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Winners don't punish

Anna Dreber"®*, David G. Rand"**, Drew Fudenberg® & Martin A. Nowak"*>

A key aspect of human behaviour is cooperation'”. We tend to
help others even if costs are involved. We are more likely to help
when the costs are small and the benefits for the other person
significant. Cooperation leads to a tension between what is best
for the individual and what is best for the group. A group does
better if everyone cooperates, but each individual is tempted to
defect. Recently there has been much interest in exploring the
effect of costly punishment on human cooperation®*?*. Costly
punishment means paying a cost for another individual to incur
a cost. It has been suggested that costly punishment promotes
cooperation even in non-repeated games and without any possi-
bility of reputation effects'®. But most of our interactions are
repeated and reputation is always at stake. Thus, if costly punish-
ment is important in promoting cooperation, it must do so in a
repeated setting. We have performed experiments in which, in
each round of a repeated game, people choose between coopera-
tion, defection and costly punishment. In control experiments,
people could only cooperate or defect. Here we show that the
option of costly punishment increases the amount of cooperation
but not the average payoff of the group. Furthermore, there is a
strong negative correlation between total payoff and use of costly
punishment. Those people who gain the highest total payoff tend
not to use costly punishment: winners don’t punish. This suggests
that costly punishment behaviour is maladaptive in cooperation
games and might have evolved for other reasons.

The essence of cooperation is described by the Prisoner’s
Dilemma. Two players have a choice between cooperation, C, and
defection, D. If both players cooperate they get more than if both
defect, but defecting against a cooperator leads to the highest payoff,
while cooperating with a defector leads to the lowest payoff. One way
to construct a Prisoner’s Dilemma is by assuming that cooperation
implies paying a cost for the other person to receive a benefit, whereas
defection implies taking something away from the other person
(Fig. 1).

Without any mechanism for the evolution of cooperation, natural
selection favours defection. However, several such mechanisms have
been proposed, including direct and indirect reciprocity’. Direct
reciprocity means there are repeated encounters between the same
two individuals, and my behaviour depends on what you have done
to me'™*. Indirect reciprocity means there are repeated encounters
within a group; my behaviour also depends on what you have done to
others.

Costly (or altruistic) punishment, P, means that one person pays a
cost for another person to incur a cost. People are willing to use costly
punishment against others who have defected®'®. Costly punishment
is not a mechanism for the evolution of cooperation’ but requires a
mechanism for its evolution'. Like the idea of reputation effects™,
costly punishment is a form of direct or indirect reciprocity: if I
punish you because you have defected against me, direct reciprocity
is used; if I punish you because you have defected with others,

indirect reciprocity is at work. The concept of costly punishment
suggests that the basic game should be extended from two possible
behaviours (C and D) to three (C, D and P). Here we investigate the
consequences of this extension for the repeated Prisoner’s Dilemma.

A total of 104 subjects participated in repeated Prisoner’s Dilemma
experiments at the Harvard Business School Computer Lab for
Experimental Research. Participants interacted anonymously in pair-
wise encounters by means of computer screens. Subjects did not
know how long each interaction would last, but knew that the pro-
bability of another round was 0.75 (as in ref. 25). In any given round,
the subjects chose simultaneously between all available options,
which were presented in a neutral language. After each round, the
subjects were shown the other person’s choice as well as both
payoff scores. At the end of the interaction, the participants were
presented with the final scores and then randomly rematched for
another interaction.

We performed two control experiments (C1 and C2) and two
treatments (T1 and T2). In the control experiments, people played
a standard repeated Prisoner’s Dilemma. In each round they could
either cooperate or defect. Cooperation meant paying 1 unit for the
other person to receive 2 units (in Cl and T1) or 3 units (in C2 and
T2). Defection meant gaining 1 unit ata cost of 1 for the other person.
In the treatments, people had three options in every round: coope-
rate, defect or punish. Punishment meant paying 1 unit for the other
person to lose 4. We used a 4:1 punishment technology because it has
been shown to be more effective in promoting cooperation than
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Figure 1| Payoff values. a, The game is formulated in terms of unilateral
moves. There is the choice between cooperation (C), defection (D) and
costly punishment (P). Cooperation means paying a cost ¢ for the other
person to get a benefit b. Defection means earning a payoff d at a cost d to the
other person. Punishment means paying a cost o for the other person to
incur a cost f5. b, The payoff matrix is constructed from these unilateral
moves. ¢, d, The actual payoff matrices of our experiments: C1 and T1 (c); C2
and T2 (d).
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other ratios". The resulting payoff matrices are shown in Fig. 1. See
Supplementary Information for more details.

Figure 2 shows some examples of games that occurred in the treat-
ments T1 and T2. A number of games were all-out cooperation.
Sometimes cooperation could be maintained by forgiving an oppo-
nent’s defection. At other times, defection in response to defection
was able to restore cooperation. Typically, costly punishment did not
re-establish cooperation. In some cases, costly punishment provoked
counter-punishment, thereby assuring mutual destruction. Giving
people the option of costly punishment can also lead to unprovoked
first strikes, with disastrous consequences.

Comparing the two control experiments, C1 and C2, we find that
the frequency of cooperation increases as the benefit-to-cost ratio
increases. In C1, 21.2% of decisions are cooperation, in contrast with
43.0% in C2. For both parameter choices, cooperation is a sub-game
perfect equilibrium. Comparing each control experiment with its
corresponding treatment, we find that punishment increases the fre-
quency of cooperation. In T1 and T2, 52.4% and 59.7% of all deci-
sions are cooperation.

Punishment, however, does not increase the average payoff. In T1
and T2, we observe that 7.6% and 5.8% of decisions are punishment,
P. We find no significant difference in the average payoff when com-
paring C1 with T1 and C2 with T2. Punishment therefore has no
benefit for the group, which makes it hard to argue that punishment
might have evolved by group selection®.

Examining the data of experiments T1 and T2 at the individual
level, we find no correlation between the use of cooperation or defec-
tion and payoff, but a strong negative correlation between the use of
punishment and payoff (Fig. 3). In experiment T1, the five top-
ranked players, who earned the highest total payoff, have never used
costly punishment. In both experiments, the players who end up with
the lowest payoff tend to punish most often. Hence, for maximizing
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a Nice people finish first

cccc 8 1

cccc 8 2
b Punish and perish

CPPPP -10 25
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¢ Defection restores cooperation
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Figure 2 | Games people played. There were 1,230 pairwise repeated
interactions, each lasting between one and nine rounds. Some examples are
given (b, e and g are from T1; the others are from T2). The two players’
moves, the cumulative payoff of that interaction and the final rank of each
player (sorted from highest to lowest payoff) are shown. a, All-out
cooperation between two top-ranked players. b, Punish and perish.

¢, Defection for defection can sometimes restore cooperation. d, Turning the
other cheek can also restore cooperation. e, Mutual punishment is mutual
destruction. f, Punishment does not restore cooperation. Player 1 punishes a
defection, which leads to mutual defection. Then player 1 is unsatisfied and
deals out more punishment. g, “Guns don’t kill people, people kill people.”
(Punishment itself is not destructive, only the people who use it.) Here, an
unprovoked first strike destroys cooperation. The option to punish allows
irrational people to inflict harm on the undeserving.
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the overall income it is best never to punish: winners don’t punish
(Fig. 3).

It might be that the winners of our experiment were merely lucky
in that they were paired with people against whom punishment was
not necessary. To test this hypothesis, we analysed the correlation
between payoff and the first-order conditional strategies used by
people. Figure 4 illustrates a strong negative correlation between
payoff and the probability to use punishment, P, after the opponent
has defected, D. Winners tend to respond by using D against D,
whereas losers use P against D. The response to another person’s
defection is the only strategic feature that is clearly correlated with
winning or losing the game. Winners play a tit-for-tat-like strategy™*,
whereas losers use costly punishment.

It could be that using costly punishment becomes more beneficial
as the game progresses. To test this possibility, we separately analysed
the data from the last one-quarter of all interactions. Again, it
remains true that there is a strong negative correlation between an
individual’s payoff and that individual’s use of costly punishment.

In previous experiments, punishment was usually offered as a
separate option after one or several rounds of a public goods game.
The public goods game is a multi-person Prisoner’s Dilemma, in
which each player can invest a certain sum into a common pool,
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Figure 3 | Punish and perish. In both treatments T1 (red; b/c = 2) and T2
(blue; b/c = 3), there is no correlation between average payoff per round and
use of cooperation (quantile regression; a, P = 0.33; b, P = 0.21) or between
average payoff per round and use of defection (¢, P = 0.66; d, P = 0.36).
However, there is a significant negative correlation between average payoff
per round and punishment use in both treatments (e, slope = —0.042,

P <0.001; f, slope = —0.029, P = 0.015). Punishment use is the overriding
determinant of payoff. The x axis in a—f shows the total number of moves of
the given type made over the course of the experiment. g, h, Ranking players
according to their total payoff shows a clear trend: players with lower rank
(higher payoffs) punish less than players with higher rank (lower payoff).
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Figure 4 | Tit-for-tat prevails over costly punishment. Lower payoffs are
correlated not only with punishment use, but also specifically with choosing
to punish after the opponent has defected. The probability of punishing
immediately after a co-player’s defection is negatively correlated with the
average payoff per round, both in T1 (a; b/c = 2) and in T2 (b; b/c = 3)
(quantile regression; a, slope = —0.81, P < 0.001; b, slope = —0.94,

P =0.015). Thus, the lower payoffs of punishers were not caused by the bad
luck of interacting with defectors. Winners use a tit-for-tat-like approach (D
for D), whereas losers use costly punishment (P for D).

which is then multiplied by a factor and equally divided between all
players irrespective of whether they have invested or not*. After the
public goods game, people are asked if they want to pay money for
others to lose money. People are willing to use this option to punish
those who have invested nothing or only very little, and the presence
of this option has been found to increase contributions®'.

Careful analysis, however, has revealed that, in most cases, punish-
ment does not increase the average payoff. In some experiments,
punishment reduces the average payoff®'*'>”’, whereas in others it
does not lead to a significant change'"'*'*. Only once has punishment
been found to increase the average payoff'’. The higher frequency of
cooperation is usually offset by the cost of punishment, which affects
both the punisher and the punished. Our findings are in agreement
with this observation: the option of costly punishment does not
increase the average payoff of the group. It is possible, however, that
in longer experiments and for particular parameter values punish-
ment might increase the average payoff.

It is sometimes argued that costly punishment is a mechanism for
stabilizing cooperation in anonymous, one-shot games. But whether
or not this is the case seems to be of little importance, because most of
our interactions occur in a context where repetition is possible and
reputation matters. For millions of years of human evolution, our
ancestors have lived in relatively small groups in which people knew
each other. Interactions in such groups are certainly repeated and
open ended. Thus, our strategic instincts have been evolving in situa-
tions where it is likely that others either directly observe my actions
or eventually find out about them. In addition, in modern life most
of our interactions occur with people whom we meet frequently.
Typically, we can never rule out ‘subsequent rounds’. Therefore, if
costly punishment is important for the evolution of human coopera-
tion, then it must have a beneficial role in the setting of repeated
games. Our findings do not support this claim.

We also believe that our current design has some additional advan-
tages over previous ones. In our setting, costly punishment is always
one of three options. Hence, there is an opportunity cost for using
punishment, because the subject forfeits the opportunity to coope-
rate or to defect. Our design also minimizes the experimenter and
participant demand effects®®, because there are always several
options”. In many previous experiments retaliation for punishment
is not possible’'**’, but it is a natural feature of our setting.

Thus, our data show that costly punishment strongly disfavours
the individual who uses it and hence it is opposed by individual
selection in cooperation games in which direct reciprocity is possible.
We conclude that costly punishment might have evolved for reasons
other than promoting cooperation, such as coercing individuals into
submission and establishing dominance hierarchies®*’. Punishment
might enable a group to exert control over individual behaviour. A
stronger individual could use punishment to dominate weaker ones.
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People engage in conflicts and know that conflicts can carry costs.
Costly punishment serves to escalate conflicts, not to moderate them.
Costly punishment might force people to submit, but not to coope-
rate. It could be that costly punishment is beneficial in these other
games, but the use of costly punishment in games of cooperation
seems to be maladaptive. We have shown that in the framework of
direct reciprocity, winners do not use costly punishment, whereas
losers punish and perish.

METHODS SUMMARY

A total of 104 subjects (45 women, 59 men, mean age 22.2 years) from Boston-
area colleges and universities participated voluntarily in a modified repeated
Prisoner’s Dilemma game at the Harvard Business School Computer Lab for
Experimental Research (CLER). The lab consists of 36 computers, which are
visually partitioned. The participants interacted anonymously through the soft-
ware z-Tree” and were from a number of different schools and a wide range of
fields of study; it was therefore unlikely that any subject would know more than
one other person in the room. We asked subjects for their sex and major field of
study. No significant difference in level of cooperation, punishment use or payoff
was found between males and females, or between economics majors and non-
economics majors (Mann—Whitney test, P> 0.05 for all sessions). Subjects were
not allowed to participate in more than one session of the experiment. In all, four
sessions were conducted in April and May 2007, with an average of 26 partici-
pants playing an average of 24 interactions, for an average of 79 total rounds per
subject.

Each experiment was begun by reading instructions (included in the
Supplementary Information), answering two test questions to verify under-
standing of the payoffs, and playing a practice interaction against another sub-
ject. At the start of each new interaction, subjects were unaware of the previous
decisions of the other player. After each round, the subjects were shown the other
person’s choice as well as both payoff scores. At the end of the interaction, the
participants were presented with the final scores and then randomly rematched
for another interaction.

In each session, the subjects were paid a $15 show-up fee. Each subject’s final
score summed over all interactions was multiplied by $0.10 to determine addi-
tional earned income. Thus, one game unit corresponded to $0.10. To allow for
negative incomes while maintaining the $15 show-up fee, $5 was added to each
subject’s earned income at the end of the session. Subjects were informed of this
extra $5 at the beginning of the session. The average payment per subject was $26
and the average session length was 1.25h.
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1. Supporting Figures and Data
Figure S1 shows the payoff matrices for each experiment. In all four payoff matrices the strategy Grim —

start playing C and play C unless D has been played in the past — is a subgame-perfect equilibrium with
the specified continuation probability of %a.

C D T1 C D P c2 C D T C D P

1 [ -2 Cl 1 2| -5 Cl 2 -2 Cl| 2 2] -5

D| 3 0 D| 3 0 -3 D| 4 0 D| 4 0 -3
1 2| -5 Pl 2 2] -5

Figure S1. Payoff matrices for each experiment. The row player’s payoff is shown. Each game unit is worth $0.10.

Each pairing of participants was drawn at random from the entire group. Therefore, not all interactions are
independent, because some interactions share the same player. For this reason, we have not conducted our
statistical analysis at the level of interactions (N between 293 and 324, depending on the session), but at
the level of subjects (N between 22 and 30, depending on the session).

We have used quantile regression as opposed to ordinary least squares (OLS) regression in all of our
correlation analyses. Quantile regression has been shown to perform better than ordinary least squares
(OLS) for data with non-Gaussian error distributions' . Average payoff per decision is likely to have a
non-Gaussian error distribution, as subjects using different strategies will presumably have payoffs
centered around different values. Additionally, quantile regression is more robust than OLS to the
presence of outliers'™. For both of these reasons, a quantile regression is more appropriate here than an
ordinary least squares regression for our data. Nonetheless, OLS regression with robust standard error
gives similar results to quantile regression for our data. Regressing average payoff per decision against
punishment use is significant, and gives a similar slope to quantile regression (T1: slope coefficient = -
0.038, p<0.001; T2: slope coefficient = -0.031, p<0.001). Regressing average payoff per decision against
probability to punish in response to defection is significant in T1 (slope coefficient = -.730, p<0.001), and
significant in T2 (slope coefficient =-1.211, p=0.04) with the exclusion of one outlier, who has a
probability to punish in response to defection more than 3 standard deviations greater than the mean.
Quantile regression is less sensitive to outliers than OLS, and so does not necessitate the exclusion of any
data.
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Our random partner-matching method does not prevent cyclic interactions, such as A playing with B, then
B playing with C, and then A playing with C. To assess whether these cycles affect our conclusion, we
have examined the effect of ignoring such interactions. Excluding all interactions between A and C such
that A played with B, then B played with C, and then A played with C (~55% of decisions in C1 and T1,
and ~66% of interactions in C2 and T2), we still find a significant negative correlation between
punishment use and average payoft per round (Quantile regression; T1 slope =-0.068,t=-2.95,p =
0.006; T2, slope =-0.086, t =-2.26, p = 0.034).

As described in the main text, the option for costly punishment significantly increases the average
cooperation frequency (Fisher’s Exact Test, two-tailed; C1 vs T1: p < 0.001; C2 vs T2: p < 0.001), as
shown in Fig. S2A. But the average payoff per round is not significantly different between each control
and its corresponding treatment (Mann-Whitney test; C1 vs T1: z=1.043, p = 0.30; C2 vs T2: z=—-0.231,
p = 0.82), as shown in Fig. S2B. Therefore, punishment does not provide any advantage for the group.
Additionally, the variance in payoffs is larger with punishment than without (C1, std = 14.4; T1, std =
21.5; C2, std = 20.8; T2, std =25.0).
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Figure S2. Cooperation frequency (A) and average payoff per round (B) in each session. Error bars represent standard error of
the mean. There is significantly more cooperation in each treatment than in the corresponding control, but no significant
difference in the average payoff. All control and treatment payoffs are significantly lower than the optimally cooperative
payoff for ALLC play.

In our control experiment C1 (with a b/c ratio of 2), unprovoked defection increases over the course of the
session (Quantile regression, unprovoked defections occurrence against interaction number; slope = 0.5, t
=5.06, p < 0.001). This means people ‘learn’ to defect. In the control experiment C2 (with a b/c ratio of
3), unprovoked defection decreases over the course of the session (Slope = -0.1875, t =-2.65, p = 0.014);
hence, people ‘learn’ to cooperate. Interestingly, in both treatments, T1 and T2, there is no significant
change of unprovoked defection over the course of the session (T1: t=0, p=1.00; T2: t =-1.12,p =
0.27). Hence, the threat of punishment seems to reduce unprovoked defection over time when comparing
C1 with T1, but not when comparing C2 with T2.

In the control treatments, the correlation between average payoff and cooperation use varies between
sessions, as can be seen in Fig. S3. In CI, where the benefit-to-cost ratio is 2, a significant negative
correlation exists between average payoff and cooperation use (Fig. S3A; Quantile regression; t = —2.61,
p =0.015, slope = —0.50). In C2, where the benefit-to-cost ratio is 3, no such correlation exists (Fig. S3B;
Quantile regression; t = 0.77, p = 0.452).

www.nature.com/nature 2
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Figure S3. In the control sessions, the benefit-to-cost ratio affects the correlation between cooperation use and average payoff.
A: In CI1, where the benefit-to-cost ratio is 2, there is a negative correlation between cooperation use and average payoff. B: In
C2, where the benefit-to-cost ratio is 3, no such correlation exists.

In addition to the negative correlation between average payoff and punishment use, and between average
payoff and probability to use punishment in response to defection, there is further evidence that
punishment use is the main determinant of payoff in the treatments. As shown in Fig. S4, punishers get
lower payoffs than non-punishers, despite being equally cooperative. There is no significant difference in
the frequency of cooperation between punishers and non-punishers (Fig. S4A; Mann-Whitney test; T1, z
=-0.392, p=0.69; T2, z=0.900, p = 0.37). Punishers have significantly lower average payoffs than non-
punishers (Fig. S4B; Mann-Whitney test; T1,z=3.262 p = 0.001; T2, z=2.502, p = 0.012). Both of these
results are robust to the inclusion of players who might have “trembled” and punished only once. The
fact that punishers are as cooperative as non-punishers refutes the possibility that the real difference
driving payoffs is cooperation. It could be thought that non-punishers got higher payoffs because they
were defectors whereas the punishers were cooperators, but this is not the case. This analysis further
demonstrates that the key difference between high and low earners is the use of punishment.
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Figure S4. Punishers get lower payoffs than non-punishers, despite being equally cooperative. Error bars represent standard
error of the mean. A: There is no significant difference in the frequency of cooperation between punishers and non-punishers.
B: Punishers have significantly lower payoffs than non-punishers. Both of these results are robust to the inclusion of players
who might have “trembled” and punished only once.

To assess the effect of experience, we have examined the last %4 of interactions. In T1 these are
interactions 15-21. In T2 these are interactions 20-27. In both treatments, there is still a strong negative
correlation between average payoff and punishment use, when considering only the final % of interactions
(Quantile regression; T1: slope =-0.167, t = -4.85, p<0.001; T2 slope =-0.170, t = -4.29, p<0.001).
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Therefore, we conclude that the benefits of punishment are not increasing with experience in our
experiment. Even in the last % of interactions, it is the case that winners don’t punish.

In the traditional approach, the ‘punishment’ for non-cooperative behavior is defection®'’. Tit-for-tat, for
example, cooperates when the co-player has cooperated and defects when the co-player has defected. The
proposal of strong reciprocity'' 2 is to use costly punishment, P, instead of defection, D, in response to a
co-player’s defection. Our data show that such behavior is maladaptive: winners use classical tit-for-tat

like behavior >, while losers use costly punishment.

Average move frequency as a function of round in the treatment sessions is show in Fig. S5. Cooperation
use decreases over the course of an interaction, while defection use increases. Although this may appear
to be an effect of players inappropriately anticipating the game’s end despite the constant probability of
continuation each round, this is not necessarily the case. This same pattern could be explained by a
constant probability to defect coupled with the tit-for-tat style response to defection.

A1 B 1

Frequency
Frequency

Round Round

Figure S5. Average frequency of cooperation (blue), defection (red), and punishment (yellow) over the course of an
interaction, for sessions T1 (A) and T2 (B). As the number of rounds increases, cooperation decreases and defection increases.

As can be seen in Fig. S6, punishment use is almost non-existent in the first round, as one would expect.
In T1, punishment use increases over the course of an interaction. In T2, punishment use is essentially
constant for rounds 2 to 6.

The round in which punishment is first used in a given interaction is shown in Fig. S6. Consistent with
Fig. S5, punishment is rare in the first round. The first use of punishment is most likely to occur in the
second round.
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Figure S6. Histogram of rounds in which punishment is first used. Most often, punishment is first used during round 2, in
response to the action taken by the other player on round 1.

1. Koenker, R. & Bassett, G. Regression Quantiles, Econometrica, 46, 33-50 (1978).

2. Koenker, R. & Hallock, K. Quantile Regression, Journal of Economic Perspectives, 15, 143-156
(2001).

3. Cade, B. & Noon, B.. A Gentle Introduction to Quantile Regression for Ecologists. Frontiers in
Ecology and the Environment, 1, 412-420 (2003).

4. Trivers, R. The evolution of reciprocal altruism. Q. Rev. Biol. 46, 35-57 (1971).
5. Axelrod, R. & Hamilton, W. D. The evolution of cooperation. Science 211, 1390-1396 (1981).

6. Fudenberg, D. and Maskin, E. Evolution and cooperation in noisy repeated games. Am. Econ. Rev. 80,
274-279 (1990).

7. Nowak, M.A. & Sigmund, K. Tit for tat in heterogeneous populations. Nature 355, 250-253 (1992).

8. Binmore, K. & Samuelson, L. Evolutionary stability in repeated games played by finite automata. J. of
Econ. Theory 57, 278-305 (1992).

9. Colman, A. M. Game Theory and its Applications in the Social and Biological Sciences (Routledge,
New York, 1995).

10. Nowak, M. A. Five rules for the evolution of cooperation. Science 314, 1560-1563 (2006).
11. Fehr, E. & Fischbacher, U. The nature of human altruism. Nature 425, 785-791 (2003).

12. Boyd, R., Gintis, H., Bowles, S. & Richerson, P.J. The evolution of altruistic punishment. Proc. Natl.
Acad. Sci. USA 100, 3531-3535 (2003).

www.nature.com/nature 5



doi: 10.1038/nature06723 SUPPLEMENTARY INFORMATION

2. Experimental Instructions (for session T1)
Thank you for participating in this experiment.

Please read the following instructions very carefully. If you have any questions, please do not hesitate to
ask us. Aside from this, no communication is allowed during the experiment.

In this experiment about decision making, you have been randomly matched with another person in the
room. Neither of you will ever know the identity of the other. Everyone will receive a fixed amount of
$15 for participating in the experiment. In addition, you will be able to earn more money based on the
decisions you make in the experiment. The fixed amount and the money that you earn will be paid to you
in cash immediately after the experiment is over.

You will interact several times with several different people. Based on the choices made by you and
the other participants over the course of these interactions, you will receive between $0 and $25, in

addition to the $15 show-up amount.

The Interaction:

There are three possible options available to both you and the other person in every round of the
experiment: A, B or C. Throughout the experiment, the person who makes a decision will consider
him/herself as ‘You’ and consider the other person as ‘The other person’.

The payoffs of the options (in units)

Option You The other person
will get will get

A: -1 +2

B: +1 -1

C: -1 —4

1 unit = $0.10
If you choose A then you will get —1 units, whereas the other person will get +2 units.
If you choose B then you will get +1 units, whereas the other person will get —1 units.

If you choose C then you will get —1 unit, whereas the other person will get —4 units.

www.nature.com/nature 6
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An experiment round is composed of two steps:
Step 1:

Both you and the other person begin by choosing one of these three options: A, B or C. There is a
time limit on each decision. If you take more than 25 seconds a random choice will be picked for you, so
it is very important that you not take longer than 25 seconds.

Step 2:

You and the other person are presented with each other’s choice. Your score for round 1 will be
calculated and presented to you on your computer screen. Your score in every round of the experiment is
the sum of your payoff from your chosen option and of your payoff from the other person’s chosen
option. Your score each round is thus determined by both your decision and the other person's
decision, from step 1 and step 2. See the examples below for clarification.

The number of rounds in an interaction is determined by a random mechanism. The probability that there
will be another round is %. Therefore, each pair will interact another round with probability 3/4.

Your behavior will have no effect on the number of rounds. Every round will follow the same pattern of
two steps. The total scores will be calculated when the interaction is finished. Thereafter, you will be
anonymously and randomly matched with another student and will repeat the same task again. This
change of person that you are interacting with will occur several times.

The score (number of units) that you have at the end of these interactions will determine how much
money you earned in total. Therefore, the additional money you and the other persons each earn depends
on which options you both choose. However, the final scores of the other participants do not matter
for your final score.

www.nature.com/nature 7
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Examples:

The payoffs of the options (in units)

Option You The other person
will get will get

A: -1 +2

B: +1 -1

C: -1 —4

If you both choose A then each of you will get +1
(-1 from yourself, +2 from the other = +1 total)

If you both choose B then each of you will get 0
(+1 from yourself, -1 from the other = 0 total)

If you both choose C then each of you will get -5
(-1 from yourself, -4 from the other = -5 total)

If person 1 chooses A, and person 2 chooses B then person 1 gets —2 (-1 from person 1, -1 from person
2) and person 2 gets +3 (+2 from person 1, +1 from person 2).

If person 1 chooses C, and person 2 chooses A then person 1 gets +1 (-1 from person 1, +2 from person
2) and person 2 gets -5 (-4 from person 1, -1 from person 2).

If person 1 chooses B, and person 2 chooses C then person 1 gets -3 (+1 from person 1, -4 from person
2) and person 2 gets —2 (-1 from person 1, -1 from person 2).

www.nature.com/nature 8
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Earning additional money:

In addition to the $15 show-up fee, you will begin the experiment with an additional $5. This is the base
line, which corresponds to 0 game units.

Based on your decisions in this experiment, units will be added or subtracted from this initial amount. At
the end of all the interactions, your total monetary payoff will be computed to determine the amount of

money earned.

If you have a total score of 0 after completing all the interactions, you will have earned the additional $5
in the experiment.

If you have a total score above 0, the exchange rate will be 1 unit = $0.10. The maximum amount that
you can earn will be $25, however, and this is rather unlikely to happen.

If you have a total score of less than 0, the exchange rate will be 1 unit = $0.10, such that negative units
will be withdrawn from the initial $5. However, you cannot lose more than the initial $5, so you will

always walk away here with at least the $15 show-up fee.

1 unit = $0.10

www.nature.com/nature 9
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methane abundance' corresponds to a mole
fraction (that is, a ratio of methane to back-
ground hydrogen-rich gas) of only 5x107° or
less, which corresponds to only 10% or less of
the C/H ratio of the parent star. So where is all
the carbon? Methane becomes thermodynami-
cally disfavoured as the temperature rises above
1,000 K; under such conditions, carbon prefers
to combine with oxygen to form carbon mon-
oxide (CO) instead. Because the temperature of
HD 189733b lies near this transition point, early
predictions’ suggested that the dominant carbon
carrier would be CO but that detectable quanti-
ties of methane would also exist. The discovery
of methane at abundances much less than solar
thus makes sense theoretically. Consistent with
these ideas, models® of an infrared emission
spectrum of HD 189733b, recently produced
with data gathered by the Spitzer Space Tele-
scope’, suggest the indirect signature of CO.

Interestingly, Swain et al." and Tinetti et al.”
infer a water-vapour mole fraction of 5x10™ for
HD 189733b. This value has important impli-
cations for the planet’s O/H and C/H ratios,
and hence provides constraints on planetary
formation and evolution. How so? For solar
elemental ratios — thought to be similar to
abundances in the planet’s host star — about
one oxygen atom is available per 10° hydrogen
molecules. Likewise, about halfa carbon atom
is available per 10° hydrogen molecules. If car-
bon resides primarily in CO, as expected for
HD 189733Db, then the CO locks up half the
oxygen atoms, leaving the other half to form
water and implying a water mole fraction of
about 5x10™. According to this chain of logic,
the inferred water abundance on HD 189733b
implies C/H and O/H ratios that are consistent
with the values in our Sun and, potentially, in
the planet’s star. Although lack of knowledge
of the C/O ratio on HD 189733b prevents a
definitive assessment, these constraints hint
that — unlike the giant planets in our Solar
System — HD 189733b is not substantially
enriched in heavy elements (such as carbon
and oxygen) relative to its parent star.

The methane abundance could also hold
clues to the exotic weather on this hot Jupiter.
If the atmospheric composition is in chemi-
cal equilibrium, the carbon on the hot dayside
should reside almost entirely in CO, whereas
methane would be important on the colder
night-side. A day-night map of temperatures
on this planet” suggests the existence of fast
winds that can rapidly homogenize the tem-
perature. Because of the finite time needed to
interconvert between methane and CO, the
methane and CO abundances (and their spa-
tial variation) surely contain information about
the atmospheric temperatures and transport
timescales®. Additional observations and mod-
els will be needed to extract this information.

These are exciting times for studies of
extrasolar planets. The past few years have
seen an avalanche of unprecedented observa-
tions constraining the physical properties of
HD 189733b and other transiting hot Jupiters.

Star

4

—— Planetary
atmosphere

Hubble

Figure 1| Methane detection. When a planet passes in front of its star as viewed from Earth, the
planetary atmosphere preferentially blocks more of the starlight at wavelengths where the atmosphere
is opaque (red) and less at wavelengths where the atmosphere is transparent (white). In this way,
Swain et al.' used the Hubble Space Telescope to obtain a transmission spectrum of the hot Jupiter
HD 189733b, which reveals the presence of methane in the planet’s atmosphere and confirms the

presence of water vapour.

Thirteen years after the discovery of the first
extrasolar planet around a Sun-like star, we are
finally moving beyond simply discovering such
planets to truly characterizing them as worlds.
Although the big guns in these discoveries —
the Hubble and Spitzer space telescopes — are
nearing old age, next-generation platforms
such as NASA’s James Webb Space Telescope
are under development. We are thus now see-
ing but the opening salvo in a revolution that
will extend humankind’s view of planetary
worlds far beyond the provincial boundaries
of our Solar System. [ ]
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HUMAN BEHAVIOUR

Punisher pays

Manfred Milinski and Bettina Rockenbach

The tendency of humans to punish perceived free-loaders, even at a cost
to themselves, is an evolutionary puzzle: punishers perish, and those who
benefit the most are those who have never punished at all.

Humans are champions of cooperation. Reci-
procity — the idea that, if T help you this time,
you'll help me next time' — is a secret of our
success. But how do I avoid being the sucker
when someone I've helped refuses to pay me
back? Social-dilemma games, which in the
laboratory mimic human social interactions,
have shown that the opportunity to punish is
an effective curb on ‘defectors, even when pun-
ishment not only hurts the punished, but also
the punisher’ . We see that kind of behaviour
outside the laboratory too: bystanders suffer
personal injury intervening in altercations;
environmental activists risk their lives fight-
ing destructive acts; and so on.

On page 348 of this issue, Dreber et al.®
quantify who profits from this ‘costly punish-
ment’. Their findings are intriguing. Although
costly punishment induces cooperation,
its cost destroys all gains from increased

©2008 Nature Publishing Group

cooperation, not just for the punisher, but for
the whole group. At the end of the game, those
who punished were the ultimate losers; the
absolute winners had never punished. Explain-
ing why costly punishment is used at all, if not
even the group seems to benefit, becomes even
more of a challenge.

The authors used a variant of the classic two-
person ‘prisoner’s dilemma’ game, in which
players have a binary choice of cooperation or
defection. If I cooperate with you, I'lose one
unit of money so that you gain two; if I defect,
I gain one unit and you lose one. That way, if we
both cooperate, each of us has a net gain of one
unit. If we both defect, neither of us gains any-
thing; so cooperation pays. But if you cooper-
ate and I defect, I gain three units and you lose
two. That makes defection tempting for most
people, and cooperation generally breaks down
at some point in a prisoner’s dilemma game.
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Figure 1| Winners don't punish. Mahatma
Gandhi is a prime example of the maxim that
Dreber et al. establish in their social-dilemma
games®: that those who do not punish come out
on top in societal interactions.

A strategy that emerges is ‘tit-for-tat”: players
begin cooperatively, and then copy their part-
ner’s last move, cooperating with cooperators
and defecting with defectors — thus avoiding
being the sucker.

In Dreber and colleagues’ extension of this
game®, participants could choose from three
options in each round: cooperate, defect or
punish. Punishment here means losing one
money unit so that the other player loses four.
There are thus two ways of expressing disap-
proval: the moderate way of defection, and
the harsh way of costly punishment. Sub-
jects made use of the harsher option in 7% of
all choices. A single punishment act rarely
re-established cooperation; indeed, it often
led to mutual back-stabbing. But over-
all, cooperation increased from 21% in the
prisoner’s dilemma game, used by the authors
as a control, to 52%, although the tit-for-tat
strategy was an option in either case.

A success story, one might think. Not for the
punishers: the more a player had used the pun-
ishment option, the lower that individual’s final
profit was. The final, aggregated pay-off of all
participants (quantifying the benefit to society
asa whole) was the same in the games with and
without the punishment option.

If both punishers and the punished lose
through punishment, someone must have
profited. Indeed: cooperators who did not
punish at all gained even more in the games
where punishment was possible than the best-
performing participants in the control. Thus,
it would seem, winners don’t punish; and
punishers perish (Fig. 1).

Dreber et al. conclude that costly punishment
is a ‘maladaptive’ behaviour in social-dilemma
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situations — one that is fundamentally coun-
terproductive, because it pays off neither for
the punisher nor for the group. Thus, although
it frequently induces cooperation, it can’t have
evolved for inducing cooperation. Not even
the cooperation-enhancing effect appears
consistently in social-dilemma games. In some
societies, not only free-loaders but also high
contributors are punished, which dampens
and sometimes even removes the cooperation-
enhancing effect of punishment”.

Dreber et al. argue that punishment has
evolved for another purpose, such as coerc-
ing individuals into submission, or estab-
lishing dominance hierarchies. But the fact
remains that, given the choice, players of
social-dilemma games have been shown to
prefer an environment where punishment is
possible. That preference pays off when par-
ticipants, punishers as well as non-punishers,
enter this environment after the initial period
of high punishment is over and cooperation
dominates®.

If costly punishment is detrimental to per-
sonal evolutionary fitness in a certain situation,
we should have evolved the ability to suppress
it in that context. Evidence that we have comes
from ultimatum games, in which one player
decides how to split a sum of money, and the
second player can either accept the offer (in
which case both players receive the proposed
share) or reject it (in which case neither player
wins anything). Neurological tests have shown
that humans have a stronger activation of brain
areas related to both emotion and cognition
when unfair offers in an ultimatum game come
from other humans than when the same offers,
and monetary consequences, come from a com-
puter’. Similarly, in experiments where subjects
could choose between costly punishment of the
free-loaders and helping cooperative players to

gain, costly punishment was reduced to a third;
the few remaining punishing acts were concen-
trated on the worst defectors™. In our view, this
ability to reduce the use of costly punishment
makes it unlikely that it is just an unavoidable
by-product of something else, such as an inabil-
ity to control anger.

To provide punishers with an overall net
benefit, costly punishment must be greatly
rewarded in another context. Perhaps pun-
ishers gain a special kind of reputation that is
advantageous elsewhere. But so far, there has
been no conclusive evidence for such a delayed
pay-off, and so costly punishment remains one
of the most thorny puzzles in human social
dilemmas. Dreber and colleagues’ results make
it plain that we are still a long way from under-
standing the dark side of human sociality. m
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QUANTUM PHYSICS

Disturbance without the force

Akira Tonomura and Franco Nori

Charged particles influenced by electromagnetic fields, even when the two
never touch? Surely, it can only be quantum physics. But surprisingly, the
quantum nature of this particular effect has been disputed.

In the phenomenon known as the Aharonov-
Bohm effect, magnetic forces seem to act on
charged particles such as electrons — even
though the particles do not cross any magnetic
field lines. Is this evidence for electromagnetic
forces that work in new and unsuspected ways?
Or is it just that infamous source of Albert
Einsteins discomfort — quantum-mechani-
cal ‘spooky action at a distance’? In the latest
chapter in an involved history, detailed in
Physical Review Letters, Caprez et al." provide
convincing evidence for the second of these

©2008 Nature Publishing Group

options: that the Aharonov-Bohm effect is
purely quantum mechanical in origin.

The history stretches back into the mid-
nineteenth century, when Michael Faraday
first proposed that lines of electric and mag-
netic force extend out into the empty space
surrounding both magnets and electrical
charges. The idea initially received a cool
reception — ironically, in view of later devel-
opments, because Faraday’s peers were wedded
to the idea that these forces acted at a distance.
But field lines, whose density gives the ‘flux
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