theorem 3.3 we find another special value of Bell polynomials, i.e.

Z By (0", e, ..., (n—k + 1)!e(n—k+1)z) r

n!
n=~k

—In(—t +e7%) — )" —In(—te” +1))F X . [n]t"
((k!))_((k! )):Z‘QH

and by comparing the coefficients of the two sums we get

By, (0!695, Ne*, ..., (n—k+ 1)!6("_k+1)x) =™ [Z] )

Clearly the unsigned Stirling numbers of the first kind are related to the differential equa-
tion y' = €Y.

4.3 Equation y’ = /1 — y?

The solution of the equation with initial value problem y(0) = x is

y(t,x) = sin(t + arcsin(x))

= wxcos(t) + V1 — 2Zsin(t).
Then, due to the Theorem 3.2, we reach
zcos(t) + V1 —a2sin(t) = v + V1 — 22t
+ i 2": F® () B s (\/m, —z,...,—cos |arcsin(x) + (n — k)ED CEL

n=1 k=1
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where

i 1/2\ [ i
(k) () — 92—k .| 1 — g2)1/2—1,.2i—k
0w =z (L)
has been obtained by applying Faa di Bruno’s formula to f(z) = g(h(z)) with g(x) = /z
and h(z) = 1 — 2% and by the equation (4)

n! k .
B p(—2x,—2,0,...,0) = (—1)k22~ ”k'< k)ﬁk ,

x:‘/Tgand

1

27
x = ﬁ leads us to the representation of the functions sin(t), cos(t), 1 cos(t) + i sin(t),
\ég Cos(t) + 3 sin(t) and */75((:08(15) + sin(t)), respectively.

Feng Qi [16] showed the following result

A simple application of the previous result with x = 0, z = 1, z =

By, k(cosx, —sinx, —cosx,sinx, ..., — cos [:z; + (n— k:)g})

N IO e o

1=

X oS [(n—i)g—l—@j—i)x . (9)

which when composing with arcsin z leads to the following result

B (\/1_7352’ —z,—V1—22,2,...,—cos [arcsin(x) + (n— k’)g])

SO S (e

= J

X COS [(n - z)g + (25 —1) arcsin(x)] . (10)

Analogously, we can find similar results for the solution cos(t 4 arccos(z)) of the dif-
ferential equation y' = —4/1 — y2, with y(0) =

4.4 Equation y' =1 + y2

The solution of this equation is tan(t + arctan(z)) with f(z) = 1 + z*. By the Theo-
rem 3.3 it follows that

Theorem 4.1.

tan(?’b+1) (

arctan(z)) = 2 tan™ (arctan(x))
+ (Z) tan® (arctan(z)) tan™ " (arctan(z)) (11)

=1

3

o
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Proof. It is clear that f*)(2) = 0 for all £ > 3. Then the theorem follows by keeping in
mind that

B, 1(tan’(arctan(z)), . .., tan™ (arctan(z))) = tan™ (arctan(z))
and

Bn,g(tan’(arctan( ), ..., tan™ Y (arctan(x)))
=— Z ( ) tan® (arctan(z)) tan™ " (arctan(z)). O
Now using the Theorem 3.2 together with the previous result we obtain
Theorem 4.2. The representation of the function tan(t + arctan(x)) is

tan(t + arctan(x)) = z + (1 + 2°)t+

t2 s tn+1
oo n—1 tn+1
" ; ,; ( ) tan® (arctan()) tan"™ (arctan(z)) £y,

where composing the equation (1.12) in [16] with arctan(x) leads us to
n+1

k
1 l
tan™ (arctan(z) E z E 5 < ) 2+ 1)1?
1=

X i (f]) (2¢ — )" sin [gn + (2q — 1) arctan(z) | .

q=0

Analogous results are obtained for the solution cot(¢ + arccot(z)) of the differential
equation ¢’ = —1 — y? with y(0) = .

4.5 Equation y’' = /y?+1
The solution of the equation ¢y’ = y/y? + 1 with initial value problem y(0) = z is

y(t,z) = sinh(t 4 arcsinh(z))

= xcosh(t) + V14 a2sinh(t).
For n > 1 denote ¢, (x) the function

x, if n is an even number;
On(x) = { (12)

V1422, if nis an odd number.
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By the Theorem 3.2 we have

xcosh(t) + V14 22sinh(t) = x + V1 + 2%t

n+1
# 30  FO) Buk () (o) i)
n=1 k=1 :
where
- 1/2\ [ i o
f(k)(:);) ;221 kk;( Z )(k_i)(l_i_:BQ)l/Q—szz—k‘

has been obtained by applying Faa di Bruno’s formula to f(z) = g(h(z)) with g(x) = /x
and h(x) =1+ z? and by the equation (4)

n! k

2k—n 2k—n

By k(22,2,0,...,0) =2 k‘( k)x :

Theorem 4.3. Forn > k > 1 we have
Bn,k(¢1($)7 ¢2($), s 7¢n7k+l(m))
Ly A\ RS - 20—
_ | k)‘ 3 (Z)Z—Z (z) (—1)(20 — ) (\/1 g x> . (13)
’ =0

1=0

Proof. Using sinh(t) = 4" sinh’(t), that is,

a
d"sinh'(t)  d" (et —e7t)
dtr Codir 2

i

d" 1 1 . .
= - -1 i—l _(20—d)t
dt 2@%(5)( )7

Then by the Theorem 3.3

k i .
k k—i, k—i 1 t i—l \n _(2l—i)arcsinh(x)
=7 g <)(—1) " ()(—1) (21 —i)"e
k! < l 2 i [

- (_Z)!kxk i (f) 21 Z (;) (-1 =) (VI+a® + ) o

and the theorem follows. O
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Analogously, we can find similar results to the previous ones for the solution cosh(¢ +
arccosh(x)) of the differential equation ' = /y? — 1, with y(0) = z, changing 2 + 1 into
r? — 1 and ¢, () into v, (z), where

if n is even;

T
L(2) = ’ 14
Ynlz) { 2 —1, ifnisodd. (14)

4.6 Equation vy’ =1 — y?

The solution of this equation is tanh(¢+arctanh(z)). Before applying the Theorems 3.2
and 3.3 to the differential equation, we first calculate the n-th derivative of the function
tanh(x).

Theorem 4.4.
d" tanh(z) s tanh”(2) PR 1 (i
e\ B S — — 121 — el
dtr ]; K E;(JQ £ <z>( ) (2 —i)e
Proof.

d"tanh(z)  d"*'In(cosh(x))

dtm dint1

n+1

= (Inu)® B, 4(¢ (sinh(z)), Ya(sinh(x)), . . ., Yp_gr2(sinh(z)))
k=1

=3 e in(@)), balsinh(a). . Yo (sinb(2))
—  cosh®(x)

Changing ? + 1 into 22 — 1 and ¢, (z) into v, () in the equation (13) and then composing
with sinh(z) we reach

k=1 =0 =0

By the Theorem 3.2 we obtain the following result

Theorem 4.5.
tanh™* (arctanh(z)) = —2x tanh™ (arctanh(x))

n—1
-3 (Z) tanh® (arctanh(z)) tanh ™~ (arctanh(x)). (15)
k=1

Finally, by the Theorems 3.2 and 4.4
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Theorem 4.6. The representation of the function tanh(t + arctanh(x)) is

tanh(¢ + arctanh(z))

t2 0o tn+1
=2+ (12t = 20(1 - 2%)5; — 20 HZ:; tanh® (aretanh(2)) 7,
oo n—1 n tn+1
B Z (k) tanh(k)(arctanh($)) tanh(”_k)(arctanh(x)) CESIA

where

tanh(® (arctanh(z) = ~ 3~ - Zk: (k)Ql lio (;) (—1)(2L — )" (g)m_i.

4.7 Equation vy’ = W. a €

3

T+

—
Bl

i
—
-
i
o

Q

The solution of the equation is

1+ a::|:1<1+(i1)a> L ifa#£0,
Fl+ (x £ 1)e if a =0.

y(t,x) = (16)

Assume « # 0, since the case a = 0 is obtained from the solution of 4y = ay. Then by
the Theorem 3.2 we get the representation

F14(z£1) (1+ﬁ>l/a:

n

Fla+k—2);

x+(xj:1 +nz::1k1 xi1a+k I

n—k+1

« 1 o 1 et
B —_— .. — 1
X Enk ((x + 1)1 < >1 (x4 1)kt <a>n—k+1) (n+ 1)V (17)

where )
- ala—1)---(a—n+1), ifn>1,
@ kHO(“ ) {1, if n =0, (18)

is called the falling factorial.
Now we apply (3) to obtain

n—k+1

Bk (ﬁ@% '--v(xi(f)a(n FHD)— 1<1>n k+1>

a” 1
(5
(x 4+ 1)on—k k( alt

<é>n—k+1) - 19)
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Then by Theorem 2.1 in [15]

n—k+1

Bz (a) )
PP\ Do \a/1 T (@£ D)el DT\ o /g

- S e o () () @

Now by the equation (7)

Theorem 4.7.

"otk — 20 o NAWE 1
ZTZ(_I) (¢><E>n:a<5>n+1' (21)
k=1 =0
Finally we will note the relationship that exists between the solution of the differential
equation y' = (y +1)2, with y(0) = 0, and the Lah numbers. We will make o = —1 in (19)
to obtain

Bn,k<_<_1>1> <_1>27 SRR <_1)nik+1<_1>n*k+1>
= (=1)"Bui(—11,21, =31 ... (=) n -k 4+ 1))

— 1\ nl
= Bop(11,21,3L . (n—k+ 1)) = (Z_ 1)%

Then by (20) it is proved that

(Z ) DZ_: - (_1;{;):% i(—l)i (f) (~i)n (22)

1=

and in combination with the equation (21)

Theorem 4.8. Forn > 1

Z<—1)k<k—3>k(2:1)2—; = (n+1)L. (23)

5 Conclusion

As noted, Faa di Bruno’s formula allows us to connect Bell polynomials with au-
tonomous differential equations of order one. In particular, we find differential equations
for the Stirling and Lah numbers. The same procedure should allow us to find differential
equations for the vast amount of Bell polynomial values found in the existing literature.
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