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1. Generalized social norms

In this section, we derive the expressions for P¢C, PP, PEC and PEP used in the main text.

We begin by generalizing the “big four” social norms, which occur as special cases of a two-parameter family of norms.
We suppose that cooperation with a bad individual yields a good reputation with probability p (barring errors) and
defecting with a bad individual yields a good reputation with probability ¢ (again barring errors). We recover Stern
Judging, Simple Standing, Scoring, and Shunning with (p, q) = (0,1), (1,1), (1,0), (0, 0), respectively.

In the presence of errors of execution and assessment, an individual can obtain a good reputation in the following
ways. They may be observed:

1. interacting with an individual with a good reputation and intending to cooperate.

(a) With probability 1 — u,, they successfully cooperate. With probability 1 — u,, they are successfully assigned a
good reputation.

(b) With probability u,, they accidentally defect. With probability u,, they are accidentally assigned a good
reputation.

Thus,
pPEC = (1 —ux)(1 — uq) + uguq = €.

2. interacting with an individual with a good reputation and intending to defect. This is always considered a bad
action, so such an individual can only achieve a good reputation on accident. Thus,
pGD

= Uq.

3. interacting with an individual with a bad reputation and intending to cooperate.

2

(a) With probability 1 — u,, they successfully cooperate. With probability p, this is considered a “good reputation’
action. With probability 1 — u,, they are successfully assigned a good reputation.

(b) With probability 1 —wu,, they successfully cooperate. With probability 1 — p, this is considered a “bad reputation”
action. With probability u,, they are accidentally assigned a good reputation.

(c) With probability u,, they accidentally defect. With probability g, this is considered a “good reputation” action.
With probability 1 — u,, they are successfully assigned a good reputation.

(d) With probability u,, they accidentally defect. With probability 1 — g, this is considered a “bad reputation”
action. With probability u,, they are accidentally assigned a good reputation.

Thus, the total probability is

PP = (1= wa)[p(1 — wa) + (1 — pJua] + wolg(1 — wa) + (1 — g)ua]
= (1 = ua)[p — 2ptia + tia] + ux[q — 2qua + U]
=P —2pUq + Ugq — PUL + 2PUz UG — UzUg + qUz — 2qUzUg + Uz g [1]
=p(1 — 2uq — Uz + 2uaua) + ¢(Uue — 2ugta) + Ua
=ple —uq) +q(1 — € — ug) + uq-

3



4. interacting with an individual with a bad reputation and intending to defect.

(a) With probability g, this is considered a “good reputation” action. They defect and successfully obtain a good
reputation with probability 1 — u,.

(b) With probability 1 — ¢, this is considered a “bad reputation” action. They defect and accidentally obtain a good
reputation with probability u,,.

Thus, the total probability is
PPP = (1 —ua) + (1 = Q)ua = q(1 — 2us) + ta. [2]

We recover the traditional four social norms in the following limits:

1. when (p,q) = (0, 1) (Stern Judging), Eq. [1] becomes 1 — ¢ and Eq. [2] becomes 1 — u,.

2. when (p, q) = (1,1) (Simple Standing), Eq. [1] becomes 1 — u, and Eq. [2] becomes 1 — u,.
3. when (p, q) = (1,0) (Scoring), Eq. [1] becomes ¢ and Eq. [2] becomes u,q.

4. when (p, q) = (0,0) (Shunning), Eq. [1] becomes u, and Eq. [2] becomes .

The values of Psc, Paco, Pap, and Pep for these four norms are summarized in SI Table S1.

observer view of recipient good good bad bad
donor intent cooperate | defect cooperate defect
good reputation probability pGc peb pBC pBD
general expression € Uq ple—ua)+q(l —€e—ua)+ua | q(1 —2uq)+ uq
Shunning (p = 0,q = 0) € Uqg Uq Uq
Stern Judging (p = 0,q = 1) € Uq 1—e€ 1—ug
Scoring (p = 1,q = 0) € Uq € Uq
Simple Standing (p = 1,q = 1) € Uq 1—uq 1—uq

Table S1. Probability that an observer will assign a donor a good reputation based on the donor’s action and the observer’s view
of the recipient, under various social norms. Here, ¢ = (1 — uq)(1 — uz) + uqu. is the probability that an individual who intends
to cooperate with a recipient who has a good reputation is ultimately themselves assigned a good reputation. They may either
successfully cooperate and be correctly assigned a good reputation (first term) or accidentally defect and be wrongly assigned a
good reputation (second term).

1.1. Average reputations. Before continuing, we define several types of “average” reputations in terms of the strategy-
and group-specific reputations g7 ;. We begin with

gr,g = Zf[sg?,m

which is the average reputation of group I in the eyes of group J, or equivalently the probability that group J considers a
randomly chosen individual in group I to be good. We also define

Ge,0 = Z VLYL,J,
L

which is group J’s average view of the entire population, or the probability that group J considers a randomly chosen
individual in the whole population to be good. We continue by defining averages over the population’s group structure to
obtain the average reputation of individuals following strategy s € {X,Y, Z}:

v =S s o
I J
And we finally define the “grand” population-wide average reputation

g= Z Z vivy Z figis = Z Z VIvygr,s, [4]
I J s I J

which is also the probability that one randomly chosen individual considers another randomly chosen individual to be
good.



1.2. Reputation dynamics for cooperators, defectors, and discriminators. Given the expressions for Pgc, Pcc, Pep,
and Pgp derived above, we now consider what portion of each strategic type will be assigned a good reputation, and by
whom.

A cooperator in group I can be assigned a good reputation in the eyes of group J in two ways. J can observe the I
cooperator’s interaction:

1. with someone group J sees as good (probability ge,s); the I member intends to cooperate, which yields a good
reputation with probability P¢C.
2. with someone group J sees as bad (probability 1 — ge,s); the I member intends to cooperate, which yields a good

reputation with probability PE€.
We thus have
917 = ge.s P + (1 = ge, ;)PP = go ,(P9C — PP 4 PP,
Similar reasoning for defectors yields
g}/ﬂ] — g.“]PGD + (1 _ g.,J)PBD _ g.,J(PGD _ PBD) + PBD.

Discriminators vary their behavior according to the reputation of the recipient, but discriminators in different groups are
not guaranteed to have the same views of each recipient’s reputation. Thus, discriminators will be viewed differently by
their in-group versus their out-group. A discriminator in group I can gain a good reputation in the eyes of group I (their
in-group) in two ways. I can observe the I discriminator’s interaction:

1. with someone group I sees as good (probability ge,r); the I discriminator intends to cooperate, which yields a good
reputation with probability PC.

2. with someone group I sees as bad (probability 1 — ge.;); the I discriminator intends to defect, which yields a good
reputation with probability PZP.

A discriminator in group I can gain a good reputation in the eyes of group J # I (their out-group) in four ways. J can
observe the I discriminator’s interaction:

1. with someone in an arbitrary group L following strategy s (probability vy, f;) whom I sees as good (probability
g1,1) and whom J also sees as good (probability g7, ;); the I discriminator intends to cooperate, which yields a
good reputation with probability P¢C.

2. with someone in an arbitrary group L following strategy s (probability v f;) whom I sees as bad (probability
1 — g7 ;) but whom J sees as good (probability g7, ;); the I discriminator intends to defect, which yields a good
reputation with probability P¢7.

3. with someone in an arbitrary group L following strategy s (probability vy, i) whom I sees as good (probability
g1,1) but whom J sees as bad (probability 1 — g7 ;); the I discriminator intends to cooperate, which yields a good
reputation with probability PZC.

4. with someone in an arbitrary group L following strategy s (probability v, f;) whom I sees as bad (probability
1 — g7,7) and whom J also sees as bad (probability 1 — g7 ;); the I discriminator intends to defect, which yields a

good reputation with probability PP,

S S S
Grg= E 173 E fLar,191,7,
L s

we can sum over all groups and strategy combinations to obtain

S S S
E vL g ngL,IgL,J =G,
L s

Z VL Z fi(L—91.1)91,5 = ge.s — G1.J,
L s

Defining

D ove Y figha(l—=gi) = ges — Gy,
L s

S = gi)(0 —gis) =1—ges —ges+GCr.
L s
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Thus,
gi s =017 [g-,JPGC +(1- go,J)PBD]
+ (1= 61.0)[Gr.aP%C + (go.s — G1.))POP + (go1 = G1.0)PP + (1= go s — go1 + G1.7) PP
=41, [g-,JPGC +(1-— go,J)PBD]
+a 75],J)[GI,J(PGC _ pOP _ pBC  pBD) 4 o (pGD _ pBD) | o (pBC _ pBD) +PPP].

1.3. Special case: Scoring. Under Scoring (p = 1,q = 0), we have

PEC = pBC — ¢,
pGD _ pBD _ .
In this case, the I # J term of g{ ; becomes

G]"](PGC . PGD 7PBC +PBD) +g.7J(PGD o PBD) +g.7I(PBC _ PBD) +PBD
— gos(PBC — pBD) | pBD
= ge, 1€+ (1 — go,1)0-

Consequently, we have

917 = ge,s€+ (1 — gey)e =€,

917 = Ge.sua + (1 — ge,7)ta = Ua,

gis =014 [go,s€ + (1= go.))tta] + (1= 61,5) [go,re + (1 — go,1)tta]
=0r1,g [g-,IG +(1- go,I)ua} +(1—06r.) [g.,le +(1- g.,[)ua}
= ge,16 + (1 — go.1)Ua-

The last line implies that .J’s opinion of I discriminators depends solely on whom I sees as good, not whom J sees as
good. This is reasonable; Scoring is a first-order norm, in which any cooperation is considered good and any defection is
considered bad, meaning that an I discriminator will be considered good as a result of their interactions with those I sees
as good (with whom they therefore cooperate). Likewise, an I discriminator will be considered good as a result of their
interactions with those I sees as bad (with whom they therefore defect). One may note that

Je,1 = Z vrgr,r = Z VL Z figi,l
S

L L

ZI/L (f[)/(G + fz/ua, + fLZ,[g.,Iﬁ + (1 - g.,Iua])
L

EZVLff{ +uaZVLf{ +9-,I€ZVLfLZ+(1 *go,I)UaZVLfLZ

L L L L
e = ezLVLfi(—FuGZLVL(fZ—’—ff)
A l—zLuLfLZ(e—ua) ’

which is independent of I. In this way, under Scoring, the reputation of discriminators does not depend on their group
identity. Moreover, if there is no difference in strategy frequency among groups, we have

s e v f fua Y, vi(fE + fF)
> l—ZLl/LfLZ(e—ua)
ef v+ (T fuay, ve
1—f2% vi(e—ua)
_ef tua(fN + 1)
1—f%2(e—uq) '
which is independent of the number of groups and their relative sizes. Thus, under Scoring, if strategy frequencies are

equal among groups, imposing a group structure on the population does not affect reputations at all, and hence it does
not affect the strategy dynamics.




1.4. The “staying” norm. Under the “staying” norm (1), individuals do not change their opinions of a donor who interacts
with a bad recipient at all, irrespective of the donor’s action. In our notation, this is tantamount to replacing PZ¢ and
PPP with gj ;, where s is the strategy whose reputation is being assessed, since, if the recipient has a bad reputation, the
donor’s reputation is unchanged. Reputations are thus given by

9.5 = 9e.sPC + (1= ga.s)gis
91,5 = 9o s P + (1= go.1)g1 s
gr s =617 [go,JPGC +(1- go,J)giJ]
+(1—41,5) [GI,JPGC + (ge,g — GI,J)PGD + (ge,1 — GI,J)gIZ,J + (1 — ge,7 — go,1 + GI,J)QJZ,J]
=01, [g.,JPGC + (1= ges)g7.s]
+(1—461,5) [GI,JPGC + (ge,s — GI,J)PGD +(1- g.,J)gIZ,J]
= 01,7900 PC + (1 = ga.s)g7 ;]
+ (1= 00,0)[Grs(PYC = PP) 4 g0 s (PP = g7 1) + 90,1 (PP = g7 ;) + 97 5]

In equilibrium, this yields

GC
I:J:P )

X _ z
gr,g = 91,J

Y GD
gr,g = P,

but the out-group version of g7 ; can still be very complicated.

2. Invasibility of discriminators in a single group

When K = 1, there are two stable equilibria: a population consisting entirely of defectors (Y) and a population consisting
entirely of discriminators (7). Here, we consider the circumstances under which these equilibria are stable against
invasion.

2.1. Invasibility by defectors. Let f = fZ. Defectors resist invasion by discriminators provided

O f =0 <0
Oflf¥ (I =T)]|f=0 < 0
Orl(1— AT = (1= HITY = fT17)][ ;=0 <0
Orl(1— HIT = (1= HITY = fT17)][s=0 < 0
Of[(f = fH@? —11")]| =0 < 0
(1= 2f)(I17 —=11) + (f = £)05 (117 —11V)]|y0 < O
%) p—0 < IV | =0
(bfg” = cg)ls=0 < bfg" | =0
—cgy < 0.



Since ¢ and ¢g* are both positive, this condition always obtains: discriminators can never invade a population of defectors.
Likewise, discriminators resist invasion by defectors provided

9 5= <0

Os[fY (I =)= <0

Op[(1 = )T = (1= HIT = fI7)]|p=1 <0
Osl(1 = NI = (1= HI = fI%)]| ;=1 <0
Orl(f — ) (M7 —11")]|5=1 <0

( _
(M7 —11))|5=1 < 0
07| > Y [
(bfg” = cg)ly=1 > bfg" | =1
(bg” = cg”)|s=1 > bg" |s=1

(1 =27 =11") + (f — £*)0;

b(g” — 9" )lf=1 > cg?|=1
bg(PYY — PP) > ¢g
b 1 1
C

> = .
PGC —pGD T ¢y,

This can also be written in terms of g: discriminators resist invasion by defectors provided

HZ|fz:1 > HY|fZ:1
bg? |z —cg > bg" |;2_4
(b—c)g > b[gP" + (1 - g)PPP]
g(b— ¢ — b[P¢P — pPP] > ppPP (5]

g(b[1 — PP 4+ PPP] —¢) > pPPP
PBD

.9 > 17PGD+PBch/b'

We do not need to flip the inequality because b > ¢ and because 1 + PP — PSP is guaranteed to be greater than or

equal to 1 for every social norm we consider. Finally, there is a third equilibrium between the two which, by the mean
value theorem, is unstable, at (letting f = fZ again)

f=0

f@? —my=o

n” — fm? —(1— I’ =0
n? ="

bfg” —cg=0bfg"
bf(gP% 4+ [1 — g|PPP) — cg = bf(gP°" + 1 — g|PPP)
bfg(PeC — PCP) = cg

An equivalent way to express this is that discriminators rise in frequency provided
(9" =g") > ¢/b. [61

If there is no value of fZ for which this is true, then discriminators do not rise in frequency; if it is not true for fZ =1
even when the inequality is relaxed, discriminators cannot resist invasion by defectors.
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2.2. Invasibility by cooperators. Finally, we consider conditions under which cooperators can invade a population of
discriminators. We proceed by reasoning similar to Eq. [5], noting that the stability of an equilibrium against invasion
is determined by evaluating the fitnesses of the resident and the invader at that equilibrium. Cooperators can invade
discriminators when (letting f = f%)

HX|f=1 > HZ|f=1
(bfg™ = o)lp=1 > (bfg” — cg)ls=1
b(g"—g> >c(1-g)

b(gP%C + (1 - g)PPC — g) > c(1 — g)
b(g[PYY — PPY — 1]+ PP9) > ¢(1 - g)
g(b[PCC — PPC — 1]+ ¢) > ¢ — bPEC
c— bPBY . ,
g > B(PGC — PBC _ 1) + ¢ Shunning, Stern Judging,
_ ppBC
g < c—bb Scoring, Simple Standing.

b(PGC —PBC _1) tc

For small error rates, this condition is never satisfied under Shunning or Stern Judging (the right hand side is generally
greater than 1), but it can be met under Scoring and Simple Standing. With u, = u, = .02 and b = 2, ¢ = 1, the cutoff is
about 0.92 for both Simple Standing and Scoring; for b = 5, ¢ = 1, the cutoff is about 0.95. This means that if discriminators
do not view each other as having sufficiently good reputations, they become vulnerable to invasion by cooperators!

3. Multiple groups with well-mixed strategic imitation

When individuals choose their comparison partners from the entire population at random, irrespective of group identity,
all strategic frequencies f; rapidly equilibrate to a common value f°; we show this in SI Section 8.4. We refer to this
scenario as “well-mixed” strategic imitation. Under this scenario, the only interesting dynamical quantities are the “total”
(group-averaged) strategy fitnesses I1°, viz.:

When strategic imitation is well-mixed, we can simplify Eq. [4] and write

g:ZZumZﬁgi,J

—zzwwzfgu
—Zf ZZumgu
:Zfsgs



We continue by determining the group-averaged fitnesses. By summing the fitnesses over all groups, we obtain

07 = wmtf =S unt - w) o> va 5 + Ff0) — cge| }
J

I I

:(17UI)Z{VI|:bZl/I(fX+fzg]Z‘])*Cg.,[j|}
=(1—uz) [ (fX+r7 ZZV]VJQIJ —czwg. }
=(1—uy) { f + fZ ZZV[VJQIJ _CZZWVJQ‘”} [7]

=1 —u) [b(f* + 79 )fcg],and likewise
Y =" wll = (1 —u) [b(f* + f7g™) = o],

I

M=) willy = (1= w) o + £797)].

I

The group-averaged strategic reputations are given by

K K
X
vivigr,Jg

1J=1

X
g

-
Mw

vivy [g.,JPGC +(1- go,J)PBC}

~

= T
=

1

K K

:ZZVIVJQO s PeC ZZ vivy(1l — g, )PBC
I=1 J=1

7ZV19PGC+ZVI 1-—g) PBC

= gPGC +(1- g)P . and likewise

NII
g‘

The form of gZ will vary depending on the specific scenario, but we can obtain a couple of general relations. First, note
that Eq. [5] becomes

7] 2_y > 1" |2,
ng|fZ:1 —cg > ng|fZ:1
(b—c)g > b[gP" + (1 - g)P""]
g(b—c— b[PEP — pPP)) > ppEP (8]
g(b[1 — PP 4+ PBP] —¢) > ppPBP

PBD
1— PGD 4 PBD — ¢’

S.g >

and Eq. [6] becomes
Z, z Y
79" —g") >c/b.
That is, under well-mixed strategic imitation, the conditions for discriminators to resist invasion by defectors and to

increase in frequency over time can be written in terms of average reputations g°, though the value of those reputations
will vary depending on the group structure. An equivalent way to write Eq. [8] is

b

o, 9
c g—g

Jby g
c g(1+PBD_pGD)_PBD'

Y

10



3.1. Groups of identical size. When all K groups have the same size 1/K and strategies spread via well-mixed copying,
we can solve for gZ:

K
E VIVJgI J

VIV (51,J [g.,JPGc +(1- go,J)PBD]

NERNE
M=~ T

~
Il
—
<
Il

1

+(1—46r,.5) [GI,JPGC +(go,s — G1,7)P" + (go.1 — Gr.7)PPC + (1 = ga,s — go.1 + GI,J)PBD])

—~

] =

(¥5)? 90,0 PC“ + (1 = go,s) PP

T
I

K K
Z Z IVJ GI P 4 + (ge,s — GI,J)PGD + (ge,1 — GI,J)PBC 4+ (1 — ge,s — go,1 + GI,J)PBD].
I=1 J=1

£J

The first term simplifies to

K
ZVJ Jo, 7PC° + +(1- g-,J)PBD]

I=1

[gPGC . g)PBD].

K
Z gcJPGC'i‘(]-_go,J)PBD:I =
J=1

== ==

The second becomes

K K
Z Z VIVJ GI JP%C + (Gr1,0 — ge,J )PGD +(Gr,g — g.,J)PBC + (1= Gge,s — gao,1 + GI,J)PBD]

J

K K

ZZWW Gz J(PEC _ pGP _ pBC | pBDy 4 o (PGP _ pBDy L o (pBC _ pBD) _"_PBD]‘
1J=1

#J

Because all the groups are the same size and strategy frequencies are identical across groups, the values of g7 ; can only

vary depending on whether I = J or not. Define gi, = g7 ; and gowe = 97,.s|, 2 We exploit this symmetry to obtain

K

Je, 1 = ZVL,QL,I
L
1 K
= ? Z gL,1
L
1 K-1
?gin + Tgouty
1 K-1
Je,J — ?gm + T!]out
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and

Gr,g Z VL Z fL91.191.0
L s
% XL: ZS: figi,fgi,J
% EL: Z: fo9r,191,0
% Z fsglsnggut + = K Z f goutgm + - Z f goutggut

2 s 5 s - s/ s
= ?Zf glngout+ K Zf (gout)2

Thus

QN
I
Dingls

K
zZ
ZVIVJ.QI,J
[ P+ (1 - g)PPP]
== Zng;;gsm ns Zf gou)? ) (POC = POP — PPC 4 pPP)

1 K— 1
+ (?gm + Tgout) (PGD + PBY QPBD) + PBD]

N\HH

(91

Observe that setting fZ = 1 in Eq. [9] yields exactly the system of equations one would need to solve in order to obtain g
in a population of equally sized groups, viz.:

_ Gin + (K - 1)gout
K b
2 K—-2
Gout = (?gingout + T(gout)2> (PGC - PGD - PBC + PBD),
1 K-1 GD BC BD BD
+<Kgm+ K gout>(P + P — 2P )—|—P .

For example, choosing Stern Judging as the norm and setting u, = 0 yields gin = 1 — ua, gour = 1/2, consistent with the
reputation expressions from (2).

3.2. Limit of many groups: private reputations. As K approaches infinity, the contribution of g to the total average
reputation of s, g°, tends to zero, so that the entirety of ¢° is due to the gg, terms. We thus have that

lim ¢Z Zf 2(pGC _ pGP _ pBC 4 pBDY | 9g(pGD 4 pBD _9pBD) | pBD.

K—oo
Defining

g*:Z:fS(g)2
ds —Zf (1-9")=9- 9
b*=Zfs(1—gs) =1-29+g.

allows us to rewrite this as
lim g% = g, P°“ +d, (P°? + PPY) + b, PP,

K—oo

12



This is the bottom term of Eq. 5 from (3) with empathy parameter £ = 0, corresponding to fully private reputation
assessment. This result confirms that, when the number of groups goes to infinity, our model with separate groups is

identical to everyone in the population following independent or private reputation assessment. In this limit, the mean
reputation in a population of discriminators is given by a solution to

0= g>(PCC — pOP _ pBC 4 pBDy | o(pCP 4 pBC _opBD

1—14/1—4(e — ua)ta Shunni
e u) , unning,
1 .
> Stern Judging,
g= y
a S .
T eru coring,
L—ug—/(1—ua)(1—¢) .
, Simple Standing.
€— Uqg

We have picked out the solutions that are viable for 1 > u, > 0 and 1 > u, > 0. The result for Stern Judging was

previously obtained by (4), which also showed that, in the presence of errors under private assessment, g° = 1/2 for any
strategy s, irrespective of the population’s strategic composition.

3.3. One large group and many small groups. Without loss of generality, suppose that group 1 has size v and the
remaining K — 1 groups each have size (1 — v)/(K — 1). Starting with Eq. [7], we can unpack g. We have

z _ z
= vivigr,Jg

K K
:ZZVIVJ<51J g.JP +(1—9- )PBD]

I=1 J=1

+ (1 —=961,7) [GJ,JPGC + (ge,s — GI,J)PGD + (ge,1 — GI,J)PBC + (1 — ge,7 — g1 + GI,J)PBD]>
=y [g.,1PGC +(1- g.,l)PBD]

K
1 .
+v Y Z I:GIJPGC + (ge,1 — G1,1)PGD + (ge,1 — Gz,l)PBC 4+ (1 — ge,1 — go,1 + GI,1)PBD]
K—1 I=2
1 K
— VUV
v Z [G1,5PYC + (go,s — G1,7) PP + (go1 — G1.) PP + (1 = ga.s — got + G1,) PP

2
K
— (Z 90,0 P9C + (1= go.s) PP
K K
+ Z Z [GI,JPGC + (go.7 — Gr.))P? + (go.1 — G1,.7)PPC + (1 — go.s — gor + GI,J)PBD]>

=12 [g.ylpcc +(1- g.,1)PBD]

+ (1= ge — go +G11)PPP]

v(l—v [Gz 1PCC 4+ (ge,1 — G, 1)PGD+(9-,I_GI,1)PBC 2
I#1

v(1 =) [G1,0PYC + (go,s — G1,7) PP + (go1 — G1,7)PPC + (1 — go.s — go1 + G1,J)PBD}
(1-v)? ( Ge -~ BD )
+ e ([90.0P9C + (1= gu.0) P77 o

+ (%)2 [GI,JPGC +(9as = Gr) PP

J#1

+ (go.r — Gr.1)PPY + (1 — go,s — go1 + GI,J)PBD]

I£J#1
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As K — oo, the I = J elements drop out. What remains is a special case of equation 12 of (5), in which part of the
population consists of adherents to a single institution of reputation assessment and the remainder consists of private
assessors.

4. Switching group membership

We now consider a variant of our model in which individuals can switch gossip group identity depending on their
difference in fitness (with probability given by a Fermi function, as in the rest of our analysis). We assume K = 2 groups,
both of which are fixed for strategy Z.

4.1. Same norm and payoffs. When both groups follow the same social norm and payoffs are group-independent, we
have
U = 1/1(1'[12 - 1:[)7
Uy = VQ(HQZ — ﬁ),with
o= yll_[lZ + V2H227
as we show in SI Section 8.2. We expect 11 to grow if
1 >0
S (07 —10) >0
s — Il — (1 —v)Z) >0
(= )HME —11F) >0
S >1f [10]
s b(v1gl +v2gTa) — cgen > b(v1g5 1 + 1293 s) — cga
2 b(vigia + vagts) — c(vighs + v2g3a) > b(1gsa + v293s) — c(viglis + v2g3 )
s (blgis — 93] - elgis — gi'a]) > v2(blgZs — gta] — clgs> — 921])
o n 5(922,2 - 912,2) - 0(922,2 - 92Z,1)

“va T ob(gf, —9Z,) —elgf —9fs)

When both groups follow the same social norm and are of the same size, there cannot be any difference between g7, and
952, nor between 952 and gQZJ. The last line of Eq. [10] thus simplifies to 1, which at least suggests 11 = v, = 1/2 is
significant. We can show that 14 grows when it is greater than 1/2 (i.e., the critical value v; equals 1/2) by explicitly
solving for the ratio vy /vs:

v bl = gia) — (95> — 931)
ve ~ blgfy —95,) —clof s — 972)

(PBD _ PGC) + I/Q(PBC _ PGD)) _ C(l _ Vl(PGC + PGD _ PBC _ PBD))

b(1 + I/Q(PBD _ PGC) + l/l(PBC _ PGD)) _ C(]. _ I/Q(PGC + PGD _ PBC _ PBD))

on b(1 + 11 (PBP — PYCY 4 (1 — 1) (PPC — POP)) — ¢(1 — 11 (PYC + PEP — pBC _ pBDY)
Tl-un b(1+ (1 — v1)(PBP — PGC) 4 1y (PBC — PGD)) — ¢(1 — (1 — 11)(PCGC 4 PGP — pPBC — pBD))’

We can collect powers of v; to obtain
(1n)2(b[PEC — pCP 4 pBC _ pBD] _ pGC | pGD _ pBC _ pBC))
4w (b[l — PEC 4 PEP] _ o1 — PSC _ pGP 4 pBC | pBDY)
> (1/1)2(b[PBC _ pBD 4 pGC _ PGD] . C[PGC 4+ peP _ pBC _ PBDD
4 (b2PCP — POC 4 _9pBC | pBD _ 1] _ [ pBC 4 pBP _ pGC _ pGD _q))
+b(14 PPY - PEP) —¢.
The quadratic terms cancel, leaving
s (b2 +2PPC —2P9P] —2¢) > b(1 + PPC — P9P) — ¢
sovr > 1/2.
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4.2, Different norms and payoffs. We now allow social norms and payoffs to differ between groups. Suppose group J
uses a social norm with reputation probabilities P¥C, PFP PBC PBD when assessing others’ reputations, and suppose
an individual in group I who cooperates with an individual in group J conveys a benefit b; ; but pays a cost ¢y, ;.
(A natural application of variable benefits and costs is to allow in-group and out-group interactions to differ, so that
br,g = 61,7bin + (1 — 01,5)boue and ¢r,; = r1,5¢in + (1 — 81,5)coue.) For completeness, we present payoffs for all three
strategic types:

Iy =(1- Um){ Z vilbrs(f5 + f7910)] — CI,J}
J
J

n7 = (1- UZ){ ZVJ [bI,J(fj( + fJZgIZ])} - CI,JQ.,I}-

J

Group-dependent social norms mean that reputation equations change:

97,7 = 9o s P57 + (1 = gu ) P7
91,0 = 907 P57 + (1 = go.s) 7"
970 =01.1]90.sP5 + (1 — go.s)P7"]
+(1—41,5) [GI,JPEC +(go.s — G1.))PFP + (gor — Gr.)PFC + (1 = go.s — gos + GI,J)PJBD] , with

91,5 = Zfzsgih [12]

Ge,J = ZVLgL,Ja
L

Grg= Z VL Z 91,191,
L s

In the main text, we do not vary the b;,; and ¢y, s, but we simultaneously solve Eqgs. [11] and [12] for cases where I and
J follow different social norms and both populations are fixed for Z. The dynamics are at most bistable, with v; shrinking
unless it is above a critical frequency v7. For Stern Judging, this critical frequency is almost always less than 1/2, meaning
groups that follow Stern Judging are likely to grow over a larger region of phase space than any of the second-order norms
we consider.

within-group reputations (g1,1) between-group reputations (g1,2)

SJ SS SC SH SJ SS SC SH
SJ | 097 | 0.96 | 0.96 | 0.97 SJ | 0.47 | 0.75 | 0.65 | 0.36
SS | 0.96 | 0.96 | 0.96 | 0.96 SS | 0.83 | 0.90 | 0.82 | 0.38
SC | 0.73 | 0.80 | 0.34 | 0.09 SC | 0.78 | 0.86 | 0.34 | 0.06
SH | 0.10 | 0.10 | 0.06 | 0.06 SH | 0.07 | 0.07 | 0.02 | 0.02

Table S2. In-group and out-group reputations for X = 2 equally sized groups. The social norm used in group 1 is indicated at
the top of each column; the norm used in group 2 is indicated at the left of each row. Darker colors denote more strongly positive
opinions. When group 1 follows Stern Judging, it typically has a high view of itself but a somewhat low view of group 2, so that its
members will often cooperate with each other and are less likely to engage in un-reciprocated cooperation with the opposing group.
No other norm satisfies both of these conditions, which is why Stern Judging tends to outcompete other social norms across a
wide range of costs and benefits c and b (see Main Text Fig. 1). Error rates are u, = u, = 0.02.

The sole exception is when Stern Judging competes against Shunning and b is sufficiently small (e.g., b = 2), in
which case v{ > 1/2. In SI figure S1, we show that this case is distinctive because, as the Shunning group expands, the
population becomes invasible by defectors. This means that, in a model with both group and strategy evolution (i.e.,
0 < 7 < 1), it cannot be guaranteed that the population would continue to consist of discriminators; a lucky defector
mutant that invades at the right time might take over the entire population.

4.3. Co-evolution of strategies and norms. Up until now, we have assumed either that strategy frequencies evolve or
group sizes evolve, with the other one being fixed. In this section, we relax this assumption and allow both group sizes
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Fig. 1. Competition between Stern Judging (group 1) and Shunning (group 2) in K = 2 groups. For low values of b we have v > 1/2, so
that Shunning (not Stern Judging) can take over the population even when starting from a minority. In this regime, however, as the Shunning
group grows, the population passes through a regime where it becomes vulnerable to invasion by pure defectors (top two plots). Increasing b to
the point where this instability no longer occurs is sufficient to push v} below 1/2, so that Stern Judging will take over the population when
starting from a minority. And so, in summary, in all regimes where the population resists invasion by defectors, Stern Judging out-competes
Shunning, even when starting in the minority.
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and strategy frequencies to co-evolve. In this model, when an individual is chosen to update, they decide to update their
group identity with probability = or their behavioral strategy with probability 1 — 7; we continue to assume well-mixed
copying. As we show in SI section 8.6, group sizes and strategy frequencies are then governed by the system of differential
equations

D[ = I/[T(H[ — 1:[),
fr=r - - 1.

We present numerical solutions to these equations as vector fields in SI Figure S2, showing the co-evolution of group sizes
and strategy frequencies for Stern Judging versus other social norms, for a range of different values of 7. When 7 = 0, we
recover the limit of fixed group sizes (i.e., only behavioral strategies evolve); when 7 = 1, behavioral strategies are fixed
and only group sizes evolve.

The results are consistent with our prior findings in the limits of pure strategy competition (7 = 0) or pure norm
competition (7 = 1). The analysis also extends some of our results for 7 = 1 to cases with intermediate 7: in particular,
even when strategies and norms co-evolve, there remains a large basin of attraction towards Stern-Judging discriminators
in competition with Simple Standing and defectors. And we also find qualitatively new phenomena: there is a large basin
of attraction towards defectors when Stern Judging competes with Shunning while both norms and strategies evolve at
similar rates.

In the case of competition between Simple Standing and Stern Judging (Figure S2, right column), the top edge of each
vector field (fZ = 1) recapitulates the result that Stern Judging can out-compete Simple Standing even when starting
from a minority (consistent with main text Figure 1). The same result is also seen in the bottom row of Figure S2, when
only group membership evolves (7 = 1)-and indeed it holds regardless of the frequency of defectors. Moreover, there is a
substantial basin of attraction towards Stern Judging and DISC, including from initial conditions where Stern Judging
starts in the minority, even when strategies and group membership co-evolve (0 < 7 < 1).

In the case of two competing groups that each follow Stern Judging (Figure S2, middle column), we see that a
population undergoing strategic evolution is more vulnerable to eventual domination by defectors when the groups are
equally sized (top row, 7 = 0), a result that is consistent with our analysis of pure strategic evolution in the main text
(main text Figure 3, middle column). This result continues to hold when strategies and group membership co-evolve
(r > 0).

In the case of competition between Shunning and Stern Judging (Figure S2, left column), the results for discriminators
(f# = 1) are consistent with SI Figure S1; specifically, when the Shunning group begins to overtake the Stern Judging
group, the population becomes vulnerable to invasion by defectors. When strategies and group membership evolve at
similar rates (middle row), there is a small basin of attraction towards Stern Judging and discriminators, a small basin
towards Shunning and discriminators, and a large basin towards ALLD. And when only group membership evolves (7 = 1,
bottom row), Shunning will often overtake Stern Judging when discriminators predominate, and Shunning will always do
so when defectors predominate.

4.4. Switching costs. Hitherto, we have assumed that switching group membership does not incur any kind of fitness
penalty. In the real world, there may be social barriers or initiation costs associated with joining a new group. Such costs
could be “immediate”, thus affecting the perceived fitness change associated with switching group membership, or they
could be transient, requiring time to overcome. In this section, we consider several different “switching cost” models and
show that they do not affect our main results.

We first consider the possibility that individuals regard it as costly to switch groups; in effect, when they compare
themselves with an individual in a different group, they consider the out-group individual to have their fitness lowered by
a value a. This means the Fermi function becomes

1

$(ILs, Il1) 1+ exp[f(Il; — II; — )]
for individuals in groups I and J. In SI section 8.7, we show that this has no effect on the dynamics, because the total
rate of change of group I, vy, is given by the difference in the rates at which .J individuals switch to I and at which I
individuals switch to J. In the weak selection limit, the switching cost penalizes both of these rates equally.

We then consider a more sophisticated switching cost model, in which individuals who are “new” to a group have their
fitness penalized by « until some amount of time has elapsed; they transition out of the “new” state (with fitness penalty
«) and into the “old” state (no fitness penalty) at rate o. We limit ourselves to the case of two groups, so that

new old
Hl = H1 — Q,

new old
IL" =1L — o
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the expressions for 1154 and T13¢ are the standard expressions for discriminator fitnesses.

We assume, further, that individuals who are “new” to their group may still switch back to their former group without
penalty and be regarded as “old” in that group. We use 17", 15, 3¢ and 13" to denote the fraction of the population
that is “new” in group 1, “old” in group 1, and so on.

In SI Section 8.8, we exploit separation of timescales to show that the fraction of “new” individuals in each group, p:
and po, rapidly equilibrates to a value

1-— 140 144

1+0_7p2:1+0_;

pr =

the dynamics then follow ~ ~ ~ ~
1)1 = 1/1(H1 — H)71./2 = I/2(H2 — H),

in which
1:[1 _ ( neanew + OIdHOId)/yl
ﬁ2 _ ( nengew + Sldﬂgld)/VQ.
Note that, while p; and ps feature no explicit dependence on the switching cost o, the cost appears in II; and IT,. We
then explore the effects of changing parameter values on ;. It is worth noting that
= v (I —10)
= ([ neerllew + th)ldl—ltild]/yl _ V{newl—[r{ew _ l/;)ldl—[?ld _ Vgewl—l;ew _ Vgldl—[gld)
vi(p I 4 (1= p)II3 — i [pa TR + (1 — p0)TIS] — w2 [palI5™ + (1 — p2)T13])
L([1 = ][I + (1 = p)T) = [1 = ] [p2IT5™ + (1 — po)T15))
(
(
(

Il
N

(1 - ul)[pln‘few + (1= p)IIYY — polI5™ — (1 — po)119Y]
vi(1— ) [ 4 py (I — TISM) — 1199 — pp (TT5°Y — T199))

|
N

vi(1 — )1 e —pla—Hgld—i—pga].

This will have zeros at v; = 0, v; = 1, and II$¢ — pya = 1139 — poc.

We can then wonder whether there is ever a value of v; such that I1$'¢ > I13¢ (i.e., ©, would be positive in the “null”
case, with no switching cost) but TI$¢ — p; o < TI3¢ — pocx (i.e., 71 becomes negative once the switching cost is imposed).
Using the separation of timescales argument above, we obtain

g — 1+I;1a<1'[31d7 1:1004
g T2 g
T g < 11—+2Z1a
1 Z T — gy < 1 - 21
L3 LT gt s,

Since the subtrahend on the left hand side is positive, this implies a switching cost can only cause ©; to switch from
positive to negative for 11 < 1/2. If v{, the critical size below which v shrinks and above which it grows, is less than
1/2, then v, is positive everywhere on the interval (v, 1/2]. The above argument demonstrates that it is only possible
to switch 14 from positive to negative in the interval (v7,1/2). By the mean value theorem, imposing a switching cost
therefore cannot move the non-trivial zero of i, from a value less than 1/2 to a value greater than or equal to 1/2. A
similar argument shows that, if v = 1/2, it will still be 1/2 after a switching cost is imposed; likewise, if v > 1/2, it will
still be 1/2 with a switching cost.

We verify this result in SI Figure S3. Note that if either the switching cost is small (« near 0), or if the rate of
establishment in a new group is fast (o large), then the dynamics are quantitatively similar to a model without any
switching cost whatsoever. Nonetheless, regardless of the switching cost («) or the length of time an individual must pay
the cost after switching groups (1/0), which one of two competing norms is “stronger” (i.e., which norm can win even
when starting from a minority of the population) remains unchanged.

In summary, while a switching cost can quantitatively affect competition between norms, it cannot affect which norm is
“stronger” in the sense of being able to overtake the population starting from a minority.
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Fig. S3. Norm competition with a switching cost. In all plots, uq, = u; = 0.02, b = 2, ¢ = 1, group 1 follows Stern Judging, and group 2 follows
Simple Standing. The rate o at which individuals “establish” in their new groups (and thus are absolved of the switching cost) is indicated along
the top of each plot. Each plot shows curves for three different values of the switching cost, including the case oo = 0 which reduces to the
model without costs. When the switching cost « is high and the establishment rate o is low, the critical value v} above which group 1 grows
increases. But regardless of the cost « or rate o, v} never exceeds 1/2, meaning that Stern Judging is always the stronger norm — consistent
with the general result we derive analytically.
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4.5. Private reputations. We briefly consider what happens when two groups each adhere to private reputation assessment
but follow different norms. We assume both groups are fixed for discriminators. In that case,

91,0 = Z VL (gl,LgJ,LPJGC +gr.0[l = g5,L)P7C + 1 = gr.0lgs L P + 1 — gr.][1 — gJ,L]PJBD)
L

= GI,JPJGC + (Go,1 — GI,J)P}BC + (Go,s — GI,J)PJGD + (1 —ge,sr — go,7 + Gr1,7)P5

An important difference between this expression and g7 ; in Eq. [12] is that individuals in the same group are not
guaranteed to share reputational views of anyone else in the population, meaning that the I = J term does not have a
different form. Thus, for two groups, we have

gi,1 = G1,1P1G + (ge,1 — G1 1)(P1GD + PP ) (1—2ge,1 +G1,1)P1
912 = G12PSC 4+ (gos — G12)PPC + (go2 — G12) PSP + (1 — ga — o2 + G12) PSP
g2.1 = G2 PP +( )PP + (goq — Go1)PCP + (1= gea — gen + Ga1) P

+ (go,2 — G22)(P5" + Pz ) + (1 —2ge2 + Ga22) PP

o2 — G2,1
fele;
92,2 = Ga 2P

When v; — 1 (i.e., there is only one group), this reduces to
9=9.P“ +(9— g )(P" + PP) + (1 — 29 + 9.)P"",

which is the standard expression for one group with private reputations. When information about reputations is shared
within a group, individuals can benefit both by choosing a more socially beneficial norm (one that minimizes their risk of
unreciprocated cooperation) and by aligning themselves with the reputational assessments of a larger group. When both
groups rely solely on private assessments, the second advantage is weakened, because merely following the same norm as
a given group is not sufficient to ensure a good reputation in the eyes of that group: this is especially true of Stern Judging
and Shunning, which are relatively intolerant of disagreement.

We consider competition between social norms under private assessment in SI figure S4, by allowing individuals
to switch group identity and, thus, which norm they use in assessing others. A murkier picture emerges than under
group-wise public assessment. Stern Judging and Shunning are both capable of “beating” other norms, in the sense of
growing in size even when their group is less than half the population, under certain circumstances. However, the fact
that they are themselves vulnerable to invasion by defectors (whereas Simple Standing is not) means it is difficult to draw
a general conclusion about the “strength” of these norms. Simple Standing emerges as a “strong” norm that can generally
outcompete other norms, especially for high values of b, and is itself capable of fomenting a high level of cooperation
under private assessment.

5. Insular social interactions

We now consider the possibility that, instead of interacting equally with everyone in the population, individuals have
different interaction rates with their in-group versus their out-group. With probability w;, s, a possible interaction between
individuals in groups I and J happens (for simplicity we assume wy,; = wy 1). We average fitnesses over all interactions
that actually happen; for an individual in group I, this will be given by

M = E VLWI,L,

L

and the total number of interactions an individual in group I engages in with someone in group J will be given by v w;, s
(times N, which we divide out).

5.1. Reputations and fitnesses. Before writing down fitnesses, it is instructive to consider how reputations change. We
need to consider the fact that interactions that do not happen cannot be observed and therefore cannot factor into
updating someone’s reputation. We thus assume that an observer is equally likely to observe any of the donor’s actions
that actually happened, which means that when they consider a random interaction of a group I individual, it is with an
individual in arbitrary group L with probability vrwr 1/ M.
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dv/dt

Fig. S4. Group size dynamics for K = 2 groups and varying values of the benefit b, with private (individually held) reputations rather than public
reputations shared among group members. The norm used in group 1 is along the top: the norm used in group 2, along the left. In all plots,
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5.1.1. Cooperator reputation. A cooperator in group I can be assigned a good reputation in the eyes of group .J in two ways.
J can observe the I cooperator’s interaction:

1. with someone in arbitrary group L (probability vrwr, 1/ M) whom group J sees as good (probability gz s); the T

group member cooperates, which yields a good reputation with probability P$¢.

2. with someone in arbitrary group L (probability v wr,; /M) whom group J sees as bad (probability 1 — gz,,5); the
I group member cooperates, which yields a good reputation with probability PZ€.

If we define

1
VI,J = M Z VLWL, I9L,J,
L
the average reputation (in J’s eyes) of the component of the population I interacted with, then
g1 =y, P5C + (1= y1,0)PPC = 41,5 (PC = PPC) + PPC.

This is different from the classical case of uniform population-wide interaction, because how many interactions, and with
whom, a member of I engages in now depends on I. That is, y7,; could be thought of as g, s, corrected for the fact that I
no longer interacts uniformly with the entire population: J can only judge I based on whom I actually interacted with.
Setting all wy,; = 1yields v7,;7 = ge,s, M =1, and 71,7 = Gr,;.

5.1.2. Defector reputation. A defector in group I can be assigned a good reputation in the eyes of group J in two ways. J
can observe the I defector’s interaction:

1. with someone in arbitrary group L (probability vrwr, 1/ M) whom group J sees as good (probability gr.,s); the T
group member defects, which yields a good reputation with probability PSP,

2. with someone in arbitrary group L (probability vrwr, 1/ M) whom group J sees as bad (probability 1 — gz.,s); the
I group member defects, which yields a good reputation with probability PZP.

Thus,
g}ij = ’YI,JPJGD +(1-— ’YI,J)PJBD = ’YI,J(PGD - PBD) + P8P, [13]

5.1.3. Discriminator reputation. A discriminator in group I can gain a good reputation in the eyes of group I (their in-group)
in two ways. I can observe the I discriminator’s interaction:

1. with someone in arbitrary group L (probability vrwr,;/ M) whom group I sees as good (probability gr,7); the T
discriminator cooperates, which yields a good reputation with probability P$¢.

2. with someone in arbitrary group L (probability vrwy, /M) whom group I sees as bad (probability 1 — gr,,7); the
I discriminator defects, which yields a good reputation with probability PP,

A discriminator in group I can gain a good reputation in the eyes of group J # I (their out-group) in four ways. J can
observe the I discriminator’s interaction:

1. with someone in an arbitrary group L following strategy s (probability vrwr,1f; /M) whom I sees as good
(probability g7, ;) and whom J also sees as good (probability g7, ;); the I discriminator cooperates, which yields a
good reputation with probability PEC.

2. with someone in an arbitrary group L following strategy s (probability vrwr, 1 f7 /M) whom I sees as bad
(probability 1 — g7, ;) but whom J sees as good (probability g7, ;); the I discriminator defects, which yields a good
reputation with probability PSP,

3. with someone in an arbitrary group L following strategy s (probability vrwr 1 f; /M) whom I sees as good
(probability g7, ;) but whom J sees as bad (probability 1 — g7 ;); the I discriminator cooperates, which yields a
good reputation with probability PZ€.

4. with someone in an arbitrary group L following strategy s (probability vrwr,rf7/ M) whom I sees as bad
(probability 1 — g7 ;) and whom .J also sees as bad (probability 1 — g7, ;); the I discriminator defects, which yields
a good reputation with probability PZP.
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We can sum over all groups and strategy combinations to obtain

1
L VLWL, s s s =T N
M, ; LWL, I ZngL,IgL,J 1,J
1 S S S
v > viwra Y fi(1— 650950 =10 — T,
L s
1 s
M Z VLWL, I Z figi. (L —gi y) =~r1—Tr1,
L s

]. s S s
Z VLWL, 1 Z fL(1 - gL,I)(l - gL,J) =1-v55— YyI,1 + FI,J-
L s

M;
Thus,
97.0 =01, [71,0P5 + (1 = v1,5)P7"]
+ (=6 [TraPF + (10 = T1.)PFP + (0 = Tr )PP + (L= 1,50 — 1,0 + Tr.0) Py
=610 [y 0PF + (1L —y1,5)P7"]
+ (1= 0r.) [Lrs(P7C = PP = PPC + PPP) .0 (PFP = PPP) + y1(PPC = PPP) + PPP].

5.1.4. Group-averaged reputations. When individuals in different groups do not assuredly interact but rather interact only
with probability w;, s, Eq. [3] generalizes to

g° = Z VI Z Vywr,Jgt,- [14]

Here, we have simply re-weighted g7 ; by the probability wr ; that potential interactions actually occur; setting all
wr,s = 1 reduces to Eq. [3]. The population-averaged reputation is likewise given by

Q—ZVI ZVJUJIJQIJ,
g= ZVI’YI,I-

I
This expression reduces to Eq. [4] when all wr ; = 1. Furthermore, we can define the related term

gle/l ZVJUJIJQJL

which is a weighted average of an arbitrary individual’s view of the rest of the population. Note that § = g if all the v are
equal or all the wy, s are equal.

which we can also write as

5.1.5. Fitnesses. We can now write down fitnesses. An individual in group I acquires a payoff b;, s for each group J
interaction either with a cooperator or with a discriminator who sees them as good. In group I, a cooperator pays cost cr,.s
in each interaction they engage in, and a discriminator pays cost ¢y, in each interaction with someone whom they see as
good. An arbitrary individual in group I engages in M interactions. If the individual is a discriminator, then of these,
vywy, 1 interactions will be with someone in group J, and the discriminator will regard them as good with probability g ;.

Finally, we average the payoffs differently. In the no-insularity case, we divide payoffs by all N interactions an
individual engages in. With insularity, individuals engage in M interactions (times N), so we normalize by M to obtain
their interaction-averaged payoff. Thus, the average payoff for each of the three strategic types in an arbitrary group I is

Iy = J&“ (1- ux){ Z}: vowrs[bra(f7 + f7 g7.0) — c1,4] }

1

y = e —(1— uz){ Z vowr,s [brs(f5 + £791.5)] }
J

1

= —(1— uz){ Z vowr,s [brs(f5 + £7975) — cr,090.1] }

J
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5.1.6. Hybrid strategies. The above treatment makes it trivial to write down reputations for strategies that distinguish
explicitly between in-group and out-group, for example, cooperate with one’s in-group and discriminate with one’s
out-group. These “hybrid” strategies were prominently featured in, e.g., (6). As an example, we present the strategy of
discriminating with one’s in-group and defecting with one’s out-group, which we denote ZY. We have

97y =010 [, 0P7C + (1= v1,.0)P7"]
+ (1 =01,0) [’YIJPL?D +(1- ’y[,J)PJBD}
=01, [’YI,JPJGC + (1~ ’YI,J)PJBD]
+ (1= 061.0) [y.aPF” + @ = r.5)PPP].

The fitness term is easily written down depending on the other strategies in the population; a ZY individual accrues a
benefit from cooperators, from discriminators who see them as good, and from other ZY individuals in the same group
who see them as good, and they pay the cost for any individuals in the same group whom their group sees as good.

5.1.7. Favoring of in-group interactions. Suppose we have
wr,g =010+ (1 —6r1,0)w,

i.e., individuals always interact with their in-group, but out-group interactions only happen with probability w. Suppose,
also, that benefits and costs do not vary by group. We can study this numerically: see main text figure 3.
When w — 0, we have

M = E VLW, = VI,

L

_ LZV w _ 1, _
YI,J = M; B LWL, IgL,J = M, 191,09 = 4I1,J,

Hf ./\:/llj(l - uT){ ZVJUJI,J[b(fj( + fJngJ) — c]} =(1- uz)[b(f,X + fIngI) —d,
J
Iy = Mil(l — uw){ waz,J[ X+ f7qr ;)]} = (1 — ua)[b(fF + ffg}fI)L
7
ny = Mil(l ~ uz){ > vswrs [b(f5 + fFgT0) - cg_u]} = (1= w) (X + fFgfr) — cori).

J

Thus, when groups are completely insular, they only accrue payoffs from (and pay costs for) interactions with their own
group: K groups effectively behave as K completely disjoint, independent populations.

5.2. Average fitnesses under well-mixed copying. In SI Section 3, we saw that it was possible to study the dynamics of
strategy evolution solely by considering the group-averaged fitnesses and reputations. Here, we show that this is likewise
possible when insularity is introduced. We have

HZ:ZI/IHIZ
= (1—u,) Zw wau (f* + f797.1) = cgoi]
= (1w o Zw 2w 4 7o) Zw wa”gﬂ}
:(17uz){bf Zl/[ wa”+bf Zw wawgu Z”’ waugu}
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By identical reasoning we will have

I = (1= ) [+ 179%) ~ ],

I = (1= ) b + 1797

5.3. Equally sized groups. Suppose now that every group has the same size 1/K and the insularities are given by
wr,y = 01,7 + (1 — d1,7)w, i.e., individuals always interact with fellow in-group members but only interact with out-group
individuals with probability w. By symmetry, reputational views will only differ depending on whether the observer is in
the donor’s in-group or out-group. Define gin = gr,r and gou = ¢1,5|1£7, i-€., gin is an individual’s view of their in-group
and gou their out-group. The average reputation g (Eq. [14]) can be expanded out thus:

1 12 1
9= zI:”’M zJ:V"w”gI’J - (R) /K +w(K —1)/K ZI: zJ:w”g”"

1\2 K
“\x) Trom -2 — 15
o (K) 1+ w(K — ]_) (Kgin + wK(K 1)90ut) [15]

_ gin + w(K — 1)gour
1+w(K —-1)

In a population of discriminators, gi, and gour can be expanded out:

Gin = 'YI,I(PGC _ PBD) —|—PBD

= MLI ZL:VLML,sz,I(PGC _ pBDy 4 pBD
= ﬁ ;LUL,IQL,I(PGC — P8Py 4 pBP [16]
- m [gi“ + (K — ]-)wgout] (PGC — PBD) 4 pBPD
and
gour = 71,0 (P9 — PP — PP 4 PEPY 4y (PO — PPP) 4 4, (PP — PPP) + PPP
- MLI ZL: viwr.igr.igr.s(P¢Y — PP — PPC 4 pPP)
+ ./\/lif ; viwr 9. (PP — PBP)
+ MLI ZL: VLwL,IgL,I(PBC - PBD)
+ PPP 171
B ﬁ [(1+ w)gingour + (K = 2)w(gow)*)| (PFT = PSP — PP 4 PEP)
+ m [wgin + (14 (K — 2)w) gou] (PSP — PPP)
+ m [gin + (K — 1)wgm] (PBC _ pBD)
+ PBP.

These equations can be solved, but their general solution is not very informative. Note that sending u, — 0 and defining
0 =1/[1 + w(K — 1)] yields the corresponding expressions from (2); see SI table S3. A useful simplification is to send
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pBD
gin|w—>0 = W
Uq Uq . .
TP wa— . Shunning, Scoring,
= 1—uq 1—uq

P P Srv— — Stern Judging, Simple Standing,

| B PBD(l + PBC _ PGC)
Jout|w—0 = PBD(2 4+ PBC _ 2PGC) + (1 _ PGC)(l — PGD)

ua(1+Ua —6) Ua[Qua(l _ua:) +u:c] . [18]
= Shunning,
U2+ ug —26) + (1 —€)(1 —ua)  ua(l+ 2ua)(l —usz) + us
ta = ta Scorin,
Il—etus  2ua(l —uz) + ug 8
TY Q@ -w)2-2¢) 1 .
= t d.
(1 ua)(d— 4e) 5 Stern Judging,
(1 —ua)(2—1uq—€) 1+ us — 2uats ; .
= Simple Standing.
(1—ua)B—us—26)+(1—€)(1 —ua) 1+ 2uq+ 3uy — 6uqus tmpe standing

The expressions for gin|w—0 are the same as the main text expressions for g with K = 1 and f% = 1.

5.4. Invasibility of equally sized groups by defectors. Given Egs. [16] and [17], we can determine when discriminators
resist invasion by defectors. We require (when fz = 1)

n” > 1"

ng —cg > bgy

(b—c)g >bg"
b [19]

with

g—g¥’

¢
g¥ = ZVIMLI ZVJWI,J [,YI’J(PGD B PBD) n PBD].
1 J

Solving for g¥ requires that we compute the sum at the end of Eq. [19]. Let woy be the out-group interaction parameter and
win the probability of in-group interactions (these are w and 1 respectively; these terms are used solely for bookkeeping).
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norm Jin YJout

Stern Judging 2(1 —ug)(1 4 [K — 1w) —uz (2 + [K — 1w) K—2—u,
(K > 3) 2(1 + [K — 1]w) 2(K —2)
1
( ) dwy/1 + w
Stern Judging 2Ug + (2 4 w)ug {
l1—- — X< 4(1l+w—+vV1+w)+2u,(24+w—2vV1+w
(K =2,u, > 0) Ve ( VIt W)+ 2ua( Vit
Fuq[8 —8vV1+ w4 w@®+w—4V1 +w)]}
Stern Judging
1—uq 1
(K =2,u, = 0) . /2
Simple Standing 1—ug — ug 1— (ta +uz)[2+ (K — 1)w]
Shunning M Ua
(K —1)w

Table S3. In-group and out-group reputations for all-discriminator populations consisting of K equally sized groups, to first order
in u, and u,. These agree with the expressions provided in (2) given § = 1/[1 + w(K — 1)] and u, — 0. The expression for
Shunning is novel to our analysis: in their notation, the Shunning in-group reputation is (2 — 6)u, /(1 — 6), and both the in-group
and out-group reputations include O(u2) terms that we ignore. The Shunning in-group approximation breaks down as w — 0; it
appears to be valid only for w” > u,. Otherwise, the exact w = 0 expression (Eq. [18]) is a useful approximations for g;,. Likewise,
the Stern Judging (K = 2,u, > 0) out-group term fails when w > u;. The u, = 0 out-group expression is a better approximation.
Finally, Scoring is omitted from this table because the exact expression g = u, /(1 — € + u, ) is always valid irrespective of group
structure and insularity.
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The sum is

ZV, Zymmhzw ZWUZW Do
- ;;;;w(w) A—
= (%) (rate—i7m) ZE X Earswnrons
:(%)4(%)2

X Z |: K 2)Woutwoutgout + K(K - 1)winwoutgout
+K ( — Dwouwingout + K (K — 1)woutwoutgin + K winWinGin
1\4 K 2
- (?) (1+W(K—1)) [20]
x Z [ MK = 2)w?gour + 2K (K — 1)wgout

+ K(K — 1w gin+Kgini|

- (%) (rrate )

x [K(K ~ (K — 2)wgou + 2K (K — Dwgou + K (K — 1)w?gin + Kgm}

- (o)
x [(K — (K = 2)w?gout + 2(K — Dwgour + (K — Dagin + gin}

_ gouw (K — DK — 2)w + 2] + gin[(K — Dw® +1]
[1+w(K =1 '

Thus,

y _ gouw(K — D[(K — 2)w + 2] + gin[(K — 1)w® + 1]

GD BD BD
1+w(K —1)2 (P77 = PP7) + PP [21]

9

Substituting Eqs. [21], [15], [16], and [17] into Eq. [19] yields the condition that /c must be greater than a fraction
whose numerator is given by

[1 + (K - 1)0.)] [gin + gout(K - 1)w]

and denominator by

gin[ (K — Dw® + 1) (PPP — POP) 4+ (K — 1)w + 1]
+ gou(K = Dw[((K — 2)w +2)(PPP = PP) + (K — 1w + 1]
~PPP(K - 1w +1]"
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These are consistent with the expressions from (2). The b/c condition can also be expressed in terms of the weighted
average reputation g. We solve for gi, and gour self-consistently via

gin‘fzzl _ ’YI,I(PGC _ PBD) + PBD

(1 Ge BD BD
= (E ZL:VLUJL’I‘QL’I> (P™ —P"")+ P
K 1 K-1 fele} BD BD
= (—gntwt—gou) (PO — P P
1+w(K_1)(Kg 4+ w K gout)( )+
_ gin + w(K — 1)gou
14+ w(K-1)
1 w(K = 1)gout , sac BD BD
Cgnl1— = P - P P
"g"< 1+w(K—1)) Tt w(E 1) )+
wK-1)  wK —1)gou
l+w(K—1) 1+wK-1)

GC BD BD
(PS¢ - pPPy 4 p [22]

.. in

T+ w(K — 1)PBD

g — GC _ pBD
.. Gin gout(P P ) + W(K — 1)

or, equivalently,
gin = g(P9C — PBP) 4 pBD.
Likewise
gin + W(K — 1) gout _

1+w(K—-1)

CwE = Dgouw _ Gin

TltwE -1 YT 1rw(K -1

gl +w(K —1)] — gin

.. Gout — w(Kfl)
g[l + w(K — 1) — P€¢ 4 pBD] _ pBD
B w(K —1)

Combining Egs. [22], [20], and [13] yields

_ gouw (K — D[(K = 2)w + 2] + gin[(K = V)’ +1] _ep 8D BD
(b= clg > b| T (PP — PPP) 4+ P
Lbme il tw(K —1) - PCC 4 PPP] — PEPY (K — 2)w + 2] + [¢(PYC — PPP) + PPPJ[(K — Hw? + 1]
b 7 I +w(K—1D)2
% (PGD _PBD) 4 pBD
b 979 I+w(K —1) I+ w(K —1) '
This can be rearranged to yield
IV I+w(K—1) I+w(K—1) '

Thus, discriminators resist invasion by defectors provided

(1 —w)PPP(PBP — pEP) 4 1 + w(K — 1)|PBP
[2— PGC 4 PBD 4 (K — 2+ PGC — PBD)|(PBD — PGD) 4 (1 —¢/b)[1 + w(K — 1)]
PPPIKw+ (1 —w)(1— PCP 4+ pBD)]
[2 — PGC 4 PBD 4 (K — 2+ PGC — PBD)|(PBD — PGD) 4 (1 —¢/b)[1 +w(K — 1)]’

g > ,or

g >
Setting w = 1 yields Eq. [5].
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5.5. Invasibility of equally sized groups by cooperators. Bolstered by our preceding analysis, we also consider when
discriminators resist invasion by cooperators; such invasion can occur, e.g., under Simple Standing. We require

n” >
(b—c)g>bg™ —c

b g— .

E>g—gX’Wlth

_ Gouw(K = D[(K = 2)w + 2] + gin[(K — Dw® +1] (P9C _ pBCY 4 pBC.
14+ w(K—1))?
The critical b/c value thus simplifies to a fraction whose numerator is given by

14 (K — 1)w][gin + (gour — 1)(K — 1)w — 1]

and denominator by
gin[((K — Dw? + 1) (PP = P9“) + (K — Dw + 1]
o+ gou (K = Ve[ (K = 2)w +2) (PP = P) (K — 1) + 1]
~ PPO(K - 1w +1]%,

which again is consistent with (2). We can likewise express this condition in terms of g:

gouw (K — D[(K = 2)w + 2] + gin[(K — Dw? +1] B B
(b—c)g>b[ T+ w(K —1)2 (P9C _ pBY 4 p C}—c
Cboe gl +w(K —1) = PO+ PPP] - PPPY(K = 2)w + 2] + [g(PYC = PPP) + PPPI[(K — 1)w® + 1]
b 7 1+wE -1
% (PGC _PBC) +PBC _%
b—c 2— P9 4+ PPP 4 w(K — 2+ P9 — PPP)(PCC — PPY) (1 —w)PPP(PYY - PPY)  po
p 979 T+ (K —1) + [T (K 1) +P% -3

This can be rearranged to yield
(1 B E N [2 _PGC +PBD +0.)(K— 2—|—PGC _PBD)](PBC _ PGC)) - (1 —w)PBD(PGC —PBC) +PBC 3 E

IV T+w(K —1) I+w(K—1) b

Thus, discriminators resist invasion by cooperators provided
- (1 —w)PBP(PYY — PBC) 4 [1 4+ w(K — 1)](PPC — ¢/b)
g [2— PGC 4 PBD 4 w(K — 2+ PGC — PBD)|(PBC — PGC) + (1 — ¢/b)[1 + w(K — 1)]

for Stern Judging and Shunning. For Scoring and Simple Standing, the sign of the inequality is reversed, as the denominator

is negative.

5.6. Norm competition with insularity and variable costs and benefits. If benefits and costs vary, so that 4™ and ¢ are
the benefit and cost associated with an intra-group interaction and b°"* and c*** are the cost associated with an inter-group
interaction, then v; grows if

r1 >0
ST > 18

. 1 in in out out 1 out out in in
N (1 (0 g11 = "g11) + vaw (D™ g2 — ™ gan)] > Mo [1w(b™ga1 — ™ g12) + 2 (b g2,2 — ¢"g22)]

1 2

1 . 1 1. . 1

.. = bln _ n o bout _ out > _ bl]'l _ mn o bOUt _ out

Vi [/\/h( g1 —cgi) Mgw( 921 — c™g10)] V2[M2( g2,2 — €' g2,2) le( 912 —c"g21)]

%51 [MQ(bmgl,l - Cmgl,1) - le(buthQ,l - Comgl,2)] > V2 [M1(bmgz,2 - Cin92,2) - M2W(bomgl,2 - Comgz,l)]

NECRN Mi(b%g22 — cgaa) — Maw(b®™g1,2 — ™ ga1)
v T o Ma(bgr — dgrn) — Miw(boUgs 1 — c®Utgy )
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When we hold ¢™ and ¢®* constant but set 4°* > b, it becomes harder for Stern Judging (group 1) to beat Shunning

(group 2). When v; = 1/2, we have (for us = uz = .02) g1,1 = .96, 92,1 = 42, 91,2 = .09, g2,2 = .13. What this means is
that group 1 cooperates with group 2 more than the reverse, so increases in ™" are not reciprocated. Thus, raising 6™
rather than b™ increases the rate of unreciprocated fitness gain by group 2, allowing it to outcompete group 1.

5.7. Dependence of group fitness on insularity. In this section, we consider how the fitness of a group of discriminators
depends on the insularity parameter w, under the assumptions of well-mixed copying, K equally sized groups, and
wr,; = 61,5 + (1 — 81,7 )w. This can shine light on how insularity might be expected to evolve in a group-level selection
scenario, in which an entire group can be replaced by a group with a different level of insularity. (The problem of how
insularity might evolve at the individual level is deferred to Section 5.8.) We have

M= E VLWI,L

L
_ w = M (no dependence on I)

ZV}HIZ

I
1 .
= ; WE{ ; vywr,s[bgr,s — cgs1] } (dropping the (1 — u,) prefactor)

- 114

11
UK [bgin — cgin + (K — 1)w(bgout — cgour) ]
1
= m(b — ) [gin + w(K — 1)gou]
_ (b . C)gin 1+ UJ(K - 1)gout/gin )

1+w(K-—1)

We have written this in a suggestive form. Because the w(K — 1) term in the numerator has a factor gou/gin attached
to it, and because this factor is (for every social norm besides Scoring) less than 1, the numerator will generally shrink
relative to the denominator as w increases and grow as w decreases. The fitness of a group thus generally increases with
decreasing w. This sensitively depends on our decision to normalize by dividing by M, which is necessary to ensure that
interactions that do not happen make no contribution to fitness (instead of, e.g., contributing zero fitness, which would be
indistinguishable from mutual defection). If we did not divide by M, we would instead have

% = E [gin +w(K - 1)gout]
= (%) [1 +W(K — l)gout/gin]y

which is monotonically increasing in w. Finally, if we allow out-group and in-group interactions to have different payoffs,
we have

11

HZ = ﬂ? [bmgm — CinGin + W(K - 1)(boutgout - Coutgout)}

1
= TToE=D S(K=1) [(bin — Cin)gin + w(K — 1)(bour — Cout)gout]
_ (bin - Cin)gin + W(K - 1)(bout - Cout)gout

1+w(K—-1)
1+ UJ(K — 1)(bout — Cout)gout/[(bin - Cin)gin}
1+w(K—-1)

= (bin - Cin)gin

The relevant ratio is now (boutr — Cout)gout/[(bin — ¢in)gin]- If this ratio is greater than 1 (for example, because out-group
interactions are more rewarding than in-group interactions), it is possible for insularity to be selected against at the group
level, as higher w results in increased fitness.

5.8. Evolution of insularity. When groups are fixed and only strategies evolve, we saw that insularity can defray the

destabilizing effects of group structure on cooperation. This raises the question of how insularity itself will evolve, in this
setting. To study this, we first analyze the effects of a fixed level of insularity on fitness in a group-structured population,
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finding that more insular populations which prefer in-group interactions generally enjoy greater mean fitness in each
group. This happens because high insularity increases the rate of interactions with in-group members who are most likely
to share reputational views. We also performed an invasibility analysis to determine whether a mutant with a higher level
of insularity can spread in a resident population that is less insular. For all norms in which fitness has any dependence on
group identity, we find that a more insular mutant can always invade a less insular resident, so that a population will
always evolve towards greater insularity. However, if out-group social interactions are potentially more rewarding than
in-group interactions (e.g., 5°"* > b™), then we will see that a population may resist invasion by insular types, or it may
evolve to stable intermediate levels of insularity.

To study the evolution of insularity, we consider a population fixed for discriminators, but the resident population
is facing potential invasion by a mutant discriminator with a different level of insularity. Residents have out-group
interaction parameter w”, and mutants have out-group interaction parameter w™; both mutants always interact with their
in-groups. We set w™ < w", i.e., the mutant is more insular (less likely to engage in out-group interactions) than the
resident, and we posit that potential interactions between out-group mutants and residents occur only with probability
Y(w",w™). Two natural forms for ¢ (w”,w™) are

, m wr+wm
B W) = S

YW, w™) = Vww™ (the geometric mean).

(the arithmetic mean)

The geometric mean formulation has the advantage that v/w*® can be thought of as the probability that an individual of
type s proposes an out-group interaction and /w,s the probability that their out-group partner accepts; however, it is
more difficult to work with than the arithmetic mean. Thus, we use the arithmetic mean for the remainder of this analysis;
using the geometric mean instead effects minor quantitative but not qualitative changes.

norm gm
Stern Judging 21 —up —ua) + (K —1)(2 — 2uq — uz)p(w",w™)
(K >3) 2(1 + [K — 1gp(wr,wm))
Stern Judging 2(1 —uq — ug)w” + 2(uz[l = VI + W]+ w”) +ua(2 — (2+w")V1+w")]Pp(w”,w™)
(K =2,us >0) 2w (1 + P(w™,w™))
Stern Judging 1w
(K =2,us =0) @
Simple Standing 1—ug — Us
— i ™ i m _ 2
Shunning Ug (1 4+ 3[K — 1Jw" + 2w (w”, w™)[K — 1]?)
(K = Dwr(1 4 [K = 1w, w™))

Table S4. Approximate in-group reputations for a mutant with different out-group interaction parameter w”* from the resident;
in this scenario, the mutant is invading a population consisting of K equally sized groups under well-mixed strategic imitation.
Expressions are to first order in u, and u,. See the caveats in the caption of table S3.

We assume well-mixed copying and K groups of equal size 1/K. Let f, be the frequency of the resident and f,, the
frequency of the mutant; because we are concerned with the invasibility of the mutant, we will set f,. = 1. The total
number of interactions the two types engage in is

My =S v [Frwhy + ] wf)]

J
_ltw(K-1)
_ LKy
Mi =3 s [ [9hswits) + £7w]
J
L™ (K — 1)
_ ol |

We will drop the I subscript moving forward, as there is no dependence on I. The fitnesses of the resident and mutant are
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(K = 2,u; > 0)

norm gan
Stern Judging K—2—uy
(K >3) 2(K —2)
1
4wy + W™ (1 4+ Pp(w™,w™))
) X {4(1 +w = VI+w) +ula(8(1 —VI+wr)+w'(4d—w"))
Stern Judging

Fug(4(1 — V14 w" +w"(4V1+w” —2)
+[40 + wm = VTF W) + 20 (401 - VI F07) + w7)

Fuqw” (10 + w"™ — 41+ w™) + 12uq (1 — \/F)} w(wr,wm)}

Stern Judging
(K =2,u; =0)

1/2

Simple Standing

1—2(ua +ug) + (K —1)[1 —3up — 3uq — (K — 1)(us + ua)w"|p(w”,w™)
1+ (K- 1)yp(w,wm)

Shunning

Uq

Table S5. Approximate out-group reputations for a mutant with different out-group interaction parameter w™ from the resident;
in this scenario, the mutant is invading a population consisting of K equally sized groups under well-mixed strategic imitation.

Expressions are to first order in u,

given respectively by

Moy = (1—ua) Y /\ilr { > ws Y f(wr gwi o) [bragrg — cgia] }
I J s

U o) o ks st — edh]}
I J

=(1-

and u.. See the caveats in the caption of table S3.

fr=1

— (1 —u )biﬂgi; — Ciﬂgi; + (K — 1)wr(b0utggut — Coutggut)

Hm‘f,-:l

=(1-u

= (1 —uz) Z ML{ Z vy Z Fi(@i s, wi g) [braglly —e1.95,1] }
I J s

I+w (K —1)

fr=1
1

’“) 1+ w(wm,wr)(K — 1) ; { ZJ:w(Wy}J:W?J) [bI,Jg?,LJ - CI,JQG,]]}

= (1 - ug) bingin — Cingin + (K — 1)th(w™, w") (boutgour — Coutgour)

1+ ¢(wm,wr)(K —1)

When f" = 1, reputations are given by

1 .
(gln+w (K - 1)gout)(PGC 7PBD) +PBD,

{[(1 +wr)gi'rng(7)'m + (K _ z)w'r(g(v;m)Q} (PGC _ PG’D _ PBC + PBD)

+ [w'gh + (1 + (K — 2)w")gou| (PP — PPP)

+ [gi; + (K = D g] (PP = PPP) | 4 PP,

” 1
9in = 7 Mr K

” 1 1
gout:W?
gin =

3\

( m"‘w( )(K_ 1)ggut)(PGC - PBD) +PBD7

oo = M—g{ L (e ") (K~ 1))ghgiu
+ (K = (™ &) (gh)*] (P = POP = PP + PPP)

+ [w(wm
Jr

(g +

W )gh + (1+ (K = 2)p(@™,w")gow] (P97 — PPP)

(K — 1)yp(w™, 0" )goue (PPC — pBD)} + pPP,
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Mutant invasibility requires that II"™|fr—=; — II"|;»=1 > 0. Dropping the (1 — u,) prefactor allows us to rewrite this
invasibility condition as

" preg = I gr=1 > 0
bingin — Boutloie — CinGin + Coudow _ (23]
1+ 9(wr,wm)(K —1) '
The first term in Eq. [23] is the difference in mutant and resident fitness due to being on the receiving end of out-group
cooperation events. The second term is the difference in the fitness the resident accrues as a result of out-group versus

in-group interactions. The third is the difference in the fitness the mutant accrues as a result of in-group versus out-group
interactions. And so in summary, for the mutant to invade the resident, some combination of the following must be true:

(bour — Cout)ggut — (bin — Cin)Gin
1+wr(K—-1)

bout(ggﬁt - ggut) + +

1. The mutant must be targeted by more (and potentially more rewarding) out-group cooperation events than the
resident.

2. The resident must, on net, suffer as a result of out-group cooperation events (which may be more rewarding but are
less likely to be reciprocated: consider that, in general, gg,: < gi)-

3. The mutant must, on net, benefit as a result of forgoing out-group cooperation events.

These three conditions establish that, in general, more rewarding out-group interactions favor less insularity (i.e.,
higher w) and thus make it harder for more insular mutants to invade. How much harder will depend on the social norm,
in particular the values of g, gou, 9in'» and gow:. The first two can be read off of SI table S3 (with w = w"); the provided
expressions are valid for gf, and g,,.. The latter two can be found in SI tables S4 and S5.

Simplifying Eq. [23] in a useful way is difficult, but we can show that, in general, it will be possible for insular mutants
to invade unless out-group cooperation is much more rewarding than in-group cooperation. This is intuitive, as insular
mutants forgo out-group interactions; for insularity to be selected against, the interactions they forgo must be especially
rewarding. Moreover, because it is generally easier to be seen as good by one’s in-group than by one’s out-group, we
expect that if by, = bowr and cin = cout, it Will not be possible for populations to resist invasion by more insular mutants.

We demonstrate that, when interactions’ costs and benefits do not depend on group identity, insular mutants can
essentially always invade. To do so, we expand [23] in u, and u,; we drop terms that are O(u2), O(u2), and O(uquz).
(We do not address Scoring here, as insularity does not affect reputations, and therefore it does not affect fitnesses.) For
Shunning, we obtain the following condition for a mutant with out-group interaction parameter w™ to invade a resident
with parameter w”:

Ug (W — ™)
T+ (K= D)2+ (K~ @ T o)

X ((of —w™uq [(bin —en)[1+2(K -2+ (K —1)(w" +w™)]

0<

+ 2bin[1 + (K — D)w"] — (bout — Cout) (K — 1)w"[2 4+ (K — 1)(w" + wm)}).
When in-group and out-group interactions are indistinguishable, we have

Ug (W —w™) [(b — )2+ (K- 1w +w™)] + 2b]
BT R =D P |

which is always positive for w” > w™
For Simple Standing,

(K —1)(w" — wm)

0<

I+ (K - D2+ (K - D@ +wm)]?
% (= )1 = 0 — w) 2+ (K = 1)+
— (bout — cou) 2+ (K — 1)(" + ™)1 = 20 — 20 — (us + ) (K — 1]
o (K = DL+ (K = Do + ) (0 + 7).

For identical in- and out-group interactions, this becomes

(W = ™)K — 1)(ta +ua) [(b— )[2+ (K = 1)(w" +w™)] + b(K — 1)(w™ +w")]
2+ (K — 1)(w +wm)?2
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This, too, is always positive provided w” > w™.
For Stern Judging, a general expression can be obtained for K > 2:

(K — 1)(w" — w™) y
21+ (K — Dw' 22+ (K — 1)(w" +w™)2(K — 2)

((bm —cin)(K=2)24+ (K = 1)(w" +w™)[(K = 1Dw" (2 = 2uq — uz) + 2(1 — ug — uz)]
— 2bin (K — 2)ug[1 + (K — 1)w"]

0<

[24]

— (bout — cou) (K — s — 2)[2+ (K — 1)(w” + wm)]>.

We can gain a better understanding of how in-group and out-group interactions affect the invasion of insular mutants by
taking the limit u, — 0:

[2(1 = ) (b — cin) = (boue — cou)] (K — D)(w” — ™)
21+ (K — 1w"][2 4+ (K — 1)(w” + w™)]

which is always satisfied for w” > w™ unless

>0, [25]

bout — Cout > 2(1 - ua)(bin - Cin)~

That is, residents resist invasion by higher-insularity mutants only when out-group interactions are much more rewarding
than in-group interactions. It is intriguing to note that this agrees perfectly with the condition in SI section 5.7 for group
fitness, i.e., (bour — Cout)gour/[(bin — Cin)gin] > 1, since (under Stern Judging and with u, = 0) we have gi, = 1 — u, and
gour = 1/2. (Evaluating the left hand side of Eq. [23] numerically reveals that this approximation slightly underestimates
the value of the ratio (bour — cout)/(bin — cin) required for a population to resist invasion.)

Setting in-group and out-group costs and benefits equal to each other in Eq. [24] yields

< (K —1)(w" —w™)
2[1 + (K — 1)wr}2[2 + (K —1)(wr +wm)}2(K —2)

(0= 02 + (5 = 1)@ +w™)] [(K = D {(K = 2)(1— 200) — (K — 3)us}

0

X

+ K(1 = 2uy — 2ua) + 4tta + 5ug — 2] — 2bug[1+ (K — 1)w’”}).

Sending u, — 0 reduces this to a specific form of Eq. [25]:

b—c)(K —1)(1 — 2uq)(w™ —w™)
21 4+ (K = Dw'][2 4+ (K — 1)(w" 4+ w™)]

> 0.

This condition is always satisfied provided w™ > w™ and u, < 1/2, meaning that, when interactions’ costs and benefits do
not depend on group membership, a higher-insularity mutant (i.e., one that interacts less with its out-group) can always
invade the resident population under Stern Judging, just as we found with Shunning and Simple Standing.

Finally, for Stern Judging, the condition for an insular mutant to invade when K = 2 is different from the general case:

w—w™m

Sl (Lt )22 far L am)
X (Qwr(bin —n)2 4w +w™2VI+ W —ua(24+w") — 2uy)
+ 4bin(1 + w")[uew” — 2(ue + ug) (V1 + w” — 1)) [26]
— (bout — Cou) 2+ w" +w™) [ua(wg —dw"VI4+w +8{1+w —V1+w'})
+2up (24w —2VIFw) +4(1+w" —VIitw)]

— bout(1 4 &™) (0" + &™) (taw” — 2t + ua) (VI F @ — 1)).

0

Sending both error rates to zero is informative:

(W' —w™) [(bm — ¢in)w” — (bour — Cour) (V1 + w™ — 1)}
w14+ wn) (24 w™ 4+ wn)

> 0.
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This condition is satisfied for w™ > w™ provided

(biﬂ - Cin)wT > (bout - Cout)(m — 1)
bin — Cin > m -1

bout — Cout w"

The ratio on the right is between 1/2 (for w™ — 0) and v/2 — 1 ~ .41 (for w" — 1), meaning that insular mutants can
invade unless out-group cooperation is a little more than twice as beneficial as in-group cooperation, a condition similar
to the K > 2 case.

For equal in-group and out-group costs and benefits, Eq. [26] becomes

< w = w” X
4w (1 + w™)3/2(2 + w” + w™)?

((b —o)2+w +w™) [4(1 + W) (WVT+w —1) —u, 3w’ — 4w VI +w + 8w —8/1+w” +8)
— Uy (6w — 4vV1 +w” + 4)]
+2b(14+w")(2—w" —w™)(uew” — 2(ug + uz) (V1 + w" — 1))

0

Sending the error rates to zero allows us to show that this is, in general, positive for w” > w™:

(W' =w™)(b—c)(vV1+wr—1)
w1+ w (2+w +wm)

In general, out-group reputations compared to in-group reputations are very low, middling, and fairly high under
Shunning, Stern Judging, and Simple Standing respectively. We thus expect that, if we hold by, cin, and cour constant,
we will need to raise boy,s more under Shunning than under Stern Judging, and more under Stern Judging than under
Simple Standing, for a population to resist invasion by insular mutants. We verify this numerically by checking the sign
of Eq. [23]. Results are shown in SI figure S5. In white areas, the difference between mutant and resident fitness is
positive, meaning that the mutant can invade; in black areas, the difference is negative. We find that when bouc = bip, it is
impossible to resist invasion by successively more insular mutants, irrespective of the social norm. For Simple Standing,
this situation reverses quickly with increased boy; it reverses more slowly for Stern Judging and Shunning. Some norm
and parameter combinations can support stable intermediate values of the out-group interaction parameter w, but in most
cases the population will either evolve to be fully mixed or fully insular (w = 1 or 0, respectively).

> 0.

6. Third-order norms and the remaining “leading eight” norms

All of our analysis hitherto has focused on second-order norms. We now turn to the interesting question of third-order
norms, in which the reputation of a donor may be updated according to not only the donor’s action and the recipient’s
reputation, but also the donor’s current reputation. In this space there are not 4 but 16 possible behavioral strategies,
which can be represented as four bits, corresponding to the donor’s action when both their reputation and the recipient’s is
good, when their own reputation is good but the donor’s is bad, and so on. We first consider the simplest case of publicly
shared reputations, then we generalize to group-wise reputations.

6.1. Properties of the leading eight. The “leading eight” social norms consist of reputation dynamics (assessment rules,
i.e., rules for assigning “good” and “bad” reputations) and behavioral strategies (action rules, i.e., rules for deciding
whether to defect or cooperate based on one’s own reputation and that of the recipient) that satisfy the following
conditions (7):

1. Either good or bad cooperating with good is good.

2. Either good or bad defecting with good is bad.

3. Good defecting with bad is good.

4. Either good or bad individuals will cooperate with good.

Good individuals will defect with bad.

o

6. Iff bad cooperating with bad is good and bad defecting with bad is bad, then bad will cooperate with bad: otherwise,
bad will defect with bad.
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Fig. S5. The invasibility of a resident population with out-group interaction parameter w”™ by a mutant with parameter w™ under different norms
and out-group benefits. The value of byt is along the right side of each row: other parameter values are K = 2, uq = ug, = 0.02, bj, = 2, and
cin = cout = 1. White corresponds to the mutant being able to invade: black corresponds to the resident resisting invasion. For Stern Judging
at bout = 3, an intermediate value of w can be achieved by successive invasion of mutants. For Shunning at boyt = 10, there is bistability. For
all other norms and parameter combinations shown, the population evolves either toward full mixing (w = 1) or full insularity (w = 0).
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There are eight such combinations of reputation dynamics and action rule (behavioral strategy), summarized in
table S6. The action rule is represented by cyv, which are the probabilities that an individual with reputation U
cooperates against an individual with reputation V. These values are always either 1 — u, (because individuals who
intend to cooperate can accidentally defect with probability u,) or 0 (because individuals who intend to defect can never
accidentally cooperate). The reputation dynamics are specified by the values ny 4y, which are the probability of earning a
good reputation by having reputation U and performing action A against an individual with reputation V. These values
are always either 1 — u, or u,, allowing for assessment error. (This notation is slightly different from our treatment of
second-order social norms, where P4y is the probability of earning a good reputation by intending to perform action A
against a recipient with reputation V. The difference is that Py includes the possibility of both successful cooperation
and accidental defection against an individual with reputation V', whereas nycv does not: successful cooperation and
accidental defection are treated separately.)

6.2. Public reputations. When the whole population follows the same reputation dynamics and is fixed for the same
action rule, the mean proportion of individuals with good reputations is given by

g= gz(CGGTLGCG + [1 _ CGG]TLGDG) + g(l _ g)(CGB’I’LGCB + [1 _ CGB]nGDB + CBGTLBCG + [1 _ CBG] BDG) [27]
+ (1 _ g)Q(CBBnBCB 4 [1 _ CBB]TZBDB).
Under Stern Judging, we will have
GG _ BG _ _y
GB BB
c c’? =0,
GoG _ _BCG _
n =n 1 — uq,
GCB _ _BCB
n =n = Uq,
nOPG _ nBDG _
GDB BDB
n =n =1—uq,
so Eq. [27] simplifies to
9= ([1 — ][l — wa] + tzua) + g(1 = 9)(1 = ua + [1 = ua][1 = ta] + tptia) + (1 — 9)*(1 — ua)
= g([1 — uel[l — wa] + uzua) + (1 — g)(1 — ua),
as expected; this equation is also the same under Simple Standing (where n®“® = nB¢E = 1 — y, rather than u,, but

this term does not appear in the reputation dynamics, because ¢“Z = ¢®2 = 0). Note that Stern Judging and Simple
Standing are norms s¢ and ss (respectively) in table S6.
Under Scoring, we have

GG BG
c =c =1—ug,
GB BB
c T =c¢ =0,
Gca BCG
n =n =1— Uq,
GCB BCB
n =n =1— uq,
GDG BDG
n =n = Uq,
GDB BDB
n =n = Uq,

so Eq. [27] is

9=09"([1 = ua][1 — ta] + uatia) + g(1 — g) (ua + [1 = ua][L — ta] + ustia) + (1 — g)*ta
= g([1 — us][1 — ua] + uatia) + (1 = g)a,

again as expected: it would be the same under Shunning, for which the only difference is n“Z = n?® = y,. (Scoring

and Shunning are not part of the “leading eight”: we present those equations only for completeness.)
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norm nGCG nGDG nGCB nGDB nBCG nBDG nBCB nBDB CGG CGB CBG CBB
S1 1 —uq Uq 1—uq 1 —uq 1 —uq Uq 1—uq Ugq 1—ug 0 1—ug 1—ug
Sa2 1—u, Uq Uq 1—u, 1 —u, Uq 1—uq Uqg 1—ug 0 1—ug 1—ug
S3 1—uq Uq 1—uq 1—uq 1—uq Uq 1—uq 1—uq 1—ug 0 1—ug 0
S4 1—uq Uq 1—uq 1—u, 1—ugq Uq Uq 1—uq 1—uy 0 1— ug 0
S5 1—uq Uq Uq 1—uq 1—uq Uq 1—uq 1—uq 1—ug 0 1—ug 0
S6 1—uq Uq Uq 1—u, 1—uq Uq Uq 1—uq 1—uy 0 1— ug 0
st 1—uq Uq 1—uq 1—u, 1—u, Uq Uq Uq 1— ug 0 1— ug 0
ss 1—uq Uq Uq 1—uq 1 —uq Uq Ug Ugq 1—ug 0 1—ug 0

Table S6. The “leading eight” social norms and action rules, modeled after table 2 of (8). Here, ny 4y is the probability that a
donor with reputation U, who performs action A against a recipient with reputation 1/, earns a good reputation, and c;;y is the
probability that a donor with reputation U will cooperate with a recipient with reputation V. As elsewhere in our model, we allow
for assessment error with probability «, and asymmetric execution error with probability v, (individuals can accidentally defect
but not accidentally cooperate). Norm s3 is Simple Standing, and norm sg is Stern Judging; both are symmetric with respect to the
reputation of the donor and, thus, are second-order norms.
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6.3. Group-wise reputations. We now consider the possibility that the population is divided into groups, which each
follow their own third-order social norm, i.e., each group has its own rule for assigning reputations and is fixed for its own
particular behavioral strategy. We assume that an individual in group I acts according to their own view of themselves
and the recipient, as well as their own action rule, but that J judges them according to J’s reputation dynamics and J’s
view of the recipient. Thus, when I = .J, we will have

GGnGCG+[1_ GG ] GDG) Go.s )( GB GCB GB] GDB)

BG BCG

91,0 = g1,19e,5(cC +gr,1(1— +[1—
+ (1 = gr,1)ge,7(cs + 1= TP + (1= g1.0)(1 = go.s) (P PnF P + [1 = PP InFPP).

When I # J, we account for the fact that I and J may have different views of both the donor I and recipient L. We
enumerate these possibilities. When group .J observes an interaction by an individual from group I, they can form a good
reputation of T in the following ways. With probability v, an interaction between I and L is observed, and:

1. with probability g;,rgr,1, the donor sees themselves and the recipient as good.

(a) with probability gr,s91,7, the observer thinks the donor and recipient are both good. If the donor cooperates
(probability ¢§¢), the observer considers that good with probability n§¢. If the donor defects (probability

1 — ¢f9), the observer considers that good with probability nG”¢.

(b) with probability g;,7(1 — gr,s), the observer thinks the donor is good but the recipient is bad. If the donor
cooperates (probability ¢¢¢), the observer considers that good with probability nG° 2. If the donor defects
(probability 1 — ¢&%), the observer considers that good with probability n§PZ.

(c) with probability (1 — gr, J) g 1,7, the observer thinks the donor is bad but the recipient is good. If the donor
cooperates (probablhty c%9), the observer considers that good with probability n¥““. If the donor defects
(probability 1 — ¢§%), the observer considers that good with probability nFP¢.

(d) with probability (1 — gr, J)(l — gr,J), the observer thinks the donor and recipient are both bad. If the donor
cooperates (probability ¢§), the observer considers that good with probability nZ~. If the donor defects

(probability 1 — ¢&%), the observer considers that good with probability nFP%.

2. with probability gr.; (1 — gr,1), the donor sees themselves as good and the recipient as bad.

(a) with probability g1,79L,7, the observer thinks the donor and recipient are both good. If the donor cooperates
(probability ¢§Z), the observer considers that good with probability n§¢. If the donor defects (probability
1 — ¢¢P), the observer considers that good with probability n§ .

(b) with probability gr,7(1 — gr,s), the observer thinks the donor is good but the recipient is bad. If the donor
cooperates (probablhty c§P), the observer considers that good with probability nGZ. If the donor defects
(probability 1 — ¢&®), the observer considers that good with probability n§P%.

(c) with probability (1 — gr, J) g 1,7, the observer thinks the donor is bad but the recipient is good. If the donor
cooperates (probablhty c%P), the observer considers that good with probability n¥“. If the donor defects
(probability 1 — ¢5%), the observer considers that good with probability nZP¢.

(d) with probability (1 — gr, J)(l — gr,J), the observer thinks the donor and recipient are both bad. If the donor
cooperates (probablhty ¢$P), the observer considers that good with probability nF“Z. If the donor defects

(probability 1 — ¢$B), the observer considers that good with probability nFPE.

3. with probability (1 — gr,1)gz,1, the donor sees themselves as bad and the recipient as good.

(a) with probability gr,s91,7, the observer thinks the donor and recipient are both good. If the donor cooperates
(probablhty ¢P%), the observer considers that good with probability n§“¢. If the donor defects (probability
1 — ¢P9), the observer considers that good with probability nG .

(b) with probability g;,s(1 — gL,J), the observer thinks the donor is good but the recipient is bad. If the donor
cooperates (probability c?), the observer considers that good with probability n§“~. If the donor defects
(probability 1 — ¢?%), the observer considers that good with probability n§P%.

(c) with probability (1 — gr, J) gr,J, the observer thinks the donor is bad but the recipient is good. If the donor
cooperates (probability ¢Z%), the observer considers that good with probability nZ¢¢. If the donor defects
(probability 1 — ¢?%), the observer considers that good with probability nZP¢.

(d) with probability (1 — g7, J)(l — g1,7), the observer thinks the donor and recipient are both bad. If the donor
cooperates (probability ¢?), the observer considers that good with probability nZ~. If the donor defects

(probability 1 — ¢P?%), the observer considers that good with probability n?P~.
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4. with probability (1 — gr,1)(1 — gr,1), the donor sees themselves and the recipient as bad.

(a) with probability g1,791,7, the observer thinks the donor and recipient are both good. If the donor cooperates
(probablhty ¢PB), the observer considers that good with probability n§““. If the donor defects (probability
1 — ¢PP), the observer considers that good with probability nG¢.

(b) with probability g;,5(1 — g r,7), the observer thinks the donor is good but the recipient is bad. If the donor
cooperates (probability ¢??), the observer considers that good with probability nG¢~. If the donor defects
(probability 1 — ¢?®), the observer considers that good with probability nGPZ.

(c) with probability (1 — gy, J) gr,s, the observer thinks the donor is bad but the recipient is good. If the donor
cooperates (probability ¢?%), the observer considers that good with probability nZ¢. If the donor defects
(probability 1 — ¢P?®), the observer considers that good with probability n% ¢,

(d) with probability (1 — g7, 1)(1 — gr,7), the observer thinks the donor and recipient are both bad. If the donor
cooperates (probability ¢??), the observer considers that good with probability nZZ. If the donor defects
(probability 1 — ¢PP), the observer considers that good with probability nFP5.

Summing over all possible groups L yields

gr,g = 51,J{91,190,J(C?GH§OG +[1 = 79GP + gr.1(1 — go,)(cF PGP +[1 — FPnGPP)

+ (1= gr.0)ge.s (7 “nfC + (L= 7 InFP%) + (1= gr.0)(1 = go.s)(e7 Pnf 7P +[1 — C?B]nf?DB)}

+(1-— 51,J){ Z 143 <g1,1gL,I

L

GCG GG] GDG’)

gI,JgL,,](C?GnJ + [1 —c§ GG GCB GG’]nS;DB)

+gr,s(1 —gr,s)(cr n; 7 +[1—cf

+ (1= gr.0)g0,a(cF T + 1 =TT ) + (1= gr,.0)(1 = gr,s)(FnTP + 1 - C?G]Tl?DB)]
+91,1(1 — gr,1) [gI,JgL,J(C?B GO 1= PInGPY) + 91,0 (1 = gr,a)(cF PGP + [1 = 7P InGPP)
+ (1= g1,0)g0,0(cF T C + [1 = 7T %) + (1= g1,0)(1 = gr,) (7 PnF P +[1 = 77 N?DB)]
+ (1= gr,1)gr.1 [gz,JgL,J(C?G GO+ 1= MG + gr,0(1 = gr,) (P EnGE + [1 = 7 “InGPP)

+ (1= 91.0)92,5(cFnF + 1 = P mE ) + (1 — g1,0) (1 — gL,0) (P nT P + 1 - C?G]H?DB)l

+ (1 =gr,0)(1 —gr,1) [QI,JQL,J(C?BTﬁCG + 1= ?PInGP + gr.s(1 — g2, (c?PnGP + [1 — PP InGPP)
+ (1= g1.0)gL.s(c?PnF% + [1 = 7 PInFP%) + (1 — g1.5)(1 — gr.s) (e PnFP + 1 - C?B}H?DB)] > }

(28]

We now allow individuals to switch between gossip groups. We assume that, when an individual switches groups, it

adopts both the reputation dynamics and action rule (behavioral strategy) of that group. The fitness of group I can be
expressed as

I; = bz vy [gJ,JgI,JC§G + 95,001 = g1,0)c5% + (1 — g5.0)gr,5¢5% + (1 — g5.5)(1 — gr.5)cs "]
J

- CZ vy [91 1951679 + gr1(1 — gr1)ef® + (1 — gr.1)grier® + (1 — gr.r)(1 — gJ,I)C][BB]-
J

42



When there are two equally sized groups following different norms, fitnesses are given by (dropping the 1/2 prefactor)

I =b[(g11)%cT" + g1.1(1 — g1.1) (e + e£9) + (1 - 911) et

(
+ 92,201,265 4+ g22(1 — g1.2)c5 % 4+ (1 — ga,2)
—c[(ng) +911(1—g1 1)( Byl )+
( )

+ 91,192, 1C1 +gl 1(1—=g2,1)c

912057 + (1= g22)(1 — g1.2)cs’”]
1— g, 1) e’
+(1—g1.1)g2.¢2% + (1 — g1, 1)(1792,1)6?3}
I, :b[gl 1922659 4 g11(1 = g2,0)eTP + (1 — g1,1)g2,1¢7 + (1 — g11)(1 — go,1eP?
+ (g2,2)%c +92 2(1—g22)(c5” +2%) + (1 - g2.2)%¢r’ 7]
—clg2291265 7 + g22(1 = g1.2)e7” + (1 = g2.2)g1.267 + (1 = g2.2)(1 — gu2)er’
+(922)°c5 + g2.2(1 — g2.2) (57 + 5 + (1 - 92,2)20233]-

(
)g2

The fitness gain of group 1 due to self-interactions is given by

T = b[(gl,l)QC?G +g11(1 — g1,1)(C?B + C?G) +(1- 91,1)20{33]
o C[(gl’l)chc +911(1 = g1.1) (e + 79 + (1 - 91,1)2C?B]
=(-¢ [(9171)25?@ +g11(1— 91,1)(0?3 + C?G) +(1- 91,1)2011133].

The fitness gain of group 1 due to interactions with group 2 is

T2 = b[(g2 201, 2c5¢ + g2,2(1 — g1,2)cs §5 + (1—g2,2)91, 2C§G +(1—g22)(1— 91,2)01233]
- C[g1 192167 + 911 (1 — g2.0)ef” + (1= gr1)gaael + (1 — g11)(1 — 92,1)0?3]-

Likewise,

m22 = (b—c) [(92 2)2 5+ 922(1— g22) (5P + cF%) + (1 — g22)°e5 7],
2,1 :b[gl 192, 101 +g1 1(1 — go, 1) +(1—gl,1)gz,16{3G+(1—g1 1)(1—92,16113]3]
— ¢[92,201,2¢5 + g2,2(1 = g1,2) 7" + (1 = g2,2) 91,0677 + (1 = g2,2)(1 — g1,2)et |

We thus have

I, > Il
II; —IIs >0

M1l + T2 — T2 —m2,2 >0
S G C)(Kgm)?c?c" +1a(1— )T + ¢P) 4 (1 - g11)%F ]
- [(92,2)265(; +92,2(1 = g2.2)(c57 +e5) + (1 - 92,2)20233})
+(b+c) ([(92 291,265 C + g2.2(1 — g1,2)c5% + (1 — g2,2)91,2¢5% + (1 — g2,2)(1 — 91,2)0238]

[91 192, 1C1 + g1,1(1 — g2, 1) + (1- 91,1)92,IC?G + (1 =g1,1)(1 - 92716?}3}) > 0.

This is a form very similar to Eq. (3) from the main text: the (b — ¢) term is the difference in the fitnesses of groups 1
and 2 due to within-group interactions, and the (b + ¢) term is the difference in their fitnesses due to between-group
interactions, i.e., fitness differences due to unreciprocated between-group cooperation.

Next, we consider competition between groups following different norms in a manner similar to the main text. We
focus on the two “leading eight” norms that happen to be second-order, namely Stern Judging and Simple Standing. The
results can be seen in figure S6. While Simple Standing is readily out-competed by most of the other leading eight, Stern
Judging is not: for Stern Judging, we have vi < 1/2 in almost every scenario, with the exception of competition against
ss, for which it is greater than 1/2 for small values of b and never moves far below 1/2. sg is very similar to Stern Judging,
with the exception that it regards bad individuals who defect against other bad individuals as bad, not good.
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Fig. S6. Group size dynamics for K = 2 groups and varying values of the benefit b, when one group follows a second-order norm (either Stern
Judging or Simple Standing) and the other follows a different “leading eight” norm, which may be third-order. In each pair of columns, the norm
used in group 1 is along the top: the norm used in group 2, along the right. Values of b are as inset in the s¢ — s3 figure. In all plots, ¢ = 1,
Uqg = uy = 0.02.
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6.4. The many-group limit: private reputations. If the number of groups gets large (K — o0), all groups follow the same
norm, and all groups are of the same size 1/K, then we can reason similarly to subsection 3.1: self-interactions almost
never occur, so the I = J term of Eq. [28] drops out, and the remaining g;,; converge to a common value g. This yields

g=g (gz [€FCnOCC (1 — F9)nOPC) 1 g(1 - g)[CGG(nGCB n nBCG)
4 (1= B9 (nCPP 4 nBPCY] 4 (1 - ¢)2[cCnBCB 4 (1 - BDB])
Fg(l—g) (gz[(cGB 4 BCY)RGCC | (g _ (G5 _ CBG)nGDG] + g(1 = g)[(cCB + BC)(nCCE 4 nBCC)
4 (2= OF _ (BG)(nCPB | nBDCY 4 (1 _ )2[(PF 4 PGB8 | (2 — CGB _ CBG)nBDBD
F(1- g)2<g2[CBBnGCG + (1= PBYnCPG 4 (1 — g)[cBB(nCCB 4 nBCY)

+ (1= PB)(nCPE 4 nBPGY)] 4 (1 — ¢)2[cPBnBCE 4 (1 CBB)nBDBD.

If we specify that the action rule does not depend on the reputation of the actor, we have ¢¢ = ¢f¢ = ¢ and
B = ¢PB = ¢B. We obtain a familiar expression:
g=g ( [CG GCG + (1 _ CG)nG'DG] + g(l _ g)[CG(TLGCB + TLBCG)
+ (1 —c )(TLGDB + nBDG)] 4 (1 _ g)Q[CGnBCB + (1 _ CG)nBDB])
+9(1 = 9)(8*[(c” +cmC + (2= P — TP 4 g(1 — g)[(c” + ) (nTF 4 nP)

+ (2 _ CB _ CG)(TLGDB + nBDG)] + (1 _ g)2[(cB + CG)nBCB + (2 _ CB _ CG)TLBDB})
B, GCG

. 9)2(92[0 n (- CB)nGDG] g(l— g)[cB(nGCB + nBCG)
- CB)(nGDB + nBDG)} - 9)2[CBnBCB (- CB)nBDB])

-4 (CG [nCCC _ nGCB _ ,BOG | \BCB _ ,GDG | ,GDE , ,BDG _ 5DE|
B[nCCC _ nGCB _ ,BCG 4 ,BCB _ ,GDG 4 ,GDB | [ BDG _ nBDB])

+ 2 (CG [nCCB 4 nBCC _ 9 BCB _ jGDB _ BDG 4 o, BDB
+ cPnceC _ 2nGCB nBCG | 3pBCB _ nGDG | 9,GDB | 9, BDG _ 3, BDE)
4+ nGPG _ ,GDB _ [ BDG nBDB)
+ g(cG(nBCB _ pBPBy 4 (B(nGCB 4 nBCG _3,BCB_,GDB _ BDG , 3,BDB)
4+ nGPB | ,BDG _ anDB)
+ B (nBCE _ BBy | BDB

This expression is equivalent to equation 20 from the supplement of (9), which considered third-order norms with private
information but only one action rule (the classic “discriminator” strategy: cooperate with good and defect with bad,
irrespective of one’s own reputation).

7. Multiple groups with disjoint strategic imitation

In the preceding analyses, we have assumed that individuals freely copy strategies across groups (well-mixed copying), so
that the impact of population structure was to partition reputation information and game play into distinct groups. In this
section we consider a model in which, in addition, strategic imitation occurs only within groups, disallowing imitation
between groups (disjoint copying). Even when strategic updates are constricted in this manner, game play interactions
between groups mean that the strategic composition of one group may shape the composition in another group. Here we
consider the case of K = 2 groups, disallowing strategic imitation across groups. This model requires that we keep track
of the strategy frequencies in each of the groups separately.
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7.1. Strategic type dynamics. When strategies cannot be copied between groups, we must independently track the
frequencies and fitnesses of types within each group. We zero in on the case of two groups. Fitnesses are given by

d

I = (1= wa) [(n L5 + £ g5+ valf + £ g%D) -
HfZ(l—uw)[b(m 5+ L gia) + valfs + £ g1 2] )}

0 = (1= ) bl + FgTa] + walf + Fla])) — cga
1 = (1= o) b lf + f 930) + el + £ 352D) = ]
( )
(ml D)

H;:(l—ux)[b V1f1 +f1921}+”2[f2 +f2922 }

HQZ:(l—uz):b n[fi +f1921}+1’2[f2 +f2922 — CYe, ]

Armed with these fitness expressions, we can study how the strategic composition of one group affects the other. We
first consider the behavior of strategies in group 1, when group 2 is exogenously fixed for either DISC or ALLD. Figure
S7 shows the dynamics that arise in these cases, for one choice of parameter values: 11 = v2 =1/2,b=2,¢c =1, and
uq = uy = .02. When strategic types are copied in a well-mixed manner (top row), Shunning cannot sustain cooperation,
whereas Stern Judging and Simple Standing both maintain sizeable basins of attraction toward cooperation. When group
2 is exogenously fixed for DISC, this remains the case, as good behavior in group 1 from the perspective of group 2 is
rewarded. When group 2 is exogenously fixed for ALLD, none of the three norms we consider can sustain cooperation, as
discriminators waste fitness on cooperative acts with group 2 that will never be repaid in kind.

In the subsequent section (7.2), we show that under disjoint copying, when group 2 is fixed for defectors, the
all-discriminator equilibrium in group 1 is stable against invasion by defectors provided

1 1
c” v1(PGC — PGD) " (e —uq)’

(This reduces to the one-group case in the limit 4 — 1.) In the example shown in Figure S7, we have b = 2 and ¢ = 1.
The critical b/c value is slightly greater than 2, meaning that the all-discriminator equilibrium just barely fails to be stable
(bottom row). When groups are partitioned in this manner and copying is disjoint, discriminators in one group “waste”
effort on defectors in the other group: the other group contains no discriminators, so they can only accrue a payoff due
to discriminators in their own group. This wasted effort manifests as a lower average payoff for discriminators, which
increases the temptation to defect.

When group 2 is fixed for discriminators, however, this can help group 1 discriminators resist invasion by defectors
(middle row of Figure S7). How much help is provided by group 2 depends sensitively on the social norm, specifically
how likely discriminators in one group are to look kindly upon discriminators with different reputational views. Under
Shunning, any interaction with an individual with a bad reputation yields a bad reputation; under Simple Standing, any
such interaction yields a good reputation; and Stern Judging is intermediate between the two. This helps explain the
behavior of equilibria along the Y — Z edge of the simplex seen in Figure S7. Under Shunning, the all-Z equilibrium is
unstable; under Stern Judging and Simple Standing, it is stable, and there exists an unstable mixed Y — Z equilibrium,
corresponding to a slice of phase space that is drawn to the all-Z stable equilibrium. This slice of phase space is larger
under Simple Standing than under Stern Judging, as expected.

When strategies are freely copied across groups (well-mixed copying), strategy frequencies equilibrate quickly, and
their dynamics can be understood in terms of group-averaged reputations. What we have shown here is that even in
the polar opposite copying scenario (disjoint copying), the fact that individuals freely interact across group lines causes
their dynamics to be linked. The general tendency is that discriminators in one group make it easier for discriminators to
proliferate in the other group, whether by making the other group’s discriminators stable against invasion or even by
making defectors vulnerable to invasion by discriminators. Conversely, defectors in one group can render another group
more vulnerable to invasion by defectors. And so even without direct strategy copying, gameplay between disjoint groups
can cause their strategic compositions to resemble each other.

7.2. Behavior of equilibria. We now turn to an analytical treatment of the equilibria seen in Figure S7, specifically those
along the DISC-ALLD edge; this will allow us to glean some insight into under what circumstances group 1 can be invaded
when group 2’s strategic composition is fixed. When DISC and ALLD are the only two strategic types present, their
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Fig. S7. Strategy frequency dynamics for one of two equally-sized groups (v1 = v2 = 1/2) under Shunning, Stern Judging, and Simple
Standing. In all panels, the dynamics of strategy frequencies in group 1 are shown. The top row corresponds to well-mixed copying; the bottom
two rows correspond to disjoint copying, with group 2 fixed for either DISC or ALLD. Under Stern Judging of Simple Standing, fixing group 2 for
DISC increases the basin of attraction for cooperation in group 1, whereas fixing group 2 for ALLD reduces the cooperative basin in group 1. In
all panels, b =2, c =1, uq = uz = 0.02.

fitnesses are given by

HY:(lfuz) b V1f1 911+V2f2g12 }

07 = (1 —ua) |b(vafi 911+V2f2 91 — CGe,1 }

( )
( )
I = (1= ) [b(va S s + et 3a) |
( ) -

HQZ:(lfuz

~

b V1f1 921+V2f2 922 CGe,2 }

7.2.1. Both groups fixed for ALLD. Let f = fZ be the frequency of Z in group 1. For DISC to invade ALLD in group 1, we
would require

(0 )lj=0>0
Z Y
Wy ca gy =0 > W [y ca gy =
. —cge,1 > 0.

Since ¢ and g2 are both positive numbers, Z cannot invade.
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7.2.2. Both groups fixed for DISC. Assume now that both groups are fixed for DISC. For ALLD to invade DISC in group 1, we
would require

y z
I ‘flzzl,fle > 10 |f12:1,f2Z:1

b(”lgly,l + V29§2)‘f12:1,f22:1 > b(Vlglz,l + V2912,2)|f12:1,f22:1 — CGe,1

9 < Je,1

¢ w9y —al) +v2(97, —a),)

b Je,1

< u .
¢ Gia2109(PGC — PGP — PBC 4 PBD) 4 g, [1/1(PGC — PGD) 4 1p(PBC — PBD)}

This is less stringent than the standard condition b/c < 1/(P®“ — P9?) = 1/(e — u,) for one group. Discriminators in
group 1 contribute much more weakly to the fitness of discriminators in group 2 and thus offer limited protection against

invasion by defectors.

7.2.3. One group fixed for ALLD, other for DISC. Suppose that group 1 is fixed for DISC and 2 is fixed for ALLD. We now
investigate whether ALLD can invade 1 and DISC can invade 2, respectively.

In the first case, let f be the frequency of ALLD in group 1 (that is, f¥ ). ALLD can invade 1 provided

05 f)lr=0 >0

S (O [ = T0))) =0 > 0

SO = T = (1= HTD)]) =0 > 0

2@ = O~ (f - f YD) =0 > 0

S (O = £ —TE))) =0 > 0
s([1=2f] [HY 7)) 5=

Hl ‘f:O > H1Z|f:0

(£ ol + vt ola)] > [b(nsFafs +varofa) = cges

Y—o0,f¥ =1 fY=0y=1
. Y Z J—
Sobrigrn > brigin — cgen 5 —o.sY o1
cLobuy (glz,l — gfl) < CGe,1
b Je,1
S ——
c V1(91Z,1 *gfl)
b o1
e 11[9e,1PEC 4 (1 — ge,1)PBP — go,1 PP — (1 — ge,1)PBP]
. 9< Je,1
"o S Digen(PGC — PoD)
b 1 1
"¢ v (PGC — PBDY T yi(e—ug)

Letting v1 — 1 allows us to recover the one-group condition, b/c < 1/(PY“ — PSP) = 1/(e — u,). Since v1 < 1, this is
generally less strict than the one-group condition: the fact that the second group consists entirely of defectors makes it
more difficult for the first group to resist invasion by defectors.

We now consider the second case, i.e., whether DISC can invade 2, which is fixed for ALLD. Let f now be the frequency
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of DISC in group 2 (that is, fZ). DISC being able to invade requires
@5 )lg=0 >0
20 =0 > 13 [ =0

| (sl ks +vaff o = cou2)] |

> b(vifigzn +12fs 950) ,
1

7=1.17=0 7=1,17=0

bl/1(922,1 - 9;1) > Cge,1

Je,1
n [GQJ(PGC — PGD _ pPBC | PGD) 4 g, ,(PBC — PBD)] ’

This is distinct from the single-group case, in which DISC (Z) can never invade ALLD (Y") (which corresponds to v1 — 0,
blowing up the denominator). In this scenario, discriminators in group 1 can help discriminators in group 2 rise in
frequency, even though they are not guaranteed to have good opinions of discriminators in group 2.

8. Derivation of replicator equation under different copying models
Here we explicitly derive the replicator dynamics for various group-wise strategy copying scenarios. In this section we use

i and j to denote strategic types, as opposed to s and s’.

8.1. One group. Consider first the case of a single group. We have the following events to take into account:

1. Increase. A type j(# i) individual is chosen to update with probability f7. With probability f?, the compared
individual is type i. The update happens with probability ¢(I17,II*) = 1/(1 + exp[S(II’ — II*)]. The frequency of
type i increases by 1/N.

2. Decrease. A type i individual is chosen to update with probability f ¢, With probability £/, the compared individual
is type j(# ). The update happens with probability ¢(II°,II?). The frequency of type ¢ decreases by 1/N.

Thus,
E[Af] = NIP’ Af - f) _ %P@fi _ 7%)
=~ (ijf oI, IT') - fiZf%(H",Hj))
zlvfi<zfj o, 1m) - ¢(H",Hﬂ')}>.
Note that
IV, I1') = 1 +exp[5tnj —T)] 1 +eXp[,6’1Hj — Hi)]‘ + B(dﬂ {1 +6Xp[ﬁtﬂﬂ Hi)]D ‘ﬁ:o L o)
§+ o[ S BE =) o)
— 3+ o),
Hence

e — 11

H(IF, TI') — G(IT', IF) ~ f=—

+0(8%).
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We therefore have

E[Af] = %fi Z [gfj a1’ — 1) + (9(52)}

Q

51' N2t j
oy 2P —1r)

B i j 179
S CAUD DD SRR
B i &
= oy /1D

This is what ultimately justifies the use of the replicator equation under pairwise comparison. Rescaling time so that, on
average, one update event occurs per time step yields

8.2. Multiple groups, copying only group identity. We now consider that there is more than one group (K > 1) and the
entire population is fixed for the same strategy, but individuals can copy the group identity of others. This turns out to be
almost identical to the one-group case outlined in section 8.1, except that the relevant transition probability is instead

1
(I, 11;) = 1+ exp[B(Ily — HI)].

The remainder of the argument proceeds identically, except with f* and f? replaced with v; and v, and we obtain

vr = V](H[ — H),With

II; = Zf}nir

8.3. Multiple groups, disjoint strategic imitation. When there is more than one group (K > 1), the analysis of SI Section
8.1 holds, except that we must specify that an individual with strategy ¢ in group I can only copy from another individual
in group I (their in-group). We thus obtain

fi=fi(; —1). [29]

8.4. Multiple groups, well-mixed strategic imitation. We now derive the analogous case for multiple groups (K > 1)
with “well-mixed copying”, i.e., individuals do not distinguish between their in-group and out-group when deciding whom
to compare their fitness against and potentially imitate. Let v; be the frequency of group I, and let n; = Nv; fi be the
absolute number of individuals of type I following strategy i. The following events may occur.

1. Increase. A type j individual in group I is chosen to update with probability v; f} . With probability v; f¢, the
compared individual is type i, J, with J € {1... K} (i.e., J can take on the same value as /). The update happens
with probability ¢(II,II%). n} increases by 1.

2. Decrease. A type i individual in group I is chosen to update with probability v; fi. With probability v, fﬂ, the
compared individual is type j(# i), J, with J € {1... K} (i.e,, J can take on the same value as I). The update
happens with probability ¢(II7,I1). n; decreases by 1.
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Thus
E|ani] =P(&n; = 1) - P(an} = -1)

—wa,wam 117, 1Y) fwfIZwaJ ¢ (17, 1))
~u Y vt (3460 ')—wf,zzwff(
_ VI;][Z f; LD vifi]
+u172f1 [Zum Iy J J;J) ~ 1Y wsjan, - )|
:m%[zm (i - fIZfJ} J
+u17[ZwZ(fIfJ Iy — 1) - fi 750, - 1)) ).
:w%[zuj(fsff;)}

J

+w§[¥w £ Zf;rv + AT - ngnﬂ )]

Rescaling time allows us to recast this as an equation for nt. Recalling that nt = Nvr fi, and dropping the 1/2 prefactor,

we have

g )

fioe S walsi = ai] + 5[ S w(siam SRR CEDILS )]
J

J

The proportionality constant will depend on how we rescale time. Note that the first term does not have a /3 prefactor and
roughly corresponds to “neutral” mixing between the two groups. This means that that term will dominate, and thus we
expect f; to equilibrate rapidly to a value common to all /. If we mandate this, the only dynamical quantity becomes

=Y, vifi, so we have

Fe S
uZw[Zw fi HJ—Zf}H] T i - Zf?;H] )]

waf I - ' ZwaJHJ +wa mj - f* ZwaﬂHﬂ
:fl(zwng+zy,n}—fozwnﬂ,—z]”zwn{])
J I i I J J

X fZZZ/J(H?] 71_[(]).
J
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Rescaling time allows us to write this as an equality:

Fr=r v —11y)
- fi(JZ:anf, - ﬁ) = f (1 — ), with
I = ZVZHiL,
M= ZL:VL Zfing = ZZ/LHL = Zfini.
T 3 :

[30]

8.5. Multiple groups, in-group favored (“partially-mixed copying”). We have seen that if individuals freely copy across
group lines, strategy frequencies change much faster due to mixing than due to selection. We now consider the possibility
of partially, but not completely, restricting partner choice for strategy imitation. Let m (for “imitation” or, equivalently,
for “mixing”) be the weight that an individual assigns to the opposite group when deciding whom to imitate, so that
m = 0 corresponds to no mixing (disjoint imitation) and m = 1 corresponds to full mixing. An individual in group I thus
chooses an individual in their own group with probability 1 — m and chooses an individual in a random group J (which
could be I) with probability v;m. For n%, the following events are possible.

1. Increase. A type j individual in group I is chosen to update with probability v, f3. With probability (1 — m)f}, the
compared individual is type 4, I, and with probability v;m f}, the compared individual is type 4, J (J can be I). The
update happens with probability ¢(II,I17) (for ¢, I) or ¢(II3,1I%) (for type 4, J). In either case, n} increases by 1.

2. Decrease. A type 4 individual in group I is chosen to update with probability v; fi. With probability (1 — m) f7, the
compared individual is type j(+# 7), I, and with probability v;m f;, the compared individual is type j(# ), J (J can
be I). The update happens with probability ¢(I17, IT}) (for j,I) or ¢(II3,1I%) (for 5, J). In either case, n; decreases
by 1.
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We thus have

E{Anﬂ - P(M} - 1) - P(Aqﬁ - —1)

—(-m [,,,Zf;f;¢ (IE, T1%) — wr ) Zm(m,nﬂ;)]
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j
_m){wz:f{f}'(fw% —wfIZfI Hé)}
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:myI;[ZfIqufJff,zqufJ]
]WZfIfI T} —117)
oY fo [va (5 —T1)) = £ 3w f (10, — 119)
;
= v [Zw (- fIZfJ}
+ (1 —m)vr g fi (10 —Zﬁﬂ?
+my,g[;w;(ﬁmne—n;>—f;fz<nf;—n3>>]-
:m,,,;[z;mf}—f%)}

i1 — 1)

o 2|3 wa (F50T — 1) + i (01— 1))
J

+ (1 —m)vy

Recalling that n} = Nv; f{, the replicator dynamics are given by
bi 1 i i
J1x m§ [Z:VJ(fJ - fI):|
w
+ (1= m) 7 fi (10 — I )

+m [ S v (ssan - 1) + it - 1)) |

J
o % [Zu.z(ffr *f})}
+(1- m)f}(nll - HI)

+ %{ZV‘I(]{ZJ(HS — ;) + f1(11; _HJ):|
J

As usual, the  can be converted into = by rescaling time. In each equation, the first term (proportional to m/w) sets the
rate of between-group “neutral” mixing, the second corresponds to within-group selection, and the third corresponds to
between-group selection. Note that setting m = 0 yields Eq. [29] and setting m = 1 yields Eq. [30], subject to rescaling.
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8.6. Multiple groups, copying both strategy and group identity. We now assume that individuals engage in both well-
mixed strategic copying and copying of group identity. With probability 7, an individual resolves to update their group
identity; with probability 1 — 7, they resolve to update their behavioral strategy. We consider here the possible change in

1. Increase...

(a) ...by changing group identity. A type ¢ individual in group J € {1... K} is chosen to update with probability
v f4. With probability 7, they choose to update their group identity. With probability v; f7, the comparison
partner is type j (any strategy) and in group I. The update happens with probability ¢(IT%, TT}).

(b) ...by changing behavioral strategy. A type j (any strategy) individual in group [ is chosen to update with
probability v; f7. With probability 1 — 7, they choose to update their behavioral strategy. With probability v, f7,
the comparison partner is type ¢ and in group J € {1... K}. The update happens with probability ¢(II}, IT}).

2. Decrease...

(a) ...by changing group identity. A type i individual in group I is chosen to update with probability v; f;. With
probability 7, they choose to update their group identity. With probability v; f7, the comparison partner is
type j (any strategy) and in group J € {1... K}. The update happens with probability ¢(I1}, I1).

(b) ...by changing behavioral strategy. A type i individual in group [ is chosen to update with probability v fi
With probability 1 — 7, they choose to update their behavioral strategy. With probability v, f7, the comparison
partner is type j (any strategy) and in group J € {1... K}. The update happens with probability ¢(II;,IT7).
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We have
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Observe that the f* — f} term lacks a prefactor and therefore will dominate, so we expect that all i owill rapidly
equilibrate to a common value f*. The result is actually a system of equations in both f; and vy, since vy = Zj ny /N
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and f* = n'/(Nvr). Thus

vy = %Zni
S = %anl

2
==
(]
AS
=
|

1+ 2 (=20 (S vasim) - ) + 41 (1 - 1) |)

Bl S (S - o) + 3 g )

j J
st o
= i1/157'(1_[1 - H)

As expected, when 7 — 0 (i.e., individuals never update their group identity), this vanishes. For positive 7, v; changes at
a rate that depends on the difference between v/’s fitness and the population average. We can take advantage of the fact
that the f; equilibrate rapidly to a common value f* and average out the fact that fitnesses IT; may differ by group, by
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considering only
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Sending 7 — 1 (i.e., individuals only ever update their group identity, not their behavioral strategy) yields f* = 0 due to
selection. (The leading term in the expression for n? still has no /3 prefactor and, thus, corresponds to the fi equilibrating
as a result of random group identity switching, even in the absence of behavioral strategy updating, so the necessary
assumption that the f; equilibrate rapidly is not violated.) Rescaling time again so as to drop the 3/N prefactor yields the
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system of equations

8.7. Multiple groups, with an immediate switching cost. We now impose a fitness cost to switching groups, so that
individuals are less likely to switch groups. Call the cost «v. Imposing this fitness cost is tantamount to amending the form

D[ = V[T(H] — l:[)7
fr=ra-na .

of ¢(I17,I1;), so that

1

P ) = B, — T — )]’
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Thus,
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1 1 d 1 )
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1 (II; — Iy — o) exp[B(Il; — II; — a)] 2
T2 +h (1 +exp[(I1; —II; — )])? Hﬁzo—i_o(ﬁ )
= S+ =Y o).
Hence

(I, T0r) = 6(Iy, ) & f———— — f———— + O(5")
~ G 4 O3
We therefore have
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J
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This model with an instantaneous switching cost is identical to equation 8.2, i.e., the case of no switching cost.

8.8. Multiple groups, with a transient switching cost. We now posit that there is a “cost” to switching group membership,
but that the cost continues to impacts an individual’s fitness for some duration after the switch. The cost is «, and the rate
at which individuals transition from the “new” state to the “established” state is o. In other words, an individual who
switches to a new group pays a fitness cost « for a typical duration of time 1/o — after which the individual becomes an
established member of the group and no longer pays the cost of having switched.

We also posit that, when an individual switches back to their old group, they no longer suffer the cost. Individuals can
end up in the “new” category in their opposing group by being “old™ in their current group and comparing their fitness
to that of either “old” or “new”™ individuals in the opposing group. Individuals can end up in the “old” category in their
opposing group either by being “new” in that group and transitioning (at rate o) or by being “new” in their current group
and (via selection) switching groups.

Under this model, consider the dynamics of v1". It can change by:

1. Increase. A group 2, old individual (probability 5'¢) compares themselves to any group 1 individual, either old or
new (probability V“ew or v, respectively). The update then happens with probability ¢(II3¢, IT5") or ¢ (134, I19'¢)
respectively.

2. Decrease. A group 1,new individual (probability v1*") compares themselves to any group 2 individual, either
old or new (probablhty 3% or 34, respectively). The update then happens with probability ¢(IT3", IT53") or

S(I1RY TI3) respectively. Otherwise, 11" also constantly decreases at rate o.
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Recalling that
Hxllew _ Hgld

SR IN™) ~ 5 + f———2= + O(5%),

1
2

we thus have

1 1
A newj __ (A new_i) (A new__i)
Ef I= N N N N
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1 Hold Hold Hnew Hold
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DR 2 1 2 2 1 2 ﬁ 4
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1 V2 (%+f)*51/1
In the low-g limit, this is
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vy, |V — I 2 — OV .

after rescaling o.
Likewise, consider ©$". It can change by:

1. Increase. A group 2, new individual (probability 5°") compares themselves to any group 1 individual, either old or
new (probability y“ew or 19, respectively). The update then happens with probability ¢(II3*", IT3*") or ¢(IT5", T13!)

new

respectively. The increase also happens secularly at rate ov7".

2. Decrease. A group 1, old individual (probability »'¢) compares themselves to any group 2 individual, either old or
new (probability V"ew or 13", respectively). The update then happens with probability ¢(IT$'¢, TI5*V) or ¢(I1, T13)
respectively.

Thus,

E[AL4)] N]P<A old %) _ N]P)<A old _%)
1 new 0. new (ol new new new
=N <V2 (I, T19) + L1 (I3, TI°)]

old[ gld ¢(Hold Hgld) 4 phew ¢(H?1d71—[r21ew>] oy )

1 Hold Hnew Hnew Hnew
~ N (VSeW[ old( + /3 )+ neW( + B )]
Hold Hold Hnew Hold
— I/?ld[ old( +ﬂ )+ neW( +ﬁ )] + Vnew )
V;)ld _ Vgewygld Hl _2 ngw + gew new (% Hrllew ; ngw)
_old,old (i g — H?ld) T pew
1 2 2 5 4 6 1
In the low-g limit, this is
. old new  new old  old new
Uy R Vy Vv —UV] Vg Fovy .
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The total 2 is
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after rescaling time to eliminate the 1/2 constant and defining

1:[1 _ (Vilewnrllew + V?ldngld)/lll,

1:[2 _ (l/gewngew + Vgldngld)/l/}
Note that the expression for 7, is independent of 3, but the individual expressions for #1*¥ and 9'¢ contain inverse powers
of 3; the approximate (“low-3") expressions are independent of the fitnesses. This means we may make the Ansatz that,
while v; changes only slowly (over timescales associated with selection), 17" and "¢ equilibrate quickly in response to

changes in v1; the separation of timescales is set by 1/3. Define p; and po, the fraction of groups 1 and 2 that are in the

“new” state, so that 17" = piv1. Then

-new __ . .
vy = pvi + pia

X P11
CopL = l'/ilew/lll
o= (189 — Y — i) Jn
= (1= p2)(1 = p1)va — prpav2 — op1
=v2(l—p1—p2) —om
=1 =v)(1—p1—p2) —op1,
p2 =vi(l —p1 — p2) — opa.

These equations have an equilibrium at
o 1-— 141 . 1
P1 = 1+0_7p2_ 1+0_a

which is stable.

9. The “main character” effect

A common feature of social networks, especially in social media, is the existence of an individual who is assigned a bad
reputation by the entire population, for example due to high-visibility acts of bad behavior. On social networks like Twitter,
such individuals are referred to as “main characters”. In this section, we consider how the existence of such a “main
character” affects the rate of cooperation in a group-structured population of discriminators (DISC). And we also study
whether unconditional defectors (ALLD) can invade a population of discriminators, when a “main character” is present.

We model the main character effect as follows. We assume that, with probability 1 — m, each individual’s reputation is
assessed based on how they behaved toward a random other individual in the population, as in prior models we have
studied. However, with probability m, the individual is instead assessed based on how they behaved towards the singular
main character. (For simplicity, we do not consider insular social interactions in this version of the model.) Since the main
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character is considered bad by the entire population, a discriminator will assuredly defect with them. The reputational
profile of discriminators is thus given by

gn = (1 — m)[ PP 41— g)PBD} +mpPBP
( m)g(PGC . PBD) PBD

Goue = (1 — m) [GPGC (9 — G)(PCP 4+ PBC) 4 (1 —2¢ + G)PBD] 4 mpBP
—(1- m)[ G(PSC _ pCP _ PBC+PBD)+g(PGD+PBC_2PBD)] + pBP,

in which

_ 9+ (K~ Dour

_ " ,

2gingout + (K — 2)(gou)*
N .

Here, g is the average reputation (which is also the average cooperation rate in the remainder of the population, i.e.,
excluding the main character), and G is a particular form of G, s, the probability that an observer regards an out-group
donor’s action as good.

Next, we consider the temptation to become an unconditional defector. Discriminators resist this temptation provided

G =

Hz‘fzzl >HY|fz:1
(b—c)g>bgy
by 9

¢ g—gv’

in which
=(1-m) [gPGD +(1- g)PBD] +mpPPP
= (1 —m)g(P°P — PBP) 4 PPV,

The effect of a “main character” is thus twofold. By increasing the relative importance of the PP term in gi, and gour,
it can improve the overall rate of cooperation in a population of discriminators, provided that defecting against a bad
individual is considered good (i.e., PP?? is large, which is true of Stern Judging and Simple Standing but not Shunning).
However, it has a similar effect on the reputational profile of defectors. Thus, as m becomes large, g¥ and g both approach
P8P and the critical b/c ratio needed to sustain a population of discriminators, (b/c)*, goes to infinity.

We zero in on the unique case of Stern Judging, in which there is a large gap between g;, and gou. For simplicity, we set
u; = 0. Some results can be seen in SI Figure S8. In this case, when m = 0, we have

ginzl_uay

1

gout—§7

12y, 1

g= K +§7

y 1 (1—2u,)?
g _5_ K )
b\* 1-2u,+ K
(E) T 2(1 — ua) (1 — 2ua)”

As expected, the cooperation rate g becomes dominated by gou as K grows. When K — oo, we have g = g¥ = 1/2, and
thus it is impossible to sustain cooperation, as (b/c)* — co.

On the other hand, when m — 1, all g terms approach 1 — u,; thus, while a high rate of cooperation in a population
of discriminators is assured for any K, cooperation cannot be sustained, as defectors are guaranteed to invade. In
phenomenological terms, the population cannot distinguish between individuals who defect against the main character
because they are discriminators punishing someone they see as bad and individuals who defect against the main character
because they are unconditional defectors; the defectors accrue slightly higher fitness because they never cooperate with
the rest of the population.

For intermediate values of m, an intriguing picture emerges. While the cooperation rate g always grows with m, the
critical ratio (b/c)* is non-monotonic in m; in general there is a unique value of m, which we call m*, that minimizes
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(b/c)” and thus makes it easiest for populations to resist invasion by defectors. For example, when K = 2 and m = 0, we
have b -
* — 2Uq
2y =2 f7e 31
(c) 2 — 6uq + 4u? [31]

The critical value of m is

m* _ \/E(l - 2\/77(1* 2ua)
(14 Vua)(1 = 2ua)

at which b .
* — Uq
Z) = e 32
(c) (1—+/ua)? [32]
For u, = 0.02, Eq. [31] is approximately 1.57, whereas Eq. [32] is approximately 1.33; the critical value m™ is approxi-
mately 0.09.
As K — oo, cooperation can never be sustained when m = 0. The critical value of m is given by
m" = 1
2 )

at which

( b ) o 2
c 1—2v/ua(l — ua)
For uq = 0.02, this is approximately 2.78.

Thus, somewhat remarkably, a “main character” can stabilize cooperation even in the limit of private assessment
(K — o0), by providing a common enemy and fomenting consensus among otherwise fragmented gossip groups. However,
when main character interactions become too important in determining one’s reputation, this advantage dissipates and
it becomes more difficult to sustain cooperation. Second-order effects of a main character, such as the possibility of a
“bounty” for identifying a main character (and the corresponding incentive to seek one out), are exciting potential topics
for future research. Notably absent from our analysis is any consideration of the welfare of the main character themself,
who is always targeted for defection irrespective of their behavior.
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Fig. S8. The effect of a “main character”, a high-visibility individual who is considered bad by the entire population. In both plots, the norm is
Stern Judging, and error rates are u, = 0.02, u; = 0. Left plot: the average cooperation rate in the remainder of the population g, when the
population consists entirely of discriminators. As individuals are more likely to be judged on their interactions with the main character (i.e., as
m increases), g increases. Right: the critical value (b/c)* needed for discriminators to resist the temptation to become unconditional defectors.
A moderate value of m can decrease this value, but a yet higher value of m pushes (b/c)* towards infinity, rendering it impossible to sustain
cooperation.
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