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TRANSSERIES AS GERMS OF SURREAL FUNCTIONS
ALESSANDRO BERARDUCCI AND VINCENZO MANTOVA

AssTrACT. We show that Ecalle’s transseries and their variants (LE and EL-
series) can be interpreted as functions from positive infinite surreal numbers
to surreal numbers. The same holds for a much larger class of formal series,
here called omega-series. Omega-series are the smallest subfield of the surreal
numbers containing the reals, the ordinal omega, and closed under the exp
and log functions and all possible infinite sums. They form a proper class,
can be composed and differentiated, and are surreal analytic. The surreal
numbers themselves can be interpreted as a large field of transseries containing
the omega-series, but, unlike omega-series, they lack a composition operator
compatible with the derivation introduced by the authors in an earlier paper.
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1. INTRODUCTION

Fields of transseries are an important tool in asymptotic analysis and played a
crucial role in Ecalle’s approach to the problem of Dulac [Dul23, E92|. They ap-
pear in various versions, see for instance [DG87, DMM97, Hoe97, Kuh00, DMMO1,
Sch01, KS05, Hoe06, Hoe09] and the bibliography therein. In [BM] we proved that
Conway’s field No of surreal numbers [Con76] admits the structure of a field of
transseries (in the sense of [Sch01]) and a compatible derivation (in fact more than
one). We also proved the existence of “integrals”, in the sense of anti-derivatives,
for the “simplest” surreal derivation on No. This makes No into a Liouville closed
H-field in the sense of [AD02]. We recall that an H-field is an ordered differential
field with some compatibility properties between the derivation 9 and the order; in
particular if f is greater than any constant, then df > 0. A basic example is the
field of rational functions R(x), ordered by z > R, with constant field R = ker 9
and 0z = 1. The notion of H-field arises as an attempt to axiomatize some of the
properties of Hardy fields, where a Hardy field is a field of germs at 4+oc of eventu-
ally C'-functions f : R — R closed under derivation. Such fields have been studied
since the 70’s, see for instance [Bou76, Ros83b, Ros83a, Ros87]. Any o-minimal
structure on the reals gives rise to an H-field, namely the field of germs at +oco of
its definable unary functions. In [ADH]| van den Dries, Aschenbrenner and van der
Hoeven proved that, with the “simplest” derivation 9 introduced in [BM], the sur-
reals are a universal H-field; more precisely, every H-field with “small derivations”
and constant field R embeds in No as a differential field. Moreover, they proved
that (No, 0) satisfies the complete first order theory of the logarithmic-exponential
series of [DMM97, DMMO1] and therefore, by the model completeness of the theory
[ADH], it admits solutions to all the differential equations that can be solved in a
bigger model.

Another approach to derivation and integration on the surreal numbers was taken
by Costin, Ehrlich and Friedman [CEF15] in a more analytic vein, possibly suitable
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for asymptotic analysis, namely they consider derivatives and definite integrals of
functions, rather than derivatives of “numbers” (elements of No).

This paper is a first attempt to reconcile the algebraic and the analytic approach
to surreal derivation and integration through a notion of composition. The special
session on surreal numbers at the joint AMS-MAA meeting in Seattle (6-9 Jan.
2016) was a timely occasion to discuss these developments and some of the results
of this paper were presented during that meeting.

To discuss our contribution in more detail, we need some definitions. We recall
that in No, as in any Hahn field, there is a formal notion of summability, and
one can associate to each summable family (z;);cs its “sum” icr i € No. We
can thus define the field of omega-series R{w) as the smallest subfield of No
containing R(w) and closed under exp, log and sums of summable families. Here
w is the first infinite ordinal and plays the role of a formal variable with deriva-
tive 1. It turns out that R{w) is a very big exponential field (in fact a proper
class) properly containing an isomorphic copy of the logarithmic-exponential se-
ries of [DMM97, DMMO1] (LE-series) and their variants, such as the exponential-
logarithmic series of [Kuh00, KT12] (EL-series). More precisely, we can isolate two
subfields R((w))*¥ C R((w))#E of R{w)) which are isomorphic to the LE and EL-
series respectively. The field R((w))*# is a countable union |J,, .y X € No, where
Xo = R(w) and X, 4; is the set of all sums of summable sequences of elements
in X, Uexp(X,)Ulog(X,). In other words, a surreal number is a LE-series if it
can be obtained from R(w) by finitely many applications of >, exp,log (Theorem
4.11). This remarkably simple characterization of the LE-series, which should be
compared with the original definition, is made possible by working inside the surre-
als, with its notion of summability and exponential structure. The EL-series admit
a similar characterization (Proposition 4.12).

We show that each omega-series f € R{w}, hence in particular each LE or
EL-series, can be interpreted as a function from positive infinite surreal numbers to
surreal numbers (Corollary 5.23). The idea is simply to substitute w with a positive
infinite surreal and evaluate the resulting expression, but the proof of summability
(Lemma 5.21) is rather long and technical and it is carried out in Section 9. Similar
problems were tackled in [Sch01] and in some of the cited works by van der Hoeven,
although not in the context of surreal numbers. We shall borrow from those papers
the idea of isolating the contributions coming from different “trees”, but with enough
differences to warrant an independent treatment. This will give rise to a natural
composition operator o : R{w) x No”® — No (Theorem 6.3) which restricts to
a composition o : R{w) x R{w)>® — R{w) extending the usual composition of
ordinary power series. Formally, we define a composition on R{w) to be a function
o: R{w) x No”® — No satisfying the following conditions for all f,g € R{w) and
z € No™ &

(1) if f =3, ,me?, then fox = (ZKQ rie%’) ox =7 1€’
(2) fogeR{w) and (fog)ox = fo(gox);
(3) fow=f,wox=ux.

We then prove the following.
Theorem 6.3. There is a (unique) composition o : R{w) x No”® — No.

In the last part of the paper we study the interaction between the derivation
0 : No — No introduced in [BM] and the composition on R{w}. Let us recall that
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in [BM] we proved the existence of several “surreal derivations” 9 : No — No and
we studied in detail the “simplest” such derivation [BM, Def. 6.21]. It is easy to
see that all surreal derivations coincide on the subfield R{w), so the latter admits
a unique surreal derivation 0 : R{w}) — R{w})). The derivation 9 on R{w)) makes it
into a H-field, although not a Liouville closed one because 9 : R{w) — R{w) is not
surjective. There are, however, many subfields of R{w}) which are Liouville closed,
among which R((w))*F.

We will show that the formal derivative df of an omega-series f € R{w) can be
interpreted as the derivative of the function f : No”® — No defined by f(z) = fou,
namely we have

folzte)—foux
3
where z and ¢ range in No (Corollary 7.6). Since df ow = 9f, this shows in
particular that the derivative can be defined in terms of the composition: 0f =
limg_,q M Other compatibility conditions then follow, such as the chain
rule 9(f og) = (0f o g) - g (Corollary 7.7).
These results tells us that any omega-series f € R{w), hence in particular every

Of ox = lim
e—0

logarithmic-exponential series, can be interpreted as a differentiable function f :
No”® — No from positive infinite surreal numbers to surreal numbers. We shall
prove that all such functions are surreal analytic in the following sense.

Theorem 7.14. Every f € R{w) is surreal analytic, namely for every x € No™®
and every sufficiently small e € No we have

1
o(x+e)= —(0"f ox)-e™.
folete) =3 o on

It is tempting to raise the conjecture that the exponential field No, enriched
with all the functions f : No”® — No for f € R{w) (possibly restricted to some
interval (a,+00)) has a good model theory. For instance, the restricted version
could yield an o-minimal structure on No. Indeed, note that the family of all
functions f : No™® — No (for f € R(w)) yields a sort of non-standard Hardy field
on No, namely a field of functions closed under differentiation (it is also closed
under exp, log and composition).

We do not know up to what extent the above results can be extended beyond
R{w}), namely whether we can introduce a composition operator on the whole of
No, thus giving a functional interpretation to all surreal numbers. Concerning this
problem, we have a negative result. Say that a derivation 0 and a composition o
are compatible if the function z — f o x is constant when df = 0 and strictly
increasing when 0f > 0, and if the chain rule 9(f o g) = (9f o g) - 9g holds for all
f,g € No (see Definition 8.1).

Theorem 8.4. The simplest derivation 0 : No — No of [BM] cannot be compatible
with a composition on No.

We conclude with some questions. The first is to study possible notions of
compositions and compatible derivations on the whole of No (see Question 8.3).
This is also connected with the long-standing question of the existence of trans-
exponential o-minimal structures; a good composition on No may provide a non-
archimedean example. Another related question is to understand whether No has
non-trivial field automorphisms preserving infinite sums and the function exp.
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2. PRELIMINARIES

In this section, we recall a few well known constructions and facts regarding
ordered fields and surreal numbers, and above all, we shall establish some of the
notations that will be used throughout the rest of the paper. Since surreal numbers
form a proper class, we implicitly work in a set theoretic framework which allows
to talk about classes as first class objects, such as NBG. Therefore, in the following
definitions all objects are allowed to be proper classes, unless specified otherwise.
Given a class C, we shall say that C' is small if it is a set and not a proper class.

2.1. Hahn fields.

Definition 2.1. Let K be an ordered field, R C K a subfield, and f,g € K. We
let:

(1) f 2R g, or f € Ogr(g), if there is ¢ € R such that |f| < c|g|, and we say
that f is R-dominated by g¢;
(2) f <Rr g, or f € or(g), if c|f] < |g| for every ¢ € R, and we say that f is
R-strictly dominated by g;
(3) f is R-finite (or R-bounded) if f < 1;
(4) f is R-infinitesimal if f <y 1;
(5) f xgp gif f Zg g and g < f, namely f/g is R-finite and not R-
infinitesimal, and we say that f is R-comparable to g;
(6) f~rgif f —g=<gg, and we say that f is R-asymptotic to g.
When R C R we suppress the “R”. For instance we write f < g if there is ¢ € Q
such |f| < c|g| and we say that f is dominated by g, or we write f € O(1) if
f is finite, namely f is dominated by 1. We say that f and g are in the same
Archimedean class if f < g, namely f < g and g < f.
Finally, we say that ' € K>° is a group of monomials for K if it is a
multiplicative subgroup and for every x € K there is a unique m € T" such that
x =< m. It can be proved that any real closed field admits a group of monomials.

Example 2.2. The field of Laurent series R((z%)) consists of all formal series of
the form > , anx", where a, € R and ng € Z, ordered according to the sign of
the leading coefficient a,,,. The multiplicative subgroup z% := {2" : n € Z} is a
group of monomials for R((z7%)).

n>n

Remark 2.3. Given two monomials m,n, we have m < n if and only if m < n.

Definition 2.4. Let (T, -, <) be an ordered abelian group written in multiplicative
notation. Let R be an ordered field. The Hahn field R((T')) consists of all formal
sums r = ) znm with coefficients z, € R, whose support Supp(z) := {m €
' : zn # 0} is reverse well-ordered, namely every non-empty subset of the
support has a maximal element. If x,, # 0 we say that x,m is a term of x. We
denote by R((T'))smann € R((T")) the subclass of all formal sums z = > __pzmm
whose support is small (it coincides with R((T")) when I" is small).

The addition in R((T")) is defined component-wise and the multiplication is given
by the usual convolution formula: (}° zmm) (-, yan) = (3, 200) where 2z, =
Y mn—o Lmyn € R. The fact that the supports are reverse well-ordered ensures that
the latter sum is finite.

The leading monomial LM(z) of z is the maximal monomial in Supp(z). The
leading term LT(x) is the leading monomial multiplied by its coefficient, and the

mel’
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leading coefficient is the coefficient of the leading monomial. R((T")) is ordered
as follows: x is positive if and only if its leading coefficient is positive. We denote
by Term(z) := {xmm : m € Supp(z)} the class of the terms of .

Fact 2.5. Both R((I")) and R((T'))sman are ordered fields.

Remark 2.6. Note that I' is a multiplicative subgroup of R((I')), where we identify
m € I" with 1m € R((T")). It follows from the definitions that I' C R((I")) contains
one and only one representative for each equivalence class modulo <g. In particular,
taking R = R, we have that ' is a group of monomials for R((I')). The same is
true for R((T"))sman-

2.2. Surreal numbers. We denote by No the ordered field of surreal numbers
[Con76, Gon86]. A minimal introduction to No, containing all the prerequisites
for this paper, is contained in [BM]|. However, there is no need to assume a prior
knowledge of the surreal numbers (the definition itself will not be needed), if one is
willing to take for granted the following fact.

Fact 2.7. We have:

(1) No is an ordered real closed field equipped with an exponential function
exp : No — No, z — e := exp(x), making it into an elementary extension
of (R, <,+,-,exp) [DEO1lal; in particular, exp : No — No is an increasing
isomorphism from the additive to the positive multiplicative group.

(2) No contains an isomorphic copy of the ordered class On of all ordinal
numbers (hence No is a proper class). The addition and multiplication
restricted to On coincide with the Hessenberg sum and product.

(3) There is a representation of surreal numbers as binary sequences of any
ordinal length. The relation of being an initial segment, called simplicity,
is well founded and makes No into a binary tree. This gives us a canonical
choice for a group M C No~? of monomials: the monomials are the
simplest positive representatives of the Archimedean classes (they form a
proper class).

(4) The ordinal w belongs to M (it will later play the role of a formal variable
with derivative 1). If 1 < m € 9, then ™ € M. In particular e* and e~
are monomials, but e'/* is not.

(5) There is a canonical isomorphism (written as an identification)

No = R((9))sman C R((D7)).

(6) A surreal number ) o zmm is purely infinite if all the monomials m
in its support are infinite, namely m > 1. Letting J C No be the class of
all purely infinite surreal numbers, there is a direct sum decomposition of
R-vector spaces

No=JaR®o(1).
(7) We have M = exp(J) = {e7 : v € J}, so we can write
No = R((ej))small-
In other words, every surreal number z € No can be uniquely written in

the form
T = Z rielt

<o
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where a € On, r; € R*, and (7;)i<a is a decreasing sequence in J indexed
by an ordinal o € On. We call this the Ressayre normal form of z.

(8) The exponential function on o(1) can be calculated using the Taylor series
of exp, namely

o0 En
exp(e) = Z% ol
for all € € o(1) (see Subsection 2.3 for the meaning of the above infinite
sum). Likewise, the inverse log satisfies

log(1+¢) Z "HE

n=1

Remark 2.8. For infinite z, the equality exp(z) = > " L; "~ does not hold. In fact,
the right-hand side does not even represent a surreal number (see Subsection 2.3).
Likewise for log(1 + ).

Definition 2.9. By the decomposition No = J®&R @ o(1), for every surreal number
x € No we can write uniquely

r=x" +2= +2t
where 2T € J, 2= € R and 2% < 1. We also write 2= for 2T + z=.

Definition 2.10. Thanks to Fact 2.7(5) we can apply to No the definitions already
introduced for Hahn fields (support, leading term, etc.). In particular, if z =
Y icq i€ is in normal form, its leading monomial is €7 and its leading term is
roe’0; in this case we define

IOgT(UC) = "0-

Note that log' () = log(z)", as in fact log(z) = log(roe™ (1+¢)) = ~o+log(ro) +
- £ where € < 1. oreover, x < y if and only if log' (z) < log' (y) (so
o (=1l wh 1. M f and only if log" log"

n=1
—log" is a Krull valuation).

Definition 2.11. If z =, e’ and 3 < «, the number Zz‘<6 r;eYi is called a
truncation of x. A subclass A C No is truncation closed if for every = in A, all

truncations of x are also in A.

Note that 2T is a truncation of # and it coincides with the sum of all the terms
r;eY of  with «; > 0 (if there are no such terms, then 2" = 0).

Notation 2.12. Given A, B C No we shall use some self-explanatory notations like
the following:

A>0 is the set of positive elements of A;

A™! is the set of elements a € A satisfying a > 1;

A< Bmeansa<bforalla€ Aand b€ B;

exp(A) := {exp(z) : * € A} and log(A) := {log(z) : * € A>°}, where
log : No~" — No is the inverse of exp.

Example 2.13. Since 9 = exp(J), we have M1 = exp(J~?) and M~ =
exp(J<7).
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2.3. Summability. Any Hahn field, and in particular No by Fact 2.7(5), admits
a natural notion of infinite sum, as follows.

Definition 2.14. Let I be a set (not a proper class) and (z; : i € I) be an indexed
family of elements of No.

We say that (x; : i € I) is summable if | J,.; Supp(z;) is reverse well-ordered
and for each m € (J,.; Supp(x;), there are only finitely many ¢ € I such that m €
Supp(z;). In this case, the sum ), _; x; is the unique surreal number y = > ymm
such that Supp(y) C U,c; Supp(z;) and, for every m € M, ym = >, ;(Ti)m (note
that there are finitely many ¢ € I with z; # 0 by the hypothesis of summability).
Similar definitions apply replacing No with any field of the form R((T"))sman-

We shall also say that Ziel x; exists to mean that (z;);cs is summable.
Remark 2.15. A family (z; : i € I) is summable if and only if there are no injective
sequences (in)nen in I and monomials m,, € Supp(z;,) (not necessarily distinct)
such that m,, < m, 1 for each n € N (where N is the set of non-negative integers).
Equivalently, for every injective sequence (i, )nen in I and for any choice of mono-
mials m,, € Supp(;, ), there is a subsequence (if(,))nen such that m; . =m; .
for every n € N.

2.4. Hahn fields embedded in No. Given a subfield R of No and a multiplica-
tive subgroup I' of the monomials 9 = e, we will sometimes be interested in
the class of all surreal numbers that can be written as a sum Y rpm for r, € R
and m € I'. Under suitable assumptions on R and T', this subclass of No can be
identified with the Hahn field R((T")).

Proposition 2.16. Let T' be a small multiplicative subgroup of MM = e’ and R be
a truncation closed subfield of No. If R < I'>1, there is a unique field embedding
R((T")) — No sending rm (as an element of R((T"))) to rm (as an element of No)
and preserving infinite sums.

Proof. Suppose that R < I'>!. It suffices to check that the embedding exists.
Without loss of generality, we may assume that R C R, as the compositum R - R is
clearly truncation closed and it also satisfies R - R < T'>1.

Let Y rmm be an element of R((I')). We wish to prove that (rmm € No :
rm # 0) is summable. Take an injective sequence (rm, m,)neny and a choice of
n, € Supp(rm, my,). We can write n,, = m,0,, where 0,, € Supp(rm,). Note that
0, € R, since R contains R and is closed under truncation.

After extracting a subsequence, we may assume that (m,),cn is strictly decreas-
ing. We can now easily check that (n,)nen is also strictly decreasing: indeed,

L L o1,
nn—i—l mn—i—l 0n—i—l

as 2 e R <71 O

Notation 2.17. By Proposition 2.16, given a small multiplicative group I of 9t = ef
(the class of monomials of No) and a truncation closed subfield R C No such that
R < T>1, we can identify the field R((I")) with the class of surreal numbers that
are of the form > rqm with r, € R and m € T

Lemma 2.18. Let I'y and 'y be subgroups of a given ordered abelian multiplicative
group. Suppose I'y < F2>1. Then ' Ty is naturally isomorphic, as an ordered group,
to the direct product I'y x I'y with the reverse lexicographic order.
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Proof. Clearly, 'y N\T'y = {1}, so the map sending ab € T'1T'; to (a,b) € Ty xTyis a
well-defined isomorphism of abelian groups. We can easily verify that it preserves
the ordering. Indeed, let a,a’ € T'; and b,b’ € I's be such that b < b'. It suffices
to show that ab < a'b’. This can be rewritten as a/a’ < b’'/b. Since b/'/b > 1, the
desired result follows by the hypothesis I'y < I'y L ([l

Using the above notation, Proposition 2.16, and Lemma 2.18, we can then deduce
the following well-known result (see for instance [DMMO01, 1.4]). However, note
that the result contains an equality rather than just an isomorphism, thanks to the
identifications of Notation 2.17.

Corollary 2.19. Let I'y, I'y be small subgroups of M. If 'y < F2>1, then we have
R((I'))((T2)) = R((I'T'2)) = R((I'y x I')).

Proof. We first note that R((T1)) < T3, from which it follows at once that
R((T1))((T'2)) € R((I"1T'2)) by Proposition 2.16. On the other hand, let z =
ZmEF1F2 rmm be an element of R((I'1T'y)). Since I'1T'y 2Ty x T'a, each m € T'1T'y
decomposes uniquely as a product m = no with n € I'y and o € I'y. But then it is
easy to verify that

xr = ZTmm = Z <Z Tno“) o € R((I'))((T2)).

m o€l nely

O

Remark 2.20. If one drops the assumption that I' is small, then the conclusion of
2.16 holds with R((T"))sman in place of R((T)). In particular, we may canonically
identify R((T"))sman with a subfield of No, as in Notation 2.17. As a special case,
one recovers the already mentioned identification No = R((90))sman of Fact 2.7(5).
The conclusion of Corollary 2.19 also holds, provided one uses R((I';))sman instead
of R((I';)) for i =1,2.

3. SURREAL ANALYTIC FUNCTIONS

A real function is analytic at a point in its domain if there is a neighborhood of
the point in which it coincides with the limit of a power series. Such notion does not
generalize directly to surreal numbers, as No does not have a good notion of limit
for series. However, we can replace the limit with the natural notion of infinite
sum from Definition 2.14. This leads to a theory of “surreal analytic function”
developed in [All87]. In this section we isolate and extend some of those results in
a form suitable for our goals.

Infinite sum bears some resemblance with the usual notion of absolute conver-
gence. On the one hand, like absolute convergence, it enjoys some good algebraic
properties, such as being independent on the “order” in which we sum the elements
of the family. On the other hand, it is not related to the order topology; for in-
stance, even if a family (z;);cs is summable, and (y;):cs is such that |y;| < |z;|, it
does not necessarily follow that (y;);er is summable.

Lemma 3.1. Let (a; : i € I) be a summable family of surreal numbers. Then
for any partition I = |_|j€J I; of the set I, each sum Zielj a; exists, the family
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(Zielj a; : j € J) is summable, and

Sy w=Ya

jeJiel; il
Proof. Clearly, since (a; : ¢ € I) is summable, so is each (a; : 7 € I;) for j € J.
Moreover, it also follows easily that (>, ;@ J € J) is summable, as each mono-
mial m in SUPP(Zielj a;) must appear in Supp(a;) for some ¢ € I;. To check that its
sum is indeed equal to Zie 1 @i, for a given monomial m, let a; mbe the coeflicient of
min a;. Then the coefficient of m in ZjeJ Zielj a; is ZjeJ Zielj Qi = D ;e Bim,

which in turn is the coefficient of m in ), a;, proving the conclusion. ([

Corollary 3.2. Let (a;; : (i,j) € I x J) be a summable family of surreal numbers.
Then both 3 ;cp > ey ij and D c ;D ey i exist and

D) ITTESD B) SUFESND SR

i€l jeJ jeJ iel (i,5)eIxJ

Remark 3.3. The assumption of summability of (a; ; : (¢,7) € I x J) is necessary,
or the equality may not hold. For instance, take a;; = w, a; 41 = —w, and a; ; =0
otherwise for i,j € N, which is clearly not summable. Then 7, > cyai; =0
while 3 .\ > ;e @i,j = w. Moreover, one of the two sums may not even exists; for
instance, ), Z;ZO(—l)Jw clearly exists and is equal to 0, while Z}:o Yien(—1)Yw
does not exist. It can also happen that the two sums >, >, and 3 ;> ex-
ists and are equal, but the sum Z(M)GIXJ does not exists: take a;; = 2w and
Qi+1, = Qi i+1 = —w, with all other terms a; ; being zero.

3.1. Products and powers of summable families. The following is well known.

Remark 3.4. If (x;)ier and (y;)ics are summable, then so is (z;y; @ (¢,7) € I x J).
Its sum 3, jery s 2iy; coincides with the product (3_;c; )X e 7 ¥))-

Using Remark 3.4, one can easily express the n-th power of a sum as follows.

Proposition 3.5. Let (z;)icr be a summable family of surreal numbers and let
n € N. Then the family (Hm<n Tr(m) TN — I) 18 summable and

(So) =% Mo

el T:n—I m<n

Proof. By induction on n € N based on Remark 3.4. O

Corollary 3.6. If (a;e%);en is summable, then for every n € N,

(o) -3 £ ana)e

€N keN \i1+...+i,=k

Proof. By Proposition 3.5, (3 ey aie)" =3 [Ln<n @rome™ ™), and the re-
sult follows by setting 7(m) = i,, and isolating the coefficient of € in the second
member. O
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3.2. Sums of power series. We shall now define how to evaluate a surreal power
series on a surreal number, and the corresponding notion of surreal analytic func-
tion. This is similar to how real analytic functions are extended to No, with the
difference that we now allow power series to have surreal coefficients.

Definition 3.7. Given a surreal power series P(X) = Y7 a; X" € No[[X]], we

define
P(e) := Z ae’
ieN
for any € € No such that the sum on the right hand side exists.
Given a function f : U — No from an open subset U of No, we say that f is
surreal analytic at x if there are a neighborhood V' C U of x and a power series
P(X) € No[[X]] such that f(y) =P(y —z) forally € V.

Unlike the case of real analytic functions, in which some power series are not
convergent and thus do not yield analytic functions, we shall now verify that every
power series with surreal coefficients induces a surreal analytic function.

By Neumann’s lemma [Neud9], if (a;)ien is a sequence of real coefficients and
£ < 1, then (a;e%);cy is summable. Therefore, for every power series P(X) € R[[X]],
P(e) is well defined for any ¢ < 1. We can easily extend this result to series with
surreal coefficients. We start with the following variant of Neumann’s lemma. Its
proof is an adaptation of a similar argument in [Gon86, p. 52].

Lemma 3.8. Let R be o subfield of No and ¢ <r 1. Let (n;)ien, (WM j)ieN,j<k; be
sequences of monomials in respectively R and Supp(e), where (k;)ien is a sequence
of natural numbers with lim; .. k; = co. Then the sum ZieN nM;o.. .Mk, exists.

Proof. Suppose by contradiction that there are two family as in the hypothesis
such that ZieN nm; ... m; g, does not exist. By taking a subsequence, we may
assume that (n;m;o...m; 1, )ien is weakly increasing. We may picture m; ; as the
(i, 7)-entry of an infinite table, where 4 is the row index and j is the column index.
Rearranging the terms, we can assume that each row is weakly increasing, namely
m; o < m; <...< m; g, for all 7 € N.

Taking a subsequence we may further assume that (k;);cy is strictly increasing,
so in particular k; > i. Choosing a further subsequence we can assume that the first
column (m; ¢);>0 is weakly decreasing, since all these monomials are in the support
of e. Similarly we can assume that (m;1);>1 is weakly decreasing. Continuing in
this fashion, by a diagonalization argument we can assume that, for any fixed k,
the k-th column (m; x);eny becomes weakly decreasing after its k-th entry, namely
Mk > Mip1k > Miyok > ... Note that these terms exist since k; > k for all
i > k.

Now fix i € N and let j > i (so k; > k;). By construction, n;m;o...m; s <
W0« W g, W g1 - Wk Since Mjk+1--- Mk, <R 1, we must have n; >
nMy g1 ..My, It follows that myg...my e, < myo...m; g, so in particular
there is some £ < k; with m; ; < m; . Now recall that the k-th column is weakly
decreasing after its k-th entry, hence necessarily ¢ < k. We have thus proved that
for each i € N and j > ¢ there is some k with ¢ < k < k; such that m; ;, < m; .

Taking j = k;, and recalling that all the rows are weakly increasing, we obtain
m s < my g < my, < my, g, for all 7 € N. Iterating we obtain an infinite increasing
chain of elements of the form m; ;, contradicting the fact that {m;; : ¢ € N, j < k;}
is in Supp(e). O
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Corollary 3.9. Let R be a truncation closed subfield of No and e <r 1. Let (a;)ien
be a sequence of coefficients in R. Then (a;e%)ien is summable.

Proof. Without loss of generality, we may assume that R C R. Indeed, we may
replace R with the compositum R - R, which is also closed under truncation, as
e <g 1 trivially implies € <g.g 1. In particular, we may assume that Supp(a;) C R
for all a; € R. Note that for all i € N, any monomial in the support of a;s’ has the
form n;m; ... m;,;—1 where n; € Supp(a;) C R and m; ; € Supp(e) for j <i—1.
The conclusion then follows easily from Lemma 3.8. O

Corollary 3.10. For every power series P(X) € No[[X]], the partial function
e+ P(g) is surreal analytic at 0.

Proof. Given a power series P(X) = > 72 a; X", it suffices to apply Corollary 3.9
with the ring R generated by the monomials in the supports Supp(a;). The function
€ — P(e) is then defined at least on or(1), which is a nonempty convex subclass
containing 0 as R is necessarily small. O

Proposition 3.11. Suppose that f is a surreal analytic function at some x € No.
Then f is infinitely differentiable at x and

% £(i) ()
f($+5)zzf Z'( )El.
i=0 ’

Proof. Let f be surreal analytic at z, with power series P(X) = >_° a;X". Then
for every sufficiently small 6 we have

fla+d+e)—fx+d) . = (b+e)i-¢

f(x+9d) =1lim

e—0 IS e

s S48t le 4 (D222 4 ... L idei—l gt — gt
—1im >, - (2)
e—0 s c

c- ; i— : - i i— i\ _ - . i—
:;mié 1+§%5-§((2>6 2+---+5>—;mi6 L

Therefore, f is differentiable at x and its derivative f’ is surreal analytic at .
Moreover, the above equation also shows that f'(z) = a;1. By induction, it follows

that f is infinitely differentiable, and that a; = M, as desired. O

4!

Moreover, we also observe that Neumann’s lemma, already in its original formu-
lation, implies the following statement for power series with real coefficients, which
will prove useful later on.

Corollary 3.12. Let (g;)icr be a summable family such that ¢; < 1 for all i € N.
Let Pi(X) =>"7" a;nX"™ € R[[X]] be real power series for i € I. Then the family
(Pi(g;) : i €I) is summable.

Proof. Suppose by contradiction that there is a weakly increasing sequence of mono-
mials (my,)pen such that m,, € Supp(P;, (€;,)). Then for all n € N there is a positive
integer k,, such that m,, € Supp(a;, , sf:) After extracting a subsequence, we may
either assume that lim, . k, = oo, and we reach a contradiction by Lemma 3.8,
or we may assume that the sequence (ky)nen is constant, so that m, € Supp(ef )

for some fixed k£ € N and all n € N.
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In the latter case, write m, = n,1 - --- - 0y with n,; € Supp(e;,). Since
(€)ier is summable, we may extract a subsequence and assume that (n, ;)nen is
strictly decreasing for each j = 1,..., k. But then (m,),en is strictly decreasing, a
contradiction. [l

Remark 3.13. Since No is totally disconnected, the present notion of surreal ana-
lyticity does not have a good theory of analytic continuation. For instance, one can
define a surreal analytic function on all finite numbers by choosing a power series
P.(X) € R[[X]] for each r € R and defining f(r 4+ ¢) = P,(¢) for each r € R and
€ < 1. Moreover, one can choose the series P, such that the restriction of f to R
is itself a real analytic function, but with yet other Taylor expansions. It would be
interesting to develop an analogous of rigid analytic geometry for surreal numbers
that prevents such pathological behavior.

3.3. Composition of power series. By Corollary 3.10, there is a morphism from
Nol[X]] to germs at zero of surreal functions defined by evaluating a formal power
series P(z) = Y,y @i X' € No[[X]] at X = ¢ for any sufficiently small ¢ € No.
As for traditional power series, we can show that this morphism behaves well with
respect to composition of power series.

Definition 3.14. Let R be a subfield of No. Given two formal power series
P(X) = Y02 jan X" and Q(X) = > v by X™ in R[[X]], where Q(X) has
no constant term, their composition (P o Q)(X) is defined as the power series
> ren X ¥ € R[[X]] where ¢o = ag and, for k > 0,

k

ck:Zan Z by -+ b,

=1 mi+...+mp=~k

Lemma 3.15. Let R be a truncation closed subfield of No and ¢ <g 1. Let
(aij @ (3,5) € I x J) be a family of surreal numbers in R such that, for any fized
J€J, > eraiy exists. Then Z(i,j)e[xJai7j€j exists.

Proof. As in the proof of Corollary 3.9, we may assume that Supp(a; ;) C R for all
(i,7) € IxJ. For a contradiction, suppose that there is an injective sequence of pairs
(in, jn)nen and a weakly increasing sequence of monomials m,, € Supp(a;, j, ).
After extracting a subsequence, we may assume that either lim, ¢y j, = +00, in
which case we reach a contradiction by Corollary 3.9, or the sequence (j,)nen is
constant, so that there is some j € J such that m,, € a;, j&/ for every n € N. In
this case, it follows that (a; je?);c; is not summable, which is absurd since
exists, hence so does &/ (3, ai ;) = >

: iel Yy
iel ai,jaﬂ . |:|
Proposition 3.16. Let R be a truncation closed subfield of No and ¢ <g 1. Let
P(X) = > ganX™ and Q(X) := > by X™ be two power series in R[[X]]
(where Q(X) has no constant term). Then (P o Q)(g) = P(Q(¢)).

Proof. The three sums P(¢), Q(¢) and (P o Q)(¢) exist by Corollary 3.9. Since

Q(e) <r 1, P(Q(e)) exists as well. Let dy, j, = > by -+ bm,, for k € N*.
mi+...+mp=k
By Corollary 3.6,

PQE) =Y (z bmsm) S
n=0 m=1 k=1

n=1
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Note that d,, = 0 for k < n, so the family (a,d,  : n € N) is summable for any
k € N*. By Lemma 3.15, the family (and,ic® : (n,k) € N x N*) is summable.
Therefore, by Corollary 3.2 we have

ag + Z an Z dmkak =ag + Z Z andn,kak = (P © Q)(E)
n=1 k=1

k=1n=1

4. TRANSSERIES

With the help of the surreal numbers we shall attempt a general definition of
“field of transseries”.

Definition 4.1. We say that T is a transserial subfield of No if T is a truncation
closed subfield of No (Definition 2.11) containing R and such that log(T>°%) C T.

More generally, let F' be an ordered logarithmic field (not necessarily included
in No) containing R and endowed with a partial operator 3 from small indexed
families of elements of F' to F. We say that F is a field of transseries if it is
isomorphic to a transserial subfield T' of No through a field isomorphism f : FF — T
preserving R, log and ) (the latter condition means that (z; : 4 € I) is the domain
of 7 if and only if (f(2i))ies is summable in No and )., f(x:) = f(3 ;o7 %i))-
We shall call f an isomorphism of transseries.

In [Sch01] an axiomatic definition of transseries field is given. The critical axiom,
there called “T4”, is rather technical. One of the main results in [BM] is that No
satisfies T4, hence it is a field of transseries in the sense of [Sch01]. More generally,
since T4 is inherited by taking subfields, it follows that a field of transseries in the
sense of Definition 4.1 is also a field of transseries in the sense of [Sch01] (we also
expect the converse to be true, but it is beyond the scope of this paper).

4.1. Log-atomic numbers. We write log, (z) for the n-fold iterate of log(x),
namely logy(z) = x, log, (x) = log(log, (z)). Likewise, we write expy(x) = =,
exanrl(x) = eXp(eXpn (x))

Definition 4.2. A positive infinite surreal number z € No is log-atomic if for
every n € N, log,, () is an infinite monomial. We call L the class of all log-atomic
numbers. Note that log(L) = exp(L) = L.

A subclass of the log-atomic numbers, the so called xk-numbers, was isolated by
[KM15]. The ordinal w is a k-number, hence in particular it is log-atomic. In [BM]
we gave a parametrization {)\, : © € No} of L and we proved that there is exactly
one log-atomic numbers in each “level” of No.

Definition 4.3. Given z,y > R we write x <" y, and we say that x,y are in the
same level if for some n € N we have log, (z) < log, (y).

Remark 4.4. For all z,y > R, z =< y implies log(z) ~ log(y), so in the above
definition we can equivalently require log,, () ~ log,, (y).

Fact 4.5 ([BM]). We have:

(1) for each z € No with > R, there are n € N and A € L such that
log,, () < A [BM, Prop. 5.8]; in particular, every level contains a log-atomic
number;
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(2) for each A, € L, if A\ <* p, then A = y; in particular, every level contains
a unique log-atomic number;

(3) for every x > R and every positive n € N, we have x < 2", but x £ e%;

(4) in particular, for A\, u € L, if A < p, then A™ < p for every n € N;

(5) there are log-atomic numbers strictly between w and e“; there are also
log-atomic numbers smaller than log,, (w) for every n € N or bigger than
exp,,(w) for every n € N, such as the ordinal &o.

4.2. Omega-series, LE-series, EL-series . In this section we shall introduce
three subfields R((w))*¥ C R((w))¥F C R{w) of No. We shall see that first two
are naturally isomorphic to the exponential fields of respectively the LE-series of
[DMM97, DMMO01] and the EL-series generated by logarithmic words of [Kuh00,
KT12], while the third one is a very big field properly containing both (the ordinal
w plays the role of a formal variable > R).

Definition 4.6. Given a subclass X of No, we write > X for the family of all
surreal numbers 2 € No which can be written in the form = = ), ; y; for some
summable family (y;)icr of elements of X indexed by a set I. Note that > is a
closure operator, as X C > X =53 " X.

Definition 4.7. We define R{w}), the field of omega-series, as the smallest sub-
field of No containing R U {w} and closed under ), exp and log.

We shall prove later that R{w})) is a proper class.

Definition 4.8. Let R((w))“" € R{w}) be the union J,,cyy X, where Xo = RU{w}
and X, 1 = > (X, Uexp(X,) Ulog(X,)). In other words, a surreal number x
belongs to R((w))*¥ if and only if  can be obtained in finitely many steps starting
from RU {w} and using the set-operations Y, exp, log.

Definition 4.9. Let R((w))®L be defined as R((w))%¥ but starting with X} =
R U {w,log(w),log,(w), ...} instead of Xo = RU {w}. In other words, a surreal
number belongs to R((w))®¥ if and only if it can be obtained in finitely many
steps from X using >, exp,log (in this case it turns out that log is not actually
necessary).

Remark 4.10. Unlike R{w})), the subfields R((w))X* and R((w))** are not closed
under »"; for instance Y-, . log,(w) belongs to R{w) but not to R((w))“¥. In-
deed, one needs k steps to generate log, (w) starting from R U {w}, so the whole
sum )y log, (w) cannot be generated in finitely many steps. The same example
witnesses that the inclusion R((w))LF C R((w))FL is proper, as the latter field
does contain )y log,(w). Finally note that ) _\1/exp,(w) belongs to R{w)
but not to R((w))*~.

Both R((w))*¥ and R((w))P are elementary extensions of the real exponential
field (R, +, -, exp), but they are no longer elementary equivalent if we add the differ-
ential operator 0 of [BM] to the language (see Subsection 7.1): indeed in R((w))%¥
(and in No itself) the derivation 0 is surjective, while in R((w))®? it is not. For
instance one can show that exp(— Y, cy10g, (w)) is an element of R((w))*" with-
out anti-derivative in R((w))®?, and in fact not even in R{w). Indeed, for the
simplest surreal derivation 0 ([BM, Def. 6.7]), which has anti-derivatives, we have
k1 = exp(— Y, enl0g, (w)), where k_; € No is the simplest log-atomic number
smaller than log,, (w) for each n € N. Such a number cannot belong to R{w), and
since ker @ = R, there cannot be any z € R{w) with 0z = exp(—_, oy log, (w)).
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There are many interesting subfields between R((w))*¥ and R{w) whose domain
is a set, for instance the series in R{w}) with hereditarily countable support.

The definition of R((w))** as a union |J,,cyy X, suggests the possibility of pro-
longing the sequence X,, along the transfinite ordinals, setting Xy = R U {w},
Xat1 = > (Xa Uexp(Xa) Ulog(X,)) and Xy = (J,., Xi for each limit ordinal .
One can verify that the union (J, .o, Xo along all the ordinals would then coincide
with R{w).

4.3. Isomorphism with classical LE-series. It is well known that there is a
unique embedding of the field of LE-series into No sending = to w !, R to R, and
preserving exp and infinite sums (see [ADH]). This subsection will be devoted to
the long, but straightforward proof that R((w))*# is naturally isomorphic to the
field of LE-series, so in particular it is the image of such embedding. This provides
a simple characterization of the LE-series, which should be compared with the
original definition.

Theorem 4.11. R((w))*¥ is a field of transseries and it is isomorphic to the field
of logarithmic-exponential series R((x))FF of [DMM97, DMMO1]; the isomorphism
sending w to T is unique.

Similarly we have:

Proposition 4.12. The field R((w))®* is naturally isomorphic to the field of EL-
series generated by logarithmic words [KT12, Def. 6.2, Example 4.6] (see also Re-
mark 4.33).

We leave the verification of Proposition 4.12 to the reader, but we shall give
a detailed proof of Theorem 4.11. To this aim we shall first give an equivalent
description of R((w))XF (recall from Notation 2.17 that we are identifying Hahn
fields R((T")) with subfields of No).

Definition 4.13. Let A € L (a log-atomic number). We define:
(1) 93107,\ = )\R, Koy)\ = R((gﬁo_’)\)), JOQ\ = R((gﬁg}\)),
(2) Mngrn = Kppix = Ko a((Mng1a)), Tnain = Ko a (M4 4));
3) R((A)F = Unen Knr-

The next Lemma shows that the above definition is well posed, namely at each
step My, +1,x is a subgroup of M and K, \ < Dﬁi}rl »» 50 that under the conventions
of Notation 2.17, each K41, is again in No; in particular, in clause (2) we are
allowed to use the exponential function of No to define el»+1.». Note moreover that
Jnx € J, as we shall verify in a moment.

Lemma 4.14. For each n € N, M,,  is a well defined divisible subgroup of M and
moreover SJIZ}FL)\ > Ky a.

Proof. We proceed by induction on n. Trivially, 9 » is a well defined divisible
subgroup of M. Now fix n and assume that 91, 5 is well defined and that 9’)?:1/\ >
K,—1,» (an empty condition if n = 0). Then J,, » is a well defined subset of No by
Proposition 2.16, and in particular it is a divisible additive subgroup of K, ».

n [DMMO1], the field of logarithmic-exponential series is denoted either by R((z~1))LE or by
R((t))“F, where > R and t = x ! is infinitesimal. We prefer here to use the notation R((z))"¥
for the LE-series, with « > R, as in [ADH17], to better match the notation R((w))™?.
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We claim that J,, » is consists only of purely infinite numbers. Indeed, let m be a
monomial in the support of J,, . Then m = no for some n € Emf;& and 0 € K, 1
(with o = 1 if n = 0). By inductive hypothesis, 0™! € K,,_1, < n, som > 1,
proving the claim. It follows that 9, x is a divisible multiplicative subgroup of
M.

Finally, let ¢¥ € WZiLX We wish to prove that ¢7 > 9, y. Let m be the
leading monomial of . As before, we can write m = no for some n € 9)1;1)\ and
0 € Kp_1.a (with o = 1 if n = 0). By inductive hypothesis, we also know that
n: > Ky,—1,x. Since v > n%, it follows that m = e¥ > ef»~1.2 50 in particular,
m > eln-12 = My, as desired. O

Remark 4.15. By Corollary 2.19 we have K, x = R((MMo M1 ... Mp2))-

Lemma 4.16. For all n € N we have:

(1) exp(Kpn ) € Kny1a;
(2) Knx C Kny1log(n)s
(3) 10g(K.;7S) € Kni1,10g(0)-
In particular, R((N\))¥ is closed under exp and log(R((\)F) C R((log(A)))F.

Proof. We work by induction on n.
For (1), let z € K, . We can write uniquely & = v +r+¢ where v € J,, », and if
n>0,7r€ K,_1and e <g,_, , 1, otherwise simply r € R and ¢ < 1. In any case,

e? =¢7-e"- Z?io ‘i—: But then it suffices to note that e¥ € M, 111 € Kpy1,0 by
definition, while e” is either already in R or in K, » by inductive hypothesis, and
the remaining sum is in K, » because K, ) is a Hahn field. Therefore, e* € K11 1,
as desired.

Concerning (2), note that My, = A® = eRlog(N) C elotosn) = M 1og(r)- It
follows that Jo x € J110g(x) and Ko x € K 1og(n)- By a straightforward induction,
it follows that 9, » C S)ﬁn-l-l,log(k)a Jnx C Jn—i—l,log()\) and K, C Kn-i—l,log()\)v
proving the desired conclusion.

Finally, for (3), let z € K. We can write uniquely = m -7 - (1 + ) where

m € M, », andif n > 0, r € K% , and ¢ <k, ,, 1, otherwise simply r € R

and ¢ < 1. We have log(z) = log(m) + log(r) + 352, (—1)"*1. Since K, is
a Hahn field, the rightmost sum is in K, x, which is contained in K, 1 10g(x) by
(2), while log(r) is either already in R or in K, 1og(x) by inductive hypothesis. For
log(m), we simply note that if n = 0, then log(m) = s - log()\) € K 105() for some
s € R, otherwise log(m) € K,,_1 x, which is contained in Ky, jo4(x) by (2). Therefore,
log(z) € Kpq110g(), as desired. O

Proposition 4.17. For each \ € L, R((A\))F is (uniquely) isomorphic to the expo-
nential field R((z))¥ defined in [DMM97, DMMO1] through an isomorphism sending
A to x and preserving exp, > and R.

Proof. Tt suffices to note that Definition 4.13 is formally identical to the definition
of R((z))¥, except that in our case the various Hahn fields are identified with
subfields of No (Notation 2.17) and the role of the formal variable is taken by A.
The uniqueness follows trivially. O
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Proposition 4.18. For each A € L, o R((logy(N))F is (uniquely) isomorphic
to the exponential field R((z))*¥ defined in [DMM97, DMMO1]| through an isomor-
phism sending X to x and preserving exp, Y. and R.

Proof. In [DMMO1], R((x))X® is defined as a direct limit of a suitable system of
self-embeddings ®; : R((z))¥ — R((x))¥. The embedding ®; sends  to expy(z).
In turn, when composed with the isomorphism R((x))E = R((log,(A)))¥ of Propo-
sition 4.17, it gives the embedding of R((z))¥ into R((log,()\)))¥ sending z to .
Therefore, the image of such direct limit is the directed union [J; o R((log;(A)))*,

as desired. The uniqueness follows trivially. O

Proposition 4.19. J, o R((log(w)))¥ is equal to R((w))*E. In particular, there

LE

is a unique isomorphism of transseries from | J,cy R((logy(w)))* to R((x))X¥ send-

mg w to x.

Proof. Note that each K,  is closed under infinite sums, while by Lemma 4.16,
exp(Kp) € Kngia and 1og(K; Q) € Kpi10g(n). Since Xo € Ko, it fol-

lows at once that X,, C K, 1og, () for all n € N, so in particular R((w))LE C

Uren R((logy,(w)))”.

Conversely, it is clear that each element of K, 1o () can be obtained from
Xo = RU{w} by finitely many applications of exp, log and infinite sums. It follows
at once that J,cy R((logy, (w)))? € R((w)). O

Theorem 4.11 then follows at once by Propositions 4.19 and 4.18.

Remark 4.20. If we modify Definition 4.13 putting Mg » := A\Z instead of A\¥, the
union (J;. oy R((logy(w)))” will be the same, since \* = exp(Rlog\). So in the
definition of the LE-series in [DMMO01] one may start with 2% instead of z®.

4.4. Adding more log-atomic numbers.

Definition 4.21. Consider the class . C No of log-atomic numbers and let R{L})
be the smallest subfield of No containing R UL and closed under exp, log and
(in the sense of Definition 4.6).

In [BM, Thm. 8.6] we showed that R{LL})) is the largest subfield of transseries
satisfying axiom ELT4 of [KM15, Def. 5.1]. We also showed that No itself does not
satisfy ELT4, hence R{LL})) # No [BM, Thm. 8.7]. The derivative 9 : No — No
introduced in [BM, Def. 6.21] can be restricted to R{LL}) and remains surjective on
this subfield. We thus have the inclusions

R((w))*" € R((w))"* c R{w) ¢ R(L) c No

with R((w))*¥, R(L) and No having a surjective derivation, while the derivation
on R((w))¥* and R{w) is not surjective. It would be interesting to study the
complete first order theories of these structures, both as differential fields, and as
differential fields with an exponentiation. The only known result so far is that No
and R((w))E¥ are elementary equivalent as differential fields [ADH], and probably
the same proof can be used to deduce that R{L})) has the same first order theory
as well.
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4.5. Inductive generation of transseries fields and associated ranks. For
the purposes of Section 5, it is useful to inductively construct R{w) and other
subfields of R{L) with a limited use of the log function, and to introduce a rank
function reflecting the stages of the inductive construction. We need the following
definition.

Definition 4.22. Let A C L be a subclass with log(A) C A and let R{A}) be the
smallest subfield of No containing RU A and closed under ), exp and log.

As we shall see Corollary 4.30, R{A}) coincides with the smallest subclass of No
containing R U A and closed under } and exp (or even just exp,;); the closure
under log can be automatically deduced. Taking A = L, we obtain the field R{L})
seen in Subsection 4.4. On the other hand, when A = {log,(w) : n € N}, we
obtain R{w) (Definition 4.7).

Notation 4.23. Given a subclass A C M, we denote by R((A))sman (or just R((A))
if A is a set) the class of all surreal numbers with support contained in A. Notice
that if A is a group, R((A))sman is a field, but we occasionally use the notation
without assuming that A is a group.

Definition 4.24. Let log(A) C A C L. We define by induction on the ordinal « €
On a subclass A, C No as follows: Ag = 0, Ay = AU{0}; Aar1 = R((e2*™))gman
for a > 15 Ay = Uyep Ao for A a limit ordinal. Given = € J,con Ao, We define
the (exponential) rank ERA(z) as the least ordinal 8 such that 2 € Agyq.

Remark 4.25. Note that A; is not an additive group. For a > 2, A, is an R-linear
subspace of No (and it is closed under }"); for a > 3, A, is a field, and a Hahn
field when « is a successor ordinal. Moreover, all the classes A, are truncation
closed.

Proposition 4.26. For all a < 8 we have A, C Ag.

Proof. 1t suffices to prove that A, C A,y for all & € On. This is clear for o = 0.
Since log(A) C A, we have A C e¢® C R((e?))sman, thus A; C Ay, proving the
case a = 1. We then proceed by induction. If & = § + 1, then Ag C Agy; holds
by inductive hypothesis, so Ay = R((2#™))gman € R((e25+™))gman = Aqyr. If
« is a limit ordinal, take some x € A,. By definition of A, there is some § < «
such that * € Ag, so by inductive hypothesis, z € Agy1 = R((e2#™))gman C
R((e2*M))gman = Aqy1. Since z is arbitrary, we obtain Ay C Aqy1, as desired. [

The following corollary provides an equivalent definition of the rank. Its proof
is easy and left to the reader.

Corollary 4.27. For x € J,con Aa we have

(1) if x € AU{0}, then ERA(x) = 0;

(2) otherwise, ERa(z) = sup{ERA(vy) +1 : €7 € Supp(z)}.
Moreover, © € Ag if and only if ERa(z) < S.

Proposition 4.28. We have:
(1) for alla > 1, > Apt1 C Any1 (in particular, Y Ay C Agyo for all a);
(2) for all a >3, log(AZ°%) C Ay;
(3) for all @ € On, e C Ayyq (in particular, e~ C Ay for all limit o).
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In particular, A, is a transserial subfield of No for all « > 3, and |J
closed under exp, log and infinite sums.

A, 1

a€On

Proof. (1) Trivial, since by definition Aqy1 = R((e2*™))gman for o > 1.

(2) Without loss of generality, we may assume that « is of the form 8+ 1 with
B > 2, so that A, is a Hahn field (see Remark 4.25). Take any € A2?. We can
write uniquely z = re?(1 + ¢), where 7 € R”%, v € AgnJ and € € A, No(1).
Then log(x) = v + log(r) + Zzo:l(—l)"% € Ag+ A, = A, by Proposition 4.26.
It follows that log(A>%) C A,, as desired.

(3) Note that the conclusion is trivially true for « = 0,1, so we may assume
that o > 2. Take any © € A,. Since A, is closed under truncation (see again
Remark 4.25), we can write uniquely x = v+ r +¢, with vy € A, NJ, r € R and
e € Ay No(l). Since A,y is a Hahn field, we have e* = €7 - ¢e" - ZZOZO fl—T: €
R((e2M))gmanl = Aqy1, as desired. O
Corollary 4.29. R{(A) = A

a€On —a-

Proof. By Proposition 4.28, | J,con Ao contains R and A (as both are contained
in Ag) and it is closed under exp, log and infinite sums. It follows that R{A) C
Uacon Aa- On the other hand, one can easily verify by induction that A, C R{A)
for all a € On, and the conclusion follows. O

Corollary 4.30. |J,con = R(A) is the smallest class containing A U {0} and
such that whenever the exponents v; € J of x = ZKQ r;e¥ are in the class, then
also x is in the class. The ordinal ERA(z) measures the number of steps needed to
obtain x with this inductive construction.

Corollary 4.31. R{A) is truncation closed, so it is a field of transseries in the
sense of Definition 4.1.

Proof. Immediate from the equality R{A) = |J A O

a€On —a-
Corollary 4.32. R{A) is a proper class. In particular, R{w)) is a proper class.

Proof. Let T' = M NR{A) be the class of monomials of R{A}). Since R{A) is
closed under Y and truncations, we have R{A) = R((T"))sman- If for a contradic-
tion R{A) were a set, then R{A) = R((T")). Since on the other hand R{A}) is
an exponential subfield of No, R((T")) would then carry a compatible exponential
function, contradicting [KKS97]. O

The following remark is implicit in our previous observations, but it is worth to
record it:

Remark 4.33. Let A = {log, (w) : n € N}. Then R((w))®f =, ey An = Au.

5. SUBSTITUTIONS

Before defining the full notion of composition, we first define substitutions (also
called right-compositions in [Sch01]).

Definition 5.1. Let T be a field of transseries. We say that f : 7" — No is
strongly additive if for every summable sequence (x; : ¢ € I) in T, the sequence

(f(x;) : i €I)in No is summable and f(> ., %) = >, f(2i).
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Definition 5.2. Let T a field of transseries. A substitution ¢ : T — No is
a strongly additive map which is the identity on R and preserves log, namely
c(log(x)) = log(e(x)) for all z € T.

It is fairly easy to check that the substitutions are well behaved functions.

Proposition 5.3. Let ¢ : T — No be a substitution. Then c is an ordered field
isomorphism fiving R. In particular, for all z,y € T we have x <y — c(z) < ¢(y)
and therefore © < y — c(z) < c(y).

Proof. Fix some z,y € T. Clearly, c is additive. Moreover, if z > 0, then log(x) €
T, so c(log(z)) = log(c(x)), so c(x) > 0, and in particular, ¢ preserves the ordering.
If 2,y > 0, then c(zy) = C(elog(ry)) — ec(log(z)+log(y)) — pellog(z)) . pellog(y)) —
c(x)c(y), and it follows easily that ¢ is multiplicative. Therefore, ¢ is an ordered field
isomorphism which by definition fixes R. In particular, if z < y, then ¢(z) < ¢(y).
Moreover, if < y, then r|z| < |y| for all r € R, so rle(z)| < |e(y)] for all r € R, so
c(z) < c(y). O

In this section, we show how to construct inductively substitutions on fields of
the form R{A) starting from their values on some subclass A C L. The proof that
the construction is well defined is fairly complicated and technical; for the sake
of readability, the proof of one of the intermediate statement, the “summability
lemma” 5.21, will be postponed to Section 9.

5.1. Pre-substitutions. To build a substitution on R{A}), we start with a certain
assignment of values to each element of A satisfying some suitable compatibility
conditions. We call such assignment a pre-substitution.

Definition 5.4. A map ¢y : A — No is a pre-substitution if

(1) the domain A is a subclass of L closed under log;

(2) co(A) > 0 and co(log(N)) =log(co(N)) for all XA € A;

(3) for any decreasing sequence (A; € A);en, the family (co(Xi));cy is summa-
ble;

(4) for any increasing sequence (A; € A);en, the family (co()\i)’l)ieN is sum-
mable;

(5) for all A\, u € A, if A < p, then ¢o(N) < co(p).

Remark 5.5. By (1) and (2) it follows by induction on n € N that cy(\) > exp,,(0)
for every A € A, and therefore for all A € A we have 1 < ¢o(A\). Moreover, if
A < w, then co(A) < co(p) and co(A)™ < co(p) for all n € N (since log(co(N)) =
co(log(A)) < co(log(p)) = log(co(1)))-

Clearly, if A C L is a class closed under log and ¢ : R{A) — No is a substitution,
then c;a is a pre-substitution. We shall prove that the converse holds, namely
that every pre-substitution with domain A extends to a (unique) substitution with
domain R{A}) (Theorem 5.22), and as a corollary we shall deduce the existence
of substitutions on R{w) (Corollary 5.23). We first give an explicit example of
pre-substitution on A = {log;(w) : i € N}.

Proposition 5.6. Let 2 € No™'. Then the sequence (log,;(x))ien is summable.

Proof. By [BM, Prop. 5.8], there is an integer k € N and some log-atomic number
w € L such that log, (x) = u + € for some € < 1. Thus, it suffices to show that the
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sequence (log; (1 + €))sen is summable. Let P(y) be the Taylor series of log(1 + y),
namely P(y) :=> ", %y" Then

log(pn + €) = log (i) + log (1 + %) =log(p) + P (%)
=1+ e

where pq := log(p) € L and &1 = P (%) < 1. We define inductively uo :=
Wy i1 = log(ps), €0 := € and €41 := P(i—) By construction, ¢; < 1 and
log,(i + €) = p; +¢; for all ¢ € N. Since (p;)ien is a decreasing sequence of
monomials, >, u; exists. To finish the proof it suffices to show that )", e; exists.

Let m be a monomial in the support of €;41 = P (%) Then there is an integer

m
m > 1 such that m € Supp ((%) ) C ;%’" Supp(e;)™. By an easy induction it
follows that

) n;

/’LO ..... i
where ng > ... > n; > 1 and o is a product of finitely many elements of Supp(e).
Note that o varies in the set |J ~_, Supp(¢)™, which is reverse well-ordered by

Lemma 3.8. Therefore, it suffices to prove that the family (W NS N) is
summable.

Letting 6 = >,y m, we have that W is in the support of §™°.
Since § < 1, by Corollary 3.9, (6™ : n € N) is summable, so (M(T;O—ln_ NS N) is

summable, hence (g;);en is summable, as desired.

Corollary 5.7. Let z € No™®, let A = {log;(w) : i € N} and let ¢§ : A — No be
the map that sends log;(w) to log;(x). Then ¢ is a pre-substitution.

5.2. Trees. We now aim at extending each pre-substitution ¢ : A — No to a
substitution ¢ : R{A})) — No. For this, we introduce the notion of tree, whose
aim is to keep track of the monomials that may appear in the support of ¢(z) by
expressing ¢(z) in terms of the values of ¢y. To justify the definition of tree, consider
the following heuristic argument.

Suppose we wish to calculate c(x) for some z € R{A). If ERa(x) = 0, then we
simply use the equations ¢(A) = co(A) = X cterm(eo(n)) ¢ a0d ¢(0) = 0. Now assume
ERA(x) > 0 and write = 3, _ r;e” in normal form. First, we observe that we
must have c(z) = >, _, c(rie?), so our problem reduces to calculating c(r;e?) for
each i < a. Fix one 7 = ~; and consider the following equation:

_ _ X L
c(re?) = rec) = rec’™ -exp(c(y)Y) = recM'™ . Z 7(0(13 ) .
n=0 ’

Note that ERA(7) < ERa(z), so we may assume to already have obtained ¢(7),
and that c(v) is presented as a sum c(y)¥ = > jestj for some family (t;);es of
terms (i.e. elements of R*M1), where J = J; is some index set. Using Proposi-
tion 3.5, we get

c(re?) = recMT i Z H tr(m) = i Z recM' . H tr(m)-

n=0r:n—J m<n n=0rn—J m<n
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Note that the right-hand side can be seen as a sum of terms. We use the above
equation to present ¢(re”) as a sum of terms indexed by the set {(n,7) : n € N, 7:
n — J}. By taking the sum over all terms r;€7:, we obtain a presentation of c¢(x)
as a sum of terms indexed by the set {(r;e",n,7) : i <a,n € N,7:n— J;}.

We then proceed inductively and assume that the index sets J; are themselves
constructed in the same way (unless ERa(7;) = 0, in which case we use the equa-
tions ¢(A) = co(A) = Xieterm(eo(n)) ¢ and ¢(0) = 0). One can then picture the
index (r;e",n,T) as a tree with root r;¢” and children 7(0),...,7(n —1), as in the
following definition.

Definition 5.8. Fix a pre-substitution ¢y : A — No. We define inductively
the class of trees as follows. A tree is an ordered triple T = (R(T),n,7) where
R(T) € REAYNR*M is a term, called the root of T', and n, 7 are defined as follows:

(1) if R(T) = A € A, then n = 0 and 7 is a term of ¢y(A), so in this case
T = (\0,t) with t € Term(co(X));

(2) f R(T) = re” ¢ A, then n € N and 7 is a function with domain n =
{0,1,...,n — 1} such that 7(0),...,7(n — 1) are trees, called the children
of T (n can be zero, in which case T has no children); we also require that,
for each i < n, the root R(7 (7)) of 7(i) is a term of v = log" (R(T')) (where
log" is as in Definition 2.10).

The descendants of T are T itself, its children, and the descendants of its
children. The proper descendants are the descendants different from T itself.
The leaves of T' are the descendants U of T' without children (for instance the
descendants with root in A).

Note that by induction on ERa, the above definition of tree is well founded.

Definition 5.9. Let T = (R(T),n,7) be a tree. We define size(T) € N as the
number of descendants of T', namely:

(1) size(T') :=1if T has no children, namely n = 0;

(2) size(T) := 1+ ),_,, size(7(i)) otherwise.

5.3. Extending pre-substitutions to substitutions. Fix a pre-substitution ¢y :
A — No. We shall now define a substitution ¢ : R{A})) — No extending the given

o(0) = (A\,0,t0) ... o(m—1)=(X0,tpm-1)
~_ \ — AN /
7(0) = (se*,m,0) (1) =...
~ —
T =(reV,n,r)

FIGURE 5.1. An example of tree with root R(T) = re”, where se*

is a term of v, A € A, tg,...,t;m—1 are terms of co(\), and the
contribution ¢(T') of T is
&(T) = rec™"™ LE(7(0))e(r(1)) ...
= 7ef™'" LsecoW'™ La(5(0)) ... e(o(m — 1))e(r(1))...
1

= rec™'” #sec"(A)T: —to .. tm1C(7(1)) ...
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pre-substitution ¢o. To this aim, we shall define simultaneously by induction on
a € On the following objects:

e the set of admissible trees A(z) of each z € A, (which are trees in
the sense of Definition 5.8 with root R(7") € Term(z) and some further
requirements);

e the contribution ¢(T") € R*M of each T € A(x);

e the extension ¢ : A, — No (which is obtained by summing the contribu-

tions of the admissible trees in A(x), that is c(x) = Y e () (1))

The main difficulty will be in proving that each family (¢(T") : T € A(z)) is summa-
ble, which is needed to show that c(z) = 3 pe 5 (,) €(T) is well defined (Lemma 5.21).

Definition 5.10. Let « € On be given. Let I(a) be the hypothesis
For allz € A, (¢(T) : T € A(x)) is summable

where A(x) and ¢(T) for T € A(x) are inductively defined as in Definition 5.11
(assuming I(f) for 8 < a).

Definition 5.11. First, we let A(0) := 0, and for A € A, we define:
(1) A(N) :== {{A\,0,t) : t € Term(co(A))} (namely every tree with root in A is
admissible);
(2) €((A,0,t)) :=t (the value of a tree with root in A is its third component);
(3) ¢(N) = X reap) &)
This defines A(x), ¢(T) and c¢(z) for all x € Ay and T € A(x).
Now let o > 1 and assume I(8) for all 5 < «. For general z € A, we define:
(4) A(I) = UtETerm(w) A(t)v
(5) A°(z) :={T € A(x) : &(T) < 1}.
When z =t =re” is a term in A, \ A1, let § < a be such that re” € Agyq \ Ag.
We observe that v € Ag, and we define:
(6) A(re?) :={(re?,n,7) : meN,7:n—= A°(y)};
(7) for T = (re",n,7) € A(re?),

_ ent= 1 — .
&(T) = rec) . — H e(r(1)).
i<n
Finally, for any z € A,, if I(«) holds, we define:

(8) c(x) ==Y rea( o).

Remark 5.12. Tt is important to note that points (1)-(7) only require I(j3) for
B < «, while (8) does require I(a). The inductive hypothesis I(«) itself is defined
by induction on a! We also remark that I(0), I(1) are trivially true.

Definition 5.13. Assuming that I(«) holds for every @ € On, we define ¢ :
R{A}) — No as the union of the functions ¢ : A, — No for a € On.

Remark 5.14. The present notion of tree should be compared with the similar
notion of labeled trees in [Sch01]. In this comparison, the admissible trees play the
same role as the well-labeled trees.

We shall now prove that ¢ : R{A) — No is well defined and that it is the
unique substitution on R{A) extending c¢o. The most technical and difficult part
will be proving that if I(a) holds, then (¢(T) : T € A(x)) is summable for all
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x € Agt1 \ A, (Lemma 5.21). As anticipated, the proof of this fact is postponed
to Section 9.
First, we check that ¢ is indeed an extension of ¢y, and that it fixes R.

Proposition 5.15. For all A € A, (€(T) : T € A()\)) is summable and

TeA(N)
In particular, I(0) and I(1) hold, and c extends cy.

Proof. For any A € A and T € A()\), we have T' = (\,0,¢) for some t € Term(\)
and ¢(T) = t. Moreover, (¢(T) : T € A())) coincides with (¢ : ¢ € Term(co(N))),
hence it is summable and by definition

A= > D)= >  t=clN).

TeA(N) teTerm(co(N))

Proposition 5.16. If r € R, then (€(T) : T € A(r)) is summable and c(r) =r.

Proof. Note first that I(1) holds by 5.15, and that R C A, so A(r) is well defined
for each 7 € R. Now observe that A(0) = 0, so ¢(0) = >_rea() c(T) is an empty
sum (equal to zero) and we get ¢(0) = 0. For r # 0 the only admissible tree
T € A(r) is given by T = (re®,0,0). By definition, &(T) = 7e“(®) = r¢® = r, hence
c(r)y=r. O

We now prove that assuming I(«), the extension ¢ : A, — No preserves log
and infinite sums. For o > 3, since A, is a field of transseries, this says that
¢: A, — No is a substitution. Note that in the following statement the hypothesis
is I (), but the conclusion is about terms in Agyy1.

Proposition 5.17. Assume I(«). Let re” € A,q1 be a term. Then (€(T) : T €
A(re?)) is summable, so c(re”) =3 pcp(per) C(T) is well defined and

c(re?) = ref),

Proof. The result is clear if re” € A; = AU{0}, for in that case ¢ coincides with ¢y
by Proposition 5.15, so we can assume re” ¢ A;. Then ERa(y) < ERa(reY), and

by the inductive hypothesis, ¢(y) = >, ¢(7”). By definition of A°(y) we have
T'eA(y)

=Y T

T'eA°(vy)
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Unraveling the definitions we have:

1) — pecT™ ge(n?

= Z Tec(v)T:% (c()4)"

neN
_ e(nt=1 ST
= Z ret” p Z (1)
neN T'eA°(y)
e(t=1 _
= Z e o Z H é(r(4))
neN T:n—A°(y) i<n
= Z e(T) = c(re”),
TeA(reY)

where in the fourth line we used Proposition 3.5 (which also shows the summability
of the relevant sequences) and in the fifth line we used the definition of &(T) for
T € A(re"). O

Proposition 5.18. Assume I(«). Let 37, _gzrie?" € Ay. Then

S e | = 3 e,

i<B i<p
Proof. Tt follows at once from Proposition 5.17 and the equality A(D", 5 rie¥) =
Uses Alrie). O
Corollary 5.19. Assume I(a), with o > 3. Then ¢: A, — No is a substitution.

Proof. Since a@ > 3, A, is a transserial subfield of No by Proposition 4.28. By
Proposition 5.16, ¢ fixes R, and by Proposition 5.18, it is strongly additive. More-
over, ¢ preserves log. Indeed, let © = reV(1 +¢) € A,, where r € R, v € J and
€ < 1. We have

c(log(z)) = <’y + log(r) Z ) ) + log(r Z

By Proposition 5.17, ¢(y) = log(c(e )), so the right hand side is log(c(z)), as
desired. 0

Corollary 5.20. Assume I(a) for all « € On. Then ¢ : R{A) — No is a

substitution extending cg.

Finally, we need to prove inductively that I(«) holds for all « € On. The main
difficulty is in proving the successor stage, namely that I(«) implies I(«+1). This
is contained in the following lemma, the proof of which is postponed to Section 9.

Lemma 5.21 (Summability). Assume I(«). Then (¢(T) : T € A(x)) is summable
for all x € Agy1 \ A In particular, I(«) implies I(o + 1).

Proof. Postponed to Section 9. (|

Theorem 5.22. Any pre-substitution ¢y : A — No extends uniquely to a substitu-
tion ¢ : R{A) — No.
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Proof. Fix a pre-substitution ¢y : A — No. By Proposition 5.15, I(0) and I(1)
hold. It is also clear by the definition of I(«) that whenever « is a limit ordinal,
I(a) is implied by, and in fact equivalent to, A5, 1(8). Moreover, by Lemma 5.21,
I(e) implies I(a + 1). Therefore, I(«) holds for all & € On. By Corollary 5.20,

c is a substitution extending c¢y. The uniqueness follows by an easy induction on
ERA. O

Corollary 5.23. Given z € No”°, there is a unique substitution ¢* : R{w) — No
sending w to x.

Proof. Let A = {log;(w) : ¢ € N} and let ¢ : A — No be the map that sends
log,;(w) to log,;(z). Then c{ is a pre-substitution by Corollary 5.7. By Theorem
5.22, there is a unique substitution ¢® : R{A})) = R{w)) — No extending cg. O

6. COMPOSITION

We prove that omega-series can be composed in a meaningful way. Intuitively,
for f,g € R{w), with ¢ > R, f o g is the result of substituting ¢ for w in f. For
instance, we will have

(Sos) (St = St (o
i€N i€N i€N JEN

Note that the right-hand side exists in No by the results in Section 5 and it is in
fact an element of R{w}).

Definition 6.1. Let 7' C No be a transserial subfield containing w. A composi-
tion on 7 is a function o : T x No”® — No which satisfies the following axioms:
(1) for all € No”®, the map f — f oz is a substitution, namely:
(a) for any summable (f;)icr in T, the family (f; o x);er is summable and

(Z ﬁ) ox=3 (fiox);
iel iel

(b) rox =rfor all r € R;

(c) log(f)ox =log(fox)forall feT;
(2) T is closed under composition: for all f € T', g € T>® we have fog € T;
(3) associativity: (fog)ox = fo(gox) forall feT, ge TR, 2 e No™¥,
(4) w is the identity: for all z € No”® and f € T we have wox =z, fow = f.

The axioms are modeled on the usual composition of real valued functions, where
we interpret w as the identity function. The restriction on the second argument to
be positive infinite is necessary for a composition to exist; for instance we cannot
hope to define ) _w™" o (1/2) in any reasonable way, as the axioms imply that
the result should be » 2" Recall that by Proposition 5.3, for all x € No™ ¥,
the map f oz is increasing and it preserves the dominance relation <.

When T C R{w)), the list of axioms can be shortened. More precisely, we have:

Proposition 6.2. If T is a transserial field included in R{w)), there is at most one
function o : T x No”® — No satisfying the following conditions:

(1) for all x € No”®, the map f — f oz is a substitution;

(2) for all z € No™®, wox =uz.
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If any such function o exists, it satisfies fow = f for any f € T. If moreover T is
closed under o, then o is associative, so it is a composition.

Proof. Suppose that o is a function satisfying the above properties. Let A =
{log;(w) : i € N} C T, and fix some x € No~ ™. We claim that the values of the
substitution f — f oz for f € A are uniquely determined by the requirement
wox = x. We shall prove this by induction on ERA(f); at the same time, we will
also verify associativity when T is closed under o.

Note first that log;(w) o 2 = log;(x) by definition of substitution. Moreover,

log;(w) o (g o x) =log;(g o x) =log;(g) o # = (log;(w) 0 g) o x
for any g € T>N, and also log;(w) o w = log;(w). It now follows by induction on
ERA(f) that the value of f o x is also uniquely determined, fow = f, and if
T is closed under o, then fo (goxz) = (fog)oux for any g € T>®. Indeed, if
[ =2 icarie’, where ERA(f) > 0, then we must have

fox= Zrie%”
<o
where ERA(7;) < ERA(f). The value of f o« is then uniquely determined by the
values 7; o x, which are themselves uniquely determined by inductive hypothesis,
and clearly f ow = f as again by induction 7; o w = ~;. Moreover, if T is closed
under o, then

fo(gox)= Zrie'ﬁo(goz) = Zrie('“oy)oz = (Z rie'“'c’g) ox=(fog)ouw.
i<a <o <o

Therefore, o is unique, fow = f for any f € T, and if T is closed under o, then it

is associative, so it is a composition. (Il

Theorem 6.3. There is a unique composition o : R{w) x No”® — No.

Proof. Let A = {log;(w) : i € N}. Fix z € No™® and f € R{w). By Corol-
lary 5.23, there exists a unique substitution ¢* on R{A}) = R{w)) such that ¢*(log,;(w)) =
log,;(x) for all ¢ € N. We then define f oz := ¢*(f). Clearly, this function is the
unique one satisfying the hypothesis of Proposition 6.2. One can easily verify by
induction on ERa that R{w} is closed under o, so it is a composition. O

7. TAYLOR EXPANSIONS

In this section, let o be the unique composition on R{w}). We shall now prove
that for every f € R{w), the function  — f o x is surreal analytic in the sense of
Definition 3.7. Moreover, the coefficients will coincide with the iterated derivatives
of f divided by n!, when using the unique surreal derivation on R{w}).

7.1. Transserial derivations. Recall the notion of derivation from [Sch01, BM].

Definition 7.1. Given a field T', we recall that a map 9 : T' — T is a derivation if
it is additive (9(z+y) = 0x+0y) and satisfies the Leibniz rule (9(xy) = x-0y+9Jz-y).
If T is a field of transseries we say that 0 : T — T is a transserial derivation if
it is a derivation satisfying the following additional properties:

(1) 0 is strongly additive;

(2) de® = e - Ox;

(3) Ow =1;
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(4) or=0ifr e R.
As in [BM], we call surreal derivation a transserial derivation with ker 9 = R.

In [BM], the authors proved that there exist surreal derivations on No, and in
fact several of them. However, just like we proved that there is a unique composition
on R{w}), we can easily verify that there exists a unique transserial derivation on

R{w).

Proposition 7.2. The field of omega-series admits a unique transserial derivation
0 : R{w) — R{w)), which is in fact a surreal derivation.

Proof. Suppose first that there exists a transserial derivation 9 : R{w) — R{w).
Since dw = 1, an easy induction on ERa shows that in fact the values of 0 are
uniquely determined, and that ker(9) = R. Therefore, if there is one such deriva-
tion, it is unique, and it is a surreal derivation.

For the existence, let 0 be any surreal derivation, which exists by the results of
[BM]. By the same argument as above, since dw = 1 € R{w}), an easy induction
on ERa shows that O(R{w)) C R{w). Therefore, the restriction of 9 to R{w) is
the unique transserial derivation on R{w}). O

Remark 7.3. Unlike the subfield R((w))XE, but like R((w))FE, the field of omega-
series R{w) is not closed under anti-derivatives. For instance, it contains no integral
for the monomial exp(—3_, .y log, (w)).

7.2. A Taylor theorem. From now on, let 0 : R{w)) — R{w) be the unique
transserial derivation on R{w})). Recall that for any < 1 we have exp(z) =

Y neN fl—T When z > 1, the equality does not hold, as the right hand side clearly

does not exist. However, we can still approximate exp(z) with Taylor polynomials.
In particular we have the following:

Proposition 7.4. Given z € No, there are A € No and ¢y € No”° (depending
on x) such that, for every e € No smaller in modulus than g, we have
exp(z + ) = exp(z) + exp’(z)e + O(Ae?)
where exp’(x) = exp(z) and O(Ae?) is a surreal number < Ac?. Similarly, we can
write
log(z + €) = log(x) + log'(x)e + O(Ae?)
1

where log'(z) := 1.

Proof. Immediate from the fact that No is an elementary extension of Reyp. O

The next theorem extends the above remark to a much larger class of functions.

Theorem 7.5. Given f € R{(w) and x € No”*, there are A € No and ¢y € No”°
(both depending on f and z) such that, for every e € No smaller in modulus than
€0, we have

fo(z+e)=fox+(df ox) e+ O(A?),
where O(Ae?) is a surreal number < Ag?.

Proof. We reason by induction on the ordinal ERA(f), where A = {log;(w) : i €
N}.

Case 1. The theorem is clear if f € R or f = w, as in this case fo (v +¢) =
foxz+ (A(f)ox)e for every € and we can take A = 0.
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Case 2. Now consider the case when f = log(g) where g > 0, and assume that
conclusion holds for ¢g. Then there are B € No and ¢; € No”° (depending on g, x)
such that

go(a+e)=gox+(dg)ow)e +O(B)

whenever |e| < |e1|. Taking the log of both sides, and recalling that log(go(xz+¢)) =
log(g) o (x +€) = fo(x+c¢), we obtain

fo(x+e)=log(gox+ (d(g) o x)e + O(Be?)).

Using the second order Taylor expansion of log at g o z, we can find A € No,
depending on g and z, such that, for all sufficiently small ¢,

log(g 0.2 + (0(9) o 2)e + O(Be?) = log(g 0.0) + ——(Dlg) o a)e + O(4e?)

=log(g) oz + (@ o :v) £+ O(Ae?)
= fow+(9(f)ox)e+ O(Ae?).

Combining the equations we obtain fo (z +¢) = fox + (0(f) ox) e + O(Ae?), as
desired.

Case 3. When f = log,(w) for some n € N, the desired result follows from the
previous cases by induction on n. We have thus established the conclusion when
ERA(f) =0, namely f € A; = AU{0}.

Case 4. Consider now the case when f = exp(g) and assume that the conclusion
holds for g. We can then proceed as in case 2 using the second order Taylor
expansion of exp at g o x.

Case 5. Consider the case when f =}, _; fi and assume by induction that the
result holds for each f;. By definition fo(z+¢)=>_._;(fio(z+¢)). By induction
there are ¢; , € No~? and A; > € No such that

fio(z+e) = fiox+(0(fi) o x)e + O(Aie?)

icl

for all € < €;,. Now let g9 € No~? be smaller than i for every ¢ € I and let
A = A;, for every i € I. Then for every € smaller in modulus than ey we have
fo(r+e)=fox+ (0(f)ox) e+ O(Ae?), as desired.

Finally, observe that the above cases suffices to establish inductively the theorem
for every f € R{w). O

Corollary 7.6. For every f € R{w) and every z € No”™ we have

fo(r+e)—foux
€

Of ox = lim
e—0

In particular, taking x = w, we obtain Of = lim._, , so the derivative

is definable in terms of the composition.

0 fo(w+z)ffow

Corollary 7.7. The unique composition on R{w) satisfies I(fog) = (0f og)-dg.

Proof. Thanks to Corollary 7.6, it suffices to show that that for all sufficiently small
€ we have

(foglo(z+e)=(fog)oz+((0f og)-g)e + O(Ae?)
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where A € No depends on f,g,  but not on £. Applying Theorem 7.5 first to g
and then to f, there are C, D € No, not depending on ¢, such that

(foglo(z+e) = folgo(z+e))
= folgor+(@gon)+0(C- )
folgox)+(0fo(gon)) (9gox)e+O(D-e?),
and we conclude by noting that (9f o (gox))-(gox) = ((0f og)-dg)o . O

7.3. Surreal analyticity. We now extend in the obvious way the notion of surreal
analyticity of Definition 3.7 to the numbers in R{w}).

Definition 7.8. Let f € R(w). We say that f is surreal analytic at = € No~®
if the function y — f oy is surreal analytic in a neighborhood of z is the sense of
Definition 3.7. We say that f is surreal analytic if y — f oy is surreal analytic
at every x € No~ K,

For instance, exp(w) and log(w) are surreal analytic.

Proposition 7.9. Let © € No”®. Then for every ¢ < 1 we have exp(z + €) =
Ydo ‘Z—Tsi. In particular, exp(w) is surreal analytic.

Proof. Indeed, exp(z + ¢) = exp(z) - exp(e) = exp(x) - Y oop i—, O

Proposition 7.10. Let z € No”®. Then for every ¢ < = we have log(x +¢) =

log(z) + Y 2y Ui g particular, log(w) is surreal analytic.

Proof. Tt suffices to write x +& =z (1 + %), so that ¢ := = <1, and recall that

€ H—l

log(z +¢) = log (x (1 + —)) = log(x) + log(1 + §) = log(z) + Z
T

O
Moreover, surreal analyticity is preserved under compositions.

Lemma 7.11. If g € R(w) is surreal analytic at © € No™® and f € R(w) is
surreal analytic at y := gox, then f o g is surreal analytic at x.

Proof. Fix f,g,x,y as in the hypothesis. By assumption there are two sequences
(ai)ien and (b;) en in No such that, for every sufficiently small €, § we have

go(:z:—l—{-:):gox—l—ijEj
j=1

o(y+4) = Zazél

€N

Note that (fog)o(z+e) = fo(y+> 72, bje?) = > ey ai(3252, bje?)" for every suf-
ficiently small €. To finish the proof it suffices to observe that, by Proposition 3.16,
there is a sequence (¢, )men in No such that, for every sufficiently small ¢, we have

Zak(z bnsn)k = Z cme™

keN n=1 meN

and
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Corollary 7.12. For all i € N, log;(w) is surreal analytic.

We can also verify that if f € R{w) is surreal analytic, the coefficients of its
Taylor expansions can be calculated using the derivation 0 just like with classical
analytic functions.

Proposition 7.13. If f € R(w) is surreal analytic at = € No™®, then for every
sufficiently small € € No we have

fo(a:+a):Z%(8"fo:1?)-€"

neN
where °f = f and 9" if = 0(9"f).

Proof. Let f € R(w) be analytic at € No™®. Let f be associated function
x4 e+~ fo(x+e), which by assumption is also surreal analytic (in the sense of
Definition 3.7). By Proposition 3.11, we know that

f(i).'(x) o

2!

folwte)=fla+e)=>
1=0

By Corollary 7.6, it follows by induction on 4 that in fact f (@) (z) = §'f oz, proving
the desired conclusion. (|

We can then conclude that every omega-series is surreal analytic.

Theorem 7.14. Every f € R{w) is surreal analytic, and for every x € No™® and
every sufficiently small e € No we have

Lo i
fol(z+e) —%i!(afox)-e :
Proof. Let f € R{w). We reason by induction on ERA(f), where A = {log,(w) :
i€ N}

The case f = 0 is trivial, while the case f = log,, (w) follows from Corollary 7.12
and Proposition 7.13. This shows the conclusion for ERA(f) = 0, namely for
feA =AuU{0}.

Now suppose ERA(f) > 0. Write f =3, 7;e77, and recall that by definition
ERA(yj) < ERA(f) for all j < a. Therefore, by inductive hypothesis, we can
assume that ; is surreal analytic for every j < a. Since exp(w) is surreal analytic
by Proposition 7.9, it follows that exp(w) o 7; = exp(y;) is surreal analytic by
Lemma 7.11, hence so is f; := r;e?. This means that for each z, there is some
gj > 0 such that for all ¢ smaller than ¢; in absolute value, we have fj o (z +¢) =
D ien %(8%‘ ox)-e'.

Since 0 is strongly additive, and (f; : j < «) is summable, the family (9f; :

Jj < @) is also summable and >, 0f; = 0 (ZJ fj). In turn, (Ofjox : j < a) must
be summable, and }_;(0fjox) = (32;0f;) oz =0 (EJ fj) ox = Jf ox. Similarly,
by induction on i € N, (9'f; oz : j < ) is summable and Zj(()ifj oz)=0fox.

By Lemma 3.15, for every sufficiently small e, ((8'f;oz) €' : (i,j) € Nx a) is
summable and therefore, by Corollary 3.2, we have

IPIFICHERIEED 9 BE CIECIEED SF TGOS

%
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Recalling that fj o (z+¢) =3 ,c 5(9'f; 0 x) gt it follows that

Folwte) =S (fio(@+e) ZZ @f;0m) ¢ =3 4(0f o) "

J n
thus proving that f is surreal analytlc. O

Remark 7.15. When f € R((w))FF and x € R((w))E¥, one can verify that there
exists an n € N such that the equation of Theorem 7.14 holds for any & < e~ *Pn (@),
Indeed, note that the subfields K, 1og, () (see Definition 4.13) are closed under the
derivation J, and that there is some k € N such that gox € Kerk’long(w) for any
9 € Ky log, (w)- Then all the coefficients J'f oz /4! live in some fixed K 10, (w), and
it suffices to apply Corollary 3.9 to get the desired conclusion. In particular, one
can give a meaningful definition of analyticity for LE-series by staying inside the
field of LE-series, without resorting to No.

In full generality, Corollary 3.9 guarantees that the equation of Theorem 7.14
holds for any e that is infinitesimal with respect to any non-zero omega-series
g € R{w). In some cases, this is the best we can do. Take for instance f =
S e~ Pul@) Then one can easily verify that (9°f o w)ien = (9'f)ien is not
summable, and in fact that (9'f - €);en is not summable for any e such that ¢ =
e~ Pa(@) for some n € N, and in particular for any ¢ € R{w)*. Therefore, the
expansion of f o (w + ¢) given by Theorem 7.14 only exists for the numbers ¢ with
absolute value smaller than any omega-series.

Corollary 7.16. Given f € R{w) and x € No”™®, we have
fo(w+e)=fou+(@fox) e+ O(@*fox) )
whenever ¢ € No satisfies (0°T2f ox)-e* < 8?f ox for all i € N.

8. A NEGATIVE RESULT

The interaction between the unique composition o on R{w}) and the unique
transserial derivation on R{w) suggests looking for compositions that are compat-
ible with a transserial derivation.

Definition 8.1. Given a transserial subfield T C No, a transserial derivation
9:T — T, and a composition o : T x No”® — No, we say that 9 and o are
compatible if the following holds:

(1) if 9f =0, then fox = f for every z;

(2) 0f >0 = fox < foy whenever z < y;

(3) (fog)=(0fog)-0g

Theorem 8.2. The unique surreal derivation 0 on R{w) is compatible with the
unique composition on R{w).

Proof. Condition (1) follow at once from ker(d) = R.

For condition (2), let f € R{w). We reason by induction on ERA(f), where
A ={log;(w) : i € N}. If ERA(f) = 0, then the conclusion is easy: for instance if
f =log;(w), then fog=1log,(g) and the chain rule in (3) can be verified as in the
classical case, recalling also Corollary 7.6. Now suppose that ERA(f) > 0. Write
[ =2 icarie’, where ERA(7:) < ERA(f) for all i < a. Suppose that fox > foy
for some z < y. Since the maps g — gox, g — g oy are substitutions, they
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preserve the relation < (Proposition 5.3), so we must have (rge?)ox > (rge?) oy,
S0 1pe V0% > pye 0%V,

Without loss of generality, we may assume that vy # 0 (by replacing f with
f —ro) and that ro > 0 (by replacing f with —f). Under these assumptions, we
must have vy o x > 79 oy, so by inductive hypothesis 9y¢ < 0. Note moreover that
since o € J7°, we must have dvg # 0. In turn, since df ~ roe¥dyy, it follows that
df > 0, as desired.

Point (3) is Corollary 7.7. O

Question 8.3. We do not know whether there is a composition and a compatible
transserial derivation (possibly with ker(9) bigger than R) on the whole of No.

Note that the present notion of compatibility is rather weak, and for instance
it does not require the conclusion of Theorem 7.14 to hold, or even just Theorem
7.5. However, even such a weak notion does not allow the “simplest” derivation
0 : No — No of [BM] to be compatible with a composition.

Theorem 8.4. The “simplest” surreal derivation 0 : No — No in [BM] cannot be
compatible with a composition o : No x No”® — No.

Proof. Let y € No, and observe that the rules of transserial derivations yield
8(10gn(y)) = m Taklng Yy = w we obtain 8(/\,,1) = ﬁ, where
A_p = log, (w). Now let 9 : No — No be the “simplest derivation” in [BM]. In
that paper we showed that 0 is surjective, so in particular there is an anti-derivative

of ﬁ In fact we proved that there is a log-atomic number A_, € L such
neN 7T n
that O(A_,) = m With a suggestive notation A_,, is denoted log,(w) in

[ADH], suggesting that it should be considered as an infinite compositional iterate
of log(w). In [BM] we showed that, if A is a log-atomic number bigger than exp,, (w)
for every n € N, then
) = [ log, (V).
neN

Note that there is a proper class of log-atomic numbers \ satisfying A > exp,,(w)
for all n € N, so the above differential equation has a proper class of solutions. Now
fix such a solution A and suppose for a contradiction that 0 is compatible with a
composition on the whole of No. By the rules for 0 and o we obtain

O(A_w o A) = (O(A_w) 0 A) - I(N)

“(rre@ )

- (rogm) W =1

Since d(A_,) > 0, by the compatibility conditions the function z — A_, oz is
strictly increasing, so there is a proper class of elements of the form A_,, o x with
derivative 1. This however contradicts the fact that ker(9) = R is a set. O

Remark 8.5. The above result can be interpreted in different ways. The first is
that there could be no reasonable composition on the whole of No. The second
is that, despite the positive results in [ADH, BM], the simplest derivation in [BM]
may have some shortcomings. It is conceivable that, in order to be able to give
positive solution to Question 8.3, we should allow a proper class as the kernel of 0.
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9. PROOF OF THE SUMMABILITY LEMMA (LEMMA 5.21)

We will now give a proof of Lemma 5.21. We work under the notations of Section
5. Suppose that ¢y : A — No is a given pre-substitution. Then we wish to prove
the following:

Lemma 5.21. Assume I(«). Then (¢(T) : T € A(z)) is summable for all x €
Ant1 \ Ay. In particular, I(«) implies (a4 1).

For the rest of this section, let ¢y : A — No be a pre-substitution, and assume
that the inductive hypothesis I(«) holds. Then ¢ : A, — No is well defined, and
the objects A(z), ¢(T") and A°(z) are clearly well defined for all © € A,4; and all
T € A(z). Moreover, recall that by Proposition 5.17, ¢(¢) is also well defined for all
terms ¢t € Ay NR*IN.

9.1. A property of pre-substitutions. We start by observing a rather technical,
but crucial fact on pre-substitutions.

Lemma 9.1. Let x € No and m be the leading monomial of x. Then

Supp (= U m" Supp 1)".

Proof. Let t = rm be the leading term of x. Write 2= = ¢t~1(1 + ¢), where ¢ < 1.
Then

t o0
=——=t- —1)"e™,
(I+¢) 7;3( )
hence every element in the support of x has the form m-ny-...-n, with n > 0 and
€ Supp(e). On the other hand, since e = tx™! —1 =rmz~! —1and e < 1, we
have Supp(e) € m - Supp(z~1), and the conclusion follows. O

Lemma 9.2. Let ¢y : A — No be a pre-substitution. Let (\;)ien, (M;)ien be two
sequences such that A; € A and m; € Supp(co(N;)) for all i € N. Then there is an
increasing sequence of indexes (ij)jen such that one of the following holds:

(1) the subsequence (Mi;)jen is decreasing and for all j € N

i co(Xijy)
m;, Co(/\ij)

< 1;

(2) the subsequence (A )jen is increasing and for all j € N

m;.

Yt < CO()\ij+1 )2;

(3) the subsequence (X )jen is constant and for all j € N

mlj +1
m;

=<1

J

Note that in all three cases we have m]:f;l < co(Nij0 )%

Proof. Let \; =: e*i. Note that u; € A. We have

CO(/\i) — eCo(mi) — eco(uz‘)T:eco(M)L.
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Thus n; := mie=®)" € Supp (exp(co(pi)*=)) = Supp(exp(co(pi)*), and therefore
there is some n; € N such that n; € Supp((co(p;)¥)™). After extracting a subse-
quence we may assume that (\;);en is monotone, so either increasing, decreasing,
or constant.

(1) Suppose that (\;)ien is decreasing. Then (u;)ien is also decreasing, hence the
family (co(;) : i € N) is summable. In particular, (co(u;)¥ : i € N) is summable,
and by Corollary 3.12, (exp(co(pi)¥) : i € N) is summable. We may therefore
extract a subsequence and assume that (n;);en is decreasing, so that

mi+1€*00(#i+1)T ~ mie*CO(#i)T.
Since co(Ai) = e i) it follows that

mip1  erE)T eg(Ai)
m; eco(ui)t CO(/\i)

< 1.

(2) Consider now the case when ()\;);en is increasing. Let 0; := LM(co(p;)). By
Lemma 9.1, applied with = ¢o(p;), we deduce that

Supp(co(p)) € | o - Supp(co(ui) ™)™
m=0
Since n; = —r € Supp((co(p;)¥)™), it follows that there is an m; € N such that

m; c Uﬂi(mi-i-l)
eco(pi)t v

n; My

- Supp(co(pi) ™)

and therefore m; - e=¢0()" oY € Gupp (e (1) 1)
Now observe that co(u;)™' < 1 and that the family (co(u;)~' : i € N) is

summable because (p; 1)1-6N is decreasing. By Corollary 3.12, applied with ¢; =
co(p;) ™, the family (mi ce—co(u)" oi_m(m”l) RS N) is summable. We may
therefore extract a subsequence and assume that
m; . M1
eco(u) . oM™t T peo(uiga)? L g (it

Since co(p;) is positive infinite, e = co(p;)" < oF for any n € N, so
Mit+1 Mit1 < m;
e2eolir)T " peo(pisa)t Ozlﬂl(miﬂﬂ) eco(pa)™”

Therefore,
Mg e2co(pis1)T _co(Nig1)? < en(in)?
m; eCO(Hi)T - CO(/\i) - CO( i+1) '
(3) Finally, suppose that there is a A € A such that A\; = A for all ¢ € N. In this
case all the monomials m; are in the support of ¢y(\) € No, hence obviously we
may extract a subsequence and assume that m;;; <m; for all ¢ € N. O

9.2. Further properties of the extensions. Recall that I(«) implies that ¢ :
A, — No is a substitution when « > 3 (Corollary 5.20). In particular, ¢ preserves
the ordering and the dominance relation < by Proposition 5.3. We observe that
I(a) implies similar monotonicity properties for o < 3, and also for terms in A, 1.

Proposition 9.3. For all x,y € A, and for all x,y € Ay NR*M, we have
x<y—clx) <cly) and z <y — c(x) < c(y).
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Proof. If @ is 0 or 1, then for all z,y € A, we have z < y — c(z) < ¢(y) and
x <y — c(z) < ¢(y) by definition of pre-substitution. The same conclusion
holds for a > 3 by Corollary 5.19 and Proposition 5.3. For @ = 2, note that by
Proposition 5.18, if we expand some z € Az \ R as z = roer® + Zl<i<ﬁ ried 4+ s
(where r;, s € R, \; € A, and A; > \; for all i < j < ), we have -

c(x) = roe0) 4 Z rie©) 4 s,
1<i<B

while ¢(r) = r for all » € R by Proposition 5.16. By definition of pre-substitution,
it follows at once that c(z) ~ roe®*) and in turn, that c(z) > 0 if and only if
x > 0 (and obviously ¢(r) > 0 if and only if r > 0). Since Ag is an additive group,
we have © < y — c(z) < ¢(y) for all z,y € As. By the same argument, it also
follows that © < y — ¢(x) < ¢(y) for all z,y € As.

Now take some z,y € Aqypr NR*IM. Write z = re?,y = se®, with r,s € R*
and 7,6 € J. By Proposition 5.17, ¢(re?) and c(se®) are well defined and equal
to respectively 7e¢(") se°(®). We observe that if v < 4, then ¢(y) < ¢(d), and if
moreover 0 < v, then 0 < ¢(y) and v < d, so ¢(y) < ¢(d). This easily implies that
z<y—clx)<cly) and x <y — c(z) < c(y). O

We also need the following properties of admissible trees.

Lemma 9.4. Let x € Ayyq and T = (re?,n,7) € A(x). We have:
(1) recM" < pec®) = ¢(re?) = ¢(R(T));
(2) if re” =R(T) ¢ A, then ¢(T) < c(R(T)) - [],.,, c(7(0));
(8) if U =17(i) is a child of T, then (U) is infinitesimal;
(4) if U is a proper descendant of T, then ¢(U) is infinitesimal;
(5) 2(T) < (R(T);
(6) if size(T) > 1, then all the leaves of T have root in A.

Proof. (1) follows from Proposition 5.17.

(2), (3), (4) follow at once from the definitions and (1).

(5) If A = R(T) € A, then ¢(T) € Term(co(X)), so ¢(T) =< co(A) = ¢(R(T))
as desired. If R(T) ¢ A, then ¢(T') < ¢(R(T)) - [[;.,, e(7(i)) by (2), and since
¢(7(i)) < 1 for each ¢ < n by (3), we reach the same conclusion.

(6) Assume size(T") > 1, and let L be a leaf of T. Then L is a leaf of some child of
T. Reasoning by induction, we may directly assume, without loss of generality, that
L is a child of . Write L = (se?,0,0). Note that se’ is a term of v = log' (R(T)) €
J,s0 R(L) = se’ = 1. By Proposition 9.3, it follows that ¢(R(L)) = 1. Now suppose
by contradiction that se® ¢ A. Then (2) implies that &(L) < c¢(R(T)) = 1, but by
(4) we must have ¢(L) < 1. Therefore, se’ € A, as desired. O

9.3. Bad sequences. In order to prove that the family (¢(T) : T € A(x)) is
summable for any z € A,41, by Remark 2.15, one could try to verify that there
is no injective sequence (T;);en of trees in A(z) such that ¢(T;) < ¢(T;41) for all
i € N. However, we will actually prove the stronger statement that there are no
bad sequences, which are defined as follows:

Definition 9.5. Let z € A,41 and let (T;);en be a sequence of trees in A(z). We
say that the sequence is bad if it is injective, R(T;) »= R(T;41) for each i € N, and
(20 )" )
e(Tiv1)) — c(R(Tit1))
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for all 7,n € N.

For instance, Lemma 9.2(1) and (3) immediately imply that there are no bad
sequences in A(x) for any x € As. The non-existence of bad sequences in a given
A(z) quickly implies the desired summability.

Proposition 9.6. Let x € Ayy1. If there are no bad sequences in A(z), then
@(T) : T € A(z)) is summable.

Proof. Suppose that (¢(T") : T € A(z)) is not summable. Then there is an injective
sequence of trees (T;);en in A(x) such that
oTy) 2 e(Titr)

for all i € N. After extracting a subsequence, we may assume that R(7;) = R(T;4+1)
for every i € N, as all these roots are terms of . Therefore, ¢(R(T;)) = ¢(R(Ti+1))
for all 7 € N by Proposition 9.3. It follows that for all i,n € N we have

o(T) \" c(R(T3))
(aml)) = R T
so the sequence (T});en is bad. O

Remark 9.7. If (T});en is a bad sequence, then all its subsequences are bad. This
follows from the fact that for all i, k,n € N we have

n

“T) \"_ (17 &Tus) T _CR(Thy) _R(T)
(5(Tz‘+k+1)> - };](:JE(TiJerrl) jjl;[() (R(Titj1))  cR(Tisrs1))’

We start with a few special cases in which it is easy to prove that sequences of
trees are not bad.

Proposition 9.8. Let © € A,q1. Let (T;)ien be a sequence of distinct trees in
Ax). If R(T;) € A for all i € N, then (T;)ien is not bad.

Proof. Write T; = (\;,0,¢;), where t; = ¢(T;) is a term of ¢o(A;). Since \; € Term(z)
for each i € N, after extracting a subsequence, we may assume that (\; : ¢ € N)
is either constant or decreasing. In the former case, all the contributions ¢(7;)
are distinct elements of Term(co(A)) for some fixed A € A, so after extracting a
subsequence we may assume ¢(T;) = ¢(T;41) for all i € N, so the sequence is not
bad. In the latter case, by Lemma 9.2, we may extract a further subsequence and

assume that
oT) _ ti colh) c(R(T3))

&(Tiv1)  tiyr co(Nis1)  c(R(Tign))
Therefore, (T;);en is not bad. O

Proposition 9.9. Lett be a term in Ay+1. Then there are no bad sequences in

At).

Proof. Let (T;):en be a sequence of distinct trees in A(¢). We want to prove that
(T3)ien is not bad. Since t is a term, by Proposition 5.17 (¢(T) : T € A(t)) is
summable. Thus, extracting a subsequence, we can assume that ¢(7;) = ¢(T;41)

for every i € N. Observing that R(7;) = ¢ for every ¢ € N, it follows that E(E;Ti)l) -

1= %, and therefore (7T});en is not bad. O
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9.4. Two types of sequences of trees. We now distinguish two special types of
sequences of trees, and verify that every injective sequences of trees in some given
A(z) has at least one subsequence of one of the two types.

Definition 9.10. Let z € A, 41 and let T; = (r;e7 ,n;, 7;) € A(x) be distinct trees
for ¢ € N such that (;);en is weakly decreasing.

We say that the sequence (T;);en has type:

(A) f R(7:(5)) = vo — v for all i € N, j < ny;

(B) if ng > 1 and for all i € N> there is k < n; such that R(7;(k)) < i1 — Vi

Note that a sequence (T;);en may be of neither type. A sequence with n; = 0
for all © € N, or with (v;);en constant, is vacuously of type (A). Moreover, for a
sequence of type (B), (7;)ien is necessarily strictly decreasing and n; > 1 for all
1eN.

Lemma 9.11. If (T;);en is a sequence of type (A) or (B), then all its subsequences
have type (A) or (B) respectively.

Proof. Suppose (T})ien is of type (A) and let (T3;)jen be a subsequence. Since
(7i)ien is weakly decreasing, for all k < n;, we have

R(7i; (k) = 70 = Yi; = Yio — Vi
so the subsequence is of type (A).
Now let (T;);en be a sequence of type (B). Write T; = (r;eY", n;, 7;). Using again
the fact that (v;)ien is weakly decreasing, if k is such that R(7;(k)) = i1 — 7,

then R(7;(k)) < v; — i for all j < ¢, so any any subsequence of (T});en is of type
(B). O

Proposition 9.12. Let x € Ay41 and let T; = (rieVi,n;, ;) € A(x) be distinct
trees for i € N. Then (T;)ien has a subsequence of type (A) or (B).

Proof. After extracting a subsequence, we may assume that (7;);en is weakly de-
creasing. If n; = 0 for every i € N, then (7});en is of type (A) and we are done.
We can therefore suppose without loss of generality that ng > 1.

We proceed by trying to construct a subsequence (T5,) jen of type (B), and check
that when the construction fail we find a subsequence of type (A). We define Tj,
by induction on j € N. For j = 0, we let T;, = T;, := Tp.

Assuming that T, has been defined, we have two cases. If R(7i(k)) > v, — i
for all 4 > i;, k < n;, then the sequence T, T;, 41, Ti; 12, ..., has type (A), and we
are done. Otherwise, we let i;;1 be the minimum ¢ for which there exists k£ such
that R(7;(k)) < v, — -

Clearly, either the procedure fails after a finite number of steps, and we find
a subsequence of type (A), or it defines a subsequence (Tj,);en of type (B), as
desired. O

9.5. No bad sequences of type (A). As a start, it is fairly easy to see that bad
sequences of type (A) do not exist.

Proposition 9.13. Let x € A,41. Then A(x) contains no bad sequences of type
(A).

Proof. For a contradiction let (T;);cn be a bad sequence in A(zx) of type (A). By
Proposition 9.9 the sequence of terms (R(7;) : ¢ € N) cannot be constant, so by
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taking a subsequence we can assume that the terms R(7;) are distinct, and since
they are all terms of z, we may also assume (taking another subsequence) that
R(Ty) = R(Th) = R(T2) > .... By Proposition 9.3 it then follows that ¢(R(T3,)) >
¢(R(Th41)) for every n € N.

Let ¢ € N and write T; = (r;e”, n;, ;). By assumption, for any child U = 7;(j)
of T; we have R(U) > =0 — ~; (this holds vacuously if T; has no children). We
claim that for any such U we must have R(U) € Term(yp). Indeed by construction
R(U) € Term(y;); therefore, if R(U) ¢ Term(yo), then R(U) would be a term of
the difference v9 — ;, contradicting the assumption R(U) = v9 — ;.

We have thus proved that all the roots of the children of the trees T; are terms
of 7o = log" (R(T})); hence, we can replace the root of each T with €7 obtaining a
new sequence 77 := (e, n;,7;) in A(e?). Since T; and T have the same children,
by Lemma 9.4(2) we have:

AT _ oR(Ty) _ c(e)
aTy) "~ eR(TY)) T cle)’

By Proposition 5.17, the family (¢(7”) : T" € A(e7)) is summable. Therefore, after
(T}
iy
is not necessarily strict, because the trees 7! might not be distinct). It follows that
i) _ oR(T)  oTi)  cR(T)
WTort) ~ e®R(Ti1) ATy) = cR(Ter0))

Therefore, (T;);en is not bad. O

extracting a subsequence we may assume that = 1 (note that the inequality

> 1.

9.6. Pruning trees. In the sequel we consider trees in A(z) for some z € Ay41.
We establish a procedure to “prune” a tree T', that is, to remove some descendants,
in such a way that its contribution ¢(T") changes only by a small amount.

Definition 9.14. Let T = (re”,n,7) be an admissible tree (i.e. T € A(re?)), U be
a child of T (necessarily admissible), and U’ be an admissible tree with the same
root as U. Let j be the minimum integer such that 7(j) = U.

(1) We define T'[U’/U] as T with U replaced by U’. More precisely,
TU'JU] == (re?,n,7*)

where 7*(i) := 7(4) for i # j and 7*(j) := U’. Note that if ¢(U’) < 1, then
T[U'/U] is again an admissible tree.

(2) We define T'\ U as the admissible tree obtained from T by removing the
child U. More precisely,

T\U :=(re’,n—1,7%)
where 7(i) := 7(¢) for i < j and 7*(i) ;== 7(i + 1) for i > j.
Definition 9.15. Let T' = (re”,n,7) € A(z) with size(T) > 1. If L is a leaf of T,

we define the minimal child of T with leaf L to be the child U = 7(j) of T such
that:

(1) L is aleaf of U (possibly L = U);
(2) among such children, R(U) is minimal with respect to =<;
(3) among such children, j is minimal.
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Definition 9.16. Let T = (re”,n,7) € A(x) with size(T) > 1 and let L be a leaf
of T. We define T by induction on size(T) as follows. Let U be the minimal child
of T" with leaf L. We define:

(1) if size(U) = 1 (namely L =U), let T* :=T\ L;

(2) if size(U) > 1 and ¢(UF) < 1, let TL := T[UL/U];

(3) if size(U) > 1 and ¢(UL) =1, let TL := T\ U.
Remark 9.17. Note that in all three cases, T is still an admissible tree; in partic-
ular, in (2) this is guaranteed by the condition ¢(UL) < 1, as for all children S of
an admissible tree the contribution ¢(S) must be infinitesimal.

Lemma 9.18. Let L be a leaf in T € A(x), with size(T) > 1, and let U be the
minimal child of T with leaf L. We have:

(1) size(T*) < size(T) and R(T*) = R(T);

(2) T € A(z);

(3) if TV =T\ U, thene(T) <e(T*) -e(U);

(4) if TF == T[UL U], then &(T) = &(T*) - 2L -

(5) e(T*) = &(T);
Proof. We work by induction on size(T"). Point (1) is straightforward and point (2)
is Remark 9.17.

For (3), let T =: (re”,n,7) and let j < n be minimal such that U = 7(j). By

definition we have

_ oNT= 1 .
¢(T) = rec) -C(U)-EHC(T(Z))
e
while
1

ooy e
%

T\ U) =rec™'™ .

Thus clearly ¢(T'\ U) =< Eégg and (3) follows.

A similar argument shows that if T* = T[UL /U], then &(T*) = ¢(T) - EE((UUL)) and
we obtain (4).

For (5), just note that if 7% = T'\ U, then &(T) < &(T*)e(U), and since ¢(U)
we obtain ¢(T) < ¢(TF); if instead TF = T[UL /U], by induction we have ¢(U
¢(UL) and we reach the same conclusion using (4).

<
)

OA ~

Lemma 9.19. Let T be an admissible tree and U be a proper descendant of T .
Then R(U) = 1, and if U’ is a proper descendant of U we have 1 < R(U’)™ < R(U)
for every n € N.

Proof. Suppose first that U is a child of T. Write R(T") = re”, so that R(U) is a term
of v = log" (R(T)). Since y € J, R(U) is of the form se® with 0 < § € J, so R(U) > 1,
proving the first conclusion. Moreover, it follows that 6™ < €? < R(U) for all n € N.
If now U’ is a child of U, then R(U’) is a term of §, so R(U")™ < 6™ < R(U), while
by the previous argument R(U’) > 1. The general conclusion with U a descendant
of T and U’ a descendant of U now follows by transitivity of <. O

Proposition 9.20. Let L be a leaf in a tree T of size > 1 and let U be the minimal
child of T with leaf L. Then

&T) =eTE) - &L)-t where 1=t =cR(U))>.
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Proof. We work by induction on size(T).

Case 1. If size(U) = 1 (namely U = L), then TY = T\ L and &(T") < &(TT)-¢(L),
so it suffices to take ¢t = 1.

Case 2. Assume size(U) > 1 and ¢(U%) = 1. Then T* = T\ U, and therefore
&(T) < &(T*) -E(U). We may assume by induction that ¢(U) = c(UL) ¢(L) - u,
where 1 < u < ¢(R(U’))? and U’ is the minimal child of U with leaf L. Substituting
we obtain

&T) < e(T*) -e(L) -e(UF) - u.
By Lemma 9.4 we have ¢(UL) < ¢(R(UL)) = ¢(R(U )), and by Lemma 9.19 u =<
c(R(U"))? < ¢(R(U)), hence we can take t := ¢(UL) - u

Case 3. Finally, assume size(U) > 1 and ¢(U%) < 1. Then T* = T[UL /U],
and by Lemma 9.18 we have ¢(T) = &(T*) - E(ngL))- By inductive hypothesis we
have (U) < ¢(U%) - &(L) - u, where reasoning as above we have 1 < u < ¢(R(U)).
Substituting we get

&T) < ¢(T*) (L) - u,
hence we can take t = u. O

9.7. No bad sequences. We can finally prove that there are no bad sequences at
all in any A(z).
Proposition 9.21. Let € Ayq1. If (T;)ien is a bad sequence in A(z), then there
are a bad sequence (S;)jen in A(z) and some k € N such that size(Sy) < size(T}),
R(So) = R(Tk) and E(So) - E(Tk).
Proof. By Proposition 9.12 and Proposition 9.13, there is a subsequence (P;), en of
(T3)ien of type (B). Recall that by definition of type (B), size(P;) > 0 for all j € N.
Write P; = (rjeVi,n;,7;). Let Lo be a leaf of Py. For j > 1, let U; be a child
of P; with R(U ) < 7j—1 — 74, which exists by definition of type (B), and let L;
be a leaf of U;. We may then assume that U; is the minimal child with leaf L; (if
not, just replace U; with the minimal child U with leaf L;, and observe that the
condition R(U) < vj_1 — ~; is still satisfied because R(U) < R(U;)).
We can write L; = ();,0,s;), where A\; € A and s; =¢(L;) € Term(co(A;)). By
Lemma 9.19 we have A = RU therefore since ¢ preserves = by Proposition 9.3,

i);
c(Aj) 2 eR(U;)) = elvi-1 =)
for all j > 1.
By Lemma 9.2, we may extract a further subsequence of (Pj);jen and assume
that for all j € N we have (SJT) < (A1), s0
5.
<J—+1> < c(y; — )%
Sj
Now let §; := PJ-Lj, which is well defined since size(P;) > 0 for all j € N. We shall
prove that (S;);en has the desired properties.
By Proposition 9.20, for all j € N we have
— — j — — Lj
o(Py) =e(PP)-e(Ly) - t; =T(P;7) - sj - t;

where 1 < t; < ¢(R(U;))? for all j € N. In particular, tjtjl < tjt1 2 c(R(Ujs1))?,
s0

t
t— = (v — 41)°
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It follows that
L .

b)) EP) s tin < ey — )t aby)
apfy wPw) s T Y &(Pjt1)

Since (P});en is bad, for all j,n € N we have
( c(P;) >n L CR(B))
e(Pit1)) ~ c(R(Pj11))
Likewise, for all j,n € N we also have

cR(£))
c(R(Pjy1))
using Lemma 9.4, Proposition 9.3 and the fact that v; — ;41 > 1. It follows that
for all j,n € N we have

(c(ys — 1)) X eDiT+1) <

e(Pli (R(Pj41))

Jj+1

Recalling that R(P;”) = R(P;) for all j € N, it follows that (S;);en = (P;”)jen is
another bad sequence in A(x).

To conclude, let k¥ € N be such that T, = Fy. By counstruction, size(Sy) =

size(Py°) < size(Py) = size(T}), and by Lemma 9.18, &(So) = &(Py°) = &(Py) =

¢(Ty), as desired. O

( e(p) ) L _cR(P)
) ~c

Proposition 9.22. Let © € A,11. Then A(x) contains no bad sequences.

Proof. Suppose by contradiction that there is a bad sequence of trees in A(z).
Among all such bad sequences, let (T;);cn be the one such that size(Tp) is minimal,
and fixed Ty, size(7}) is minimal, and so on. By Proposition 9.21, there is another
bad sequence (S;);eny in A(x) and some k € N such that size(Sy) < size(T%),
R(So) = R(Tk) and E(So) - E(Tk)
We observe that
To,Tl, .. .,kal, So,Sl, e

is again a bad sequence in A(x). Indeed, it suffices to note that for all n € N we

have
<E(Tk—1)>n . (E(Tk—l))" L R(Tp)) _ c(R(Tk-1))
(So) aTe) ) = cR(Ty)) c(R(So))
However, since size(Sy) < size(T}), this contradicts our minimality assumption.

Therefore, there are no bad sequences in A(z), as desired. O

By Proposition 9.6, this completes the proof of Lemma 5.21, as desired.

Acknowledgments. We thank the anonymous referee for the very careful report.
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