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Herding—the bottom-up alignment of thoughts or behav-
iors of individuals in a group—offers considerable advan-
tages for the participating individuals1,2. Herding provides 

a level of safety that no individual can achieve alone and enables 
group members to achieve goals they cannot attain individually. Ant 
colonies and schools of fish can follow chemical signals too weak 
for a single individual to detect; flocking enables birds to navigate 
more efficiently; and human groups can outperform the best mem-
ber on complex decision-making problems1,3–5. However, at least in 
humans, herding also has a dark side. Early social scientists such 
as LeBon (1895) and Mead (1934) typified social groups as ‘mad-
ding crowds’ in which anonymity and reduced feelings of individual 
responsibility result in deviant behavior: ‘As soon as a few individu-
als are gathered together…the faculty of observation and the critical 
spirit possessed by each of them individually at once disappear’6. 
Indeed, whether we consider political protests or rioting hooligans, 
otherwise reasonable individuals take risks they would normally 
avoid and aggress outside rivals with unanticipated intensity7–9.

Despite early suspicion that a ‘mechanism of [the individual’s] 
central nervous system’10 and ‘a connectivity of individual minds 
and transference of thoughts must underlie such [herding] behavior 
[as if] they think collectively’11,12, little is known about the neural 
mechanisms underlying group-level aggression toward outsiders. 
In this study, we took advantage of technological innovations in 
brain imaging13,14 and used functional near-infrared spectroscopy 
(fNIRS) to track individual brain activity and, in particular, neural 
synchronization among group members in relation to behavioral 
hostility during intergroup conflict.

Neural synchronization emerges when group members’ actions 
or intentions are shared across brains14 and has been proposed 
to mediate social contagion in which individuals mimic and 
align vocalizations, postures and movements with others in their 
group2,14–16. Neural synchronization within a group can emerge in 
distinct brain areas, such as when the areas involved in speaking and 

listening become synchronized between a speaker and a listener17. 
Neural synchronization in the same brain areas is observed when 
group members orient toward the same goal or stimuli—for exam-
ple, when students focus on teacher instructions13 or when mem-
bers of a team follow leader-initiated communication18.

If within-group neural synchronization (GNS) underlies inter-
group hostility, it should be stronger in conditions known to 
strengthen group members’ willingness to contribute to group 
welfare and to attack (members of) rivaling out-groups. Previous 
work has shown in-group cooperation and out-group aggression 
especially when group members ritually bond and emphasize simi-
larity amongst them19–21 or when the group faces an outside threat, 
human enemies included1,8,22,23. In this study, we examined these 
possibilities in 91 multi-round contests; each contest involved two 
three-person groups, group A and group D (546 participants in total, 
Supplementary Table 1). Individuals were fixed within groups, and 
groups were fixed within the contest. We applied fNIRS to simultane-
ously record brain activity within each group during the intergroup 
contest (Fig. 1a,b and Methods). The intergroup contest modeled an 
interaction between an attacker group A who can aggress its defender 
group D (Fig. 1c and Supplementary Table 2). Specifically, members 
of group A (D) could each contribute x (y) out of a personal financial 
endowment e to their group’s fighting capacity C. Contributions were 
non-recoverable. However, when members of attacker group A col-
lectively contributed more (i.e. CA = [x1 + x2 + x3]) than the members 
of defender group D (i.e. CA > CD, with CD = [y1 + y2 + y3]), group 
A earned all of the non-invested resources from group D (i.e. 3e – 
[y1 + y2 + y3]). When CA ≤ CD, group D survived group A’s attack, 
the members of both groups would keep what remained from their 
endowment (i.e. e – {x, y}). Thus, contributing x to CA was personally 
costly but could increase personal and group gains at a cost to group 
D (namely, out-group attack); contributing y to CD was personally 
costly as well yet served to prevent defeat and concomitant personal 
and group loss to group A (namely, defense)8,23.
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In 47 intergroup contest sessions, the three members of each A 
group (or D group) engaged in an in-group bonding exercise. The 
remaining 44 intergroup contest sessions underwent a no-bonding 
control manipulation. In the in-group bonding condition, the 
members of the same three-person group put on the same vest 
(black or white, i.e. the preferred color participants indicated in the 
pre-experiment online survey), and the members of the other group 
put on the opposite-colored vest (Fig. 1b). Thereafter, they engaged 
in a 4-min within-group chat to discover and talk about shared per-
sonal preferences. In the no-bonding control sessions, no colored 
vests were given, and the 4-min chat was limited to exchanging study 
majors and subject matters studied21,24. Relative to the no-bonding 
control, we expected in-group bonding to increase (i) intergroup 
discrimination, (ii) contributions to group fighting capacity 
and (iii) within-group neural synchronization. Furthermore, we 
expected (iv) GNS to associate with financial contributions to their 
own group’s fighting capacity in the intergroup contest averaged 
over all 24 rounds. Because willingness to contribute to group fight-
ing emerges endogenously when groups are under threat1,8,22,23, we 
anticipated that the in-group bonding exercise would have a smaller 
added effect during in-group defense (i.e., in D groups) than dur-
ing out-group attack (i.e., in A groups). Accordingly, we expected 
(v) in-group bonding effects on behavioral hostility and neural syn-
chronization to be especially prominent during out-group attack.

results
Behavioral displays of intergroup hostility. As predicted, partici-
pants contributed, across the 24 intergroup contest rounds, more to 
group fighting after in-group bonding than after the no-bonding 

control and during group defense rather than attack (Fig. 2a; 
Supplementary Table 3 gives the full statistical report of behavior 
indices). Earlier studies using the attacker–defender intergroup 
contest game also examined within-group coordination of behav-
ior, by calculating the averaged correlation coefficients (Fisher z 
transformed) of 24-round contributions23 of each pair of two par-
ticipants within each group (Methods). In our study, we found that 
within-group behavioral coordination was better after in-group 
bonding and during group defense rather than attack (Fig. 2b and 
Supplementary Table 3). For group contributions and within-group 
coordination, we next explored whether winning or losing a con-
test round (and/or in interaction with in-group bonding) influ-
enced next-round contributions and within-group coordination. 
We found that losing (versus winning) reduced next-round con-
tributions to attack (F1,87 = 22.336, P = 8.74 × 10−6, η2 = 0.204) and 
increased contributions to defense (F1,87 = 77.894, P = 1.02 × 10−13, 
η2 = 0.472, Extended Data Fig. 1a). However, winning or losing a 
contest round did not influence next-round within-group behav-
ioral coordination (Extended Data Fig. 1b). In neither analysis did 
contest outcome interact with in-group bonding.

In a final behavioral analysis, we examined indices of intergroup 
discrimination (Fig. 1a and Methods). After the 24-round inter-
group contest, participants donated more to in-group members 
(in an intergroup dictator game (iDG); Fig. 2c and Methods) and 
expressed liking in-group members more than out-group mem-
bers (Fig. 2d), especially after in-group bonding. Individuals also 
donated more to in-group members (Fig. 2c) and liked them bet-
ter (Fig. 2d) after in-group defense rather than out-group attack 
(Supplementary Table 3).
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Fig. 1 | experimental procedures. a, Timeline for an experimental session. Before coming to the laboratory, participants completed an online survey that 
included questionnaires, preference for the color white versus black and an online incentivized iDG (split 20 MUs between hypothetical in-group and 
out-group members). One to 4 d later, participants came to the laboratory in groups of six same-gender strangers, underwent the in-group bonding (or 
no-bonding control) exercise, were assigned to the three-person attacker or three-person defender group and made incentivized contributions to group 
fighting in 24 contest rounds. The experiment concluded with participants making dictator decisions between in-group and out-group members and 
rating the likability of in-group and out-group members. b, During the intergroup contest, individual neural activity in the rDLPFC and rTPJ was recorded 
using fNIRS. Shown here is a snapshot of an intergroup session under in-group bonding between the three-person attacker group (right, black vests, 
data simultaneously recorded by the same fNIRS system) and the three-person defender group (left, white vests, fNIRS data simultaneously recorded by 
another identical fNIRS system). c, Timeline of an intergroup contest round with a feedback screen for an individual in the attacker group. Individuals were 
fixed in their group, as were the groups, during the entire 24-round contest. Contributions were wasted, and full feedback on contributions and earnings 
concluded each contest round. Endowments were reset after each contest round. The duration of decision-making and outcome phases was based on a 
pilot experiment (n = 24, 11 males, age: mean ± s.d. = 20.17 ± 2.60 years) where participants made self-paced decisions.
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GNS. We applied fNIRS to each individual within an attacker group 
and its opposing defender group and thereby continuously and 
simultaneously measured neural activity, proxied by hemodynamic 
signals, within and across group members. We selected two brain 
regions of interest on the basis of earlier work related to (social) 
decision-making, cooperation and intergroup discrimination: the 
rDLPFC and the rTPJ (Supplementary Fig. 1 and Supplementary 
Table 4). The rDLPFC belongs to a group of brain regions involved 
in impulse inhibition and strategic decision-making25,26. For exam-
ple, individuals with reduced prefrontal activity engage more in 
risky decision-making behaviors, act more impulsively and display 
more out-group hostility27–29. The rTPJ is activated when individu-
als consider others’ thoughts and desires30, achieve consensus deci-
sions within a group31, align emotions with in-group members32 and 
track decisions to trust other group members, to reciprocate their 
cooperation and to comply with in-group norms33,34.

GNS in our two regions of interest was operationalized in terms 
of wavelet transform coherence. The wavelet transform coherence  

indicates the cross-correlation between two time series of  
concentration changes in oxygenated hemoglobin (oxy-Hb) in pairs 
of participants as a function of frequency and time. We averaged 
the coherence values from the three pairs within each three-person 
group to index GNS (Fig. 3a and Methods). When examining GNS, 
we used 14 channels (seven channels for the rDLPFC and seven 
channels for the rTPJ), and false discovery was mitigated using a 
14-channel false discovery rate (FDR) correction for multiple com-
parisons (Methods).

The results showed stronger GNS in both the rDLPFC and rTPJ 
during decision-making compared to the period during which 
group members waited for outcome feedback (see Extended Data 
Fig. 2 for a validation analysis with comparison with pseudo groups). 
We expected, furthermore, stronger GNS after in-group bond-
ing and that such an effect of in-group bonding would be stron-
ger during group attack rather than during group defense. Indeed, 
GNS during the decision-making phase was modulated by bond-
ing × role interactions in both the rDLPFC and rTPJ (Fig. 3b for 
an F map; rDLPFC, channel 8: F1,84 = 10.765, P = 0.002, η2 = 0.114, 
Fig. 3c; channel 11: F1,84 = 8.877, P = 0.004, η2 = 0.096, Fig. 3d; rTPJ, 
channel 4: F1,84 = 6.810, P = 0.011, η2 = 0.075, Fig. 3e; channel 13: 
F1,84 = 11.597, P = 1.02 × 10−3, η2 = 0.121, Fig. 3f; these channels sur-
vived a 14-channel-wise FDR correction, Supplementary Table 5a). 
In the no-bonding control condition, GNS was stronger during 
group defense than out-group attack (Fig. 3c–f and Supplementary 
Table 5b,c), and GNS in defender and attacker groups was similar 
under in-group-bonding (Supplementary Table 5b,c). Moreover, 
in-group bonding increased GNS during out-group attack (Fig. 3c–f 
and Supplementary Table 5d).

GNS might be partially due to the fact that participants were 
exposed to the same environment and were asked to perform the 
same task. To examine the possible effect of environmental and task 
similarity, we conducted several validation analyses. First, we gener-
ated 172 within-condition three-person pseudo groups for compar-
ison purposes (i.e. four conditions of attacker group under in-group 
bonding, attacker group under no-bonding control, defender group 
under in-group bonding and defender group under no-bonding 
control; 43 three-person pseudo groups within each condition), by 
randomly grouping three individuals from different original, real 
groups under the same condition as a pseudo group (Extended Data 
Fig. 2c). We calculated GNS of each pseudo group in the same way 
as we did for the real group. To test whether the bonding × role inter-
actions on GNS were specific to real interacting groups, we con-
ducted role (attacker versus defender) × bonding (in-group bonding 
versus no-bonding control) × Group (real versus pseudo groups) 
ANOVA on GNS during decision-making in the four channels 
that showed significant bonding × role interaction in real groups. 
We found significant bonding × role × group interactions on GNS 
in rDLPFC and TPJ (all four channels survived FDR correction for 
the testing channels, Extended Data Fig. 3a), suggesting stronger 
bonding × role interaction on GNS in real interacting groups than 
randomly grouped individuals in the same condition. Second, we 
conducted nonparametric permutation tests35,36 on the observed 
bonding-by-role interaction effects on GNS of the real group 
against the 1,000 permutation samples (each permutation sample 
contained 172 within-condition three-person pseudo groups). This 
analysis confirmed that observed bonding-by-role interaction on 
GNS in real groups was outside the 95% confidence interval (CI) 
of the permutation distribution of the 1,000 pseudo-group samples 
(Methods and Extended Data Fig. 3b).

Finally, we examined whether GNS in real groups might reflect 
just that group members made similar decisions. If so, we would 
expect stronger GNS when group members made more simi-
lar decisions. To examine this possibility, we computed, for each 
three-person group and for each contest round, the within-group 
decision similarity as the absolute contribution difference of each 
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Fig. 2 | intergroup hostility as a function of in-group bonding and group 
role (attack versus defense). a, b, Contributions to group fighting  
(a; scale, 0–20 MUs) and coordination of contributions (b) are higher 
after in-group bonding than no-bonding control (main effect of bonding, 
a, contributions: F1,89 = 4.133, P = 0.045, η2 = 0.044; b, coordination: 
F1,89 = 4.517, P = 0.036, η2 = 0.048) and during in-group defense rather 
than out-group attack (main effect of role, a, contributions: F1,89 = 279.194, 
P = 3.48 × 10−29, η2 = 0.758; b, coordination: F1,89 = 81.249, P = 3.52 × 10−14, 
η2 = 0.477). c, d, Intergroup discrimination in an iDG (c, amount of MUs 
donated to in-group minus that to out-group, scale, −20 to 20 MUs) 
and in likability ratings (d, likability rating of in-group members minus 
that of out-group members: scale, −10 to 10) is stronger after in-group 
bonding than no-bonding control (main effect of bonding, c, dictator 
giving: F1,89 = 32.786, P = 1.37 × 10−7, η2 = 0.269; d, likability: F1,89 = 12.625, 
P = 6.11 × 10−4, η2 = 0.124) and after in-group defense rather than after 
out-group attack (main effect of role, c, dictator giving: F1,89 = 13.469, 
P = 4.13 × 10−4, η2 = 0.131; d, likability: F1,89 = 11.386, P = 1.10 × 10−3, 
η2 = 0.113). Mixed-model ANOVA, n = 91 three-versus-three-person 
intergroup contest sessions (44 three-attacker and three-defender groups 
under no-bonding control and 47 three-attacker and three-defender 
groups under in-group bonding). Data are shown as the mean ± s.e. with 
overlaid dot plots. *P < 0.05, **P < 0.01, ***P < 0.001.
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pair of the three-person group (i.e. for each round: [(|x1 − x2| + 
|x2 − x3| + |x1 − x3|] for attacker groups and [|y1 − y2| + |y2 − y3| 
+ |y1 − y3|] for defender groups). The bonding × role interactions  

remained significant when including within-group decision 
similarity in the analysis in the rDLPFC and the rTPJ (channel 8: 
F1,82 = 11.166, P = 1.26 × 10−3, η2 = 0.120; channel 11: F1,82 = 8.776, 
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to assess GNS. b–f, The bonding-by-role interactions on GNS in both the rDLPFC and rTPJ (channels 8 and 11 in the rDLPFC and channels 4 and 13 in the 
rTPJ survived FDR correction for 14 channels). Mixed-model ANOVA, n = 86 three-versus-three-person intergroup contest sessions. In the no-bonding 
control condition, GNS in the rDLPFC and rTPJ was stronger during in-group defense than during out-group attack (c, channel 8: t42 = 3.106, P = 0.003, 
Cohen’s d = 0.474, 95% CI = 0.005, 0.021; d, channel 11: t42 = 2.060, P = 0.046, Cohen’s d = 0.314, 95% CI = 1.99 × 10−4, 0.019; e, channel 4: t42 = 2.622, 
P = 0.012, Cohen’s d = 0.400, 95% CI = 0.002, 0.018; f, channel 13: t42 = 3.141, P = 0.003, Cohen’s d = 0.479, 95% CI = 0.005, 0.023). After in-group 
bonding, GNS in both regions was similar during out-group attack and group defense. Two-tailed paired-samples t-tests, 43 three-person attacker 
groups and 43 three-person defender groups. In-group bonding increased GNS in the rDLPFC and rTPJ during out-group attack. (c, channel 8: t84 = 1.983, 
P = 0.051, Cohen’s d = 0.428, 95% CI = −2.32 × 10−4, 0.018; d, channel 11: t84 = 3.448, P = 8.86 × 10−4, Cohen’s d = 0.744, 95% CI = 0.006, 0.022; e, channel 
4: t84 = 1.866, P = 0.066, Cohen’s d = 0.402, 95% CI = −0.001, 0.016; f, channel 13: t84 = 2.212, P = 0.030, Cohen’s d = 0.477, 95% CI = 0.001, 0.018). 
Two-tailed independent-samples t-tests, 43 three-person attacker groups under in-group bonding and 43 three-person attacker groups under no-bonding 
control. Data are plotted as box plots for each condition, with horizontal lines indicating median values, boxes indicating 25% and 75% quartiles and 
whiskers indicating the 2.5–97.5% percentile range. Data points outside the range are shown separately as circles. Solid lines start from the mean and 
reflect the intervals of mean ± s.e. *P < 0.05, **P < 0.01, NS, not significant.
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P = 0.004, η2 = 0.097; channel 4: F1 ,82 = 8.065, P = 0.006, η2 = 0.090; 
channel 13: F1,82 = 11.024, P = 1.34 × 10−3, η2 = 0.119; survived 
FDR correction for 14 channels, Supplementary Table 6). We cat-
egorized all the rounds into ‘similar’ and ‘dissimilar’ decisions 
using a median split and computed GNS as a function of bonding 
(in-group bonding versus no-bonding control) × role (attacker ver-
sus defender) × Similarity (similar versus dissimilar decisions). The 
main effect of Similarity or its interaction with role and/or bonding 
did not reach significance (Extended Data Fig. 4).

The two sets of validation results alone and in combination 
render it unlikely that the bonding × role effects on GNS in the 
rDLPFC and rTPJ observed in interacting groups were (exclu-
sively) due to the fact that group members made similar decisions 
and/or were exposed to the same experimental environment and 
tasks. Accordingly, we proceeded with examining the functional-
ity of GNS during group attack and defense. We correlated GNS 
with group contributions averaged across the 24 contest rounds for 
the four channels in which we observed the FDR-corrected bond-
ing × role interactions (Methods). We found that stronger GNS in 
the rDLPFC was associated with an increase in group contribu-
tions to out-group attack (channel 8 survived FDR correction for 
multiple comparisons of the four channels of interest, Fig. 4a and 
Supplementary Table 7). GNS in the rDLPFC was associated with 
decreased contributions to in-group defense (Fig. 4b). A direct com-
parison of the association strength between attacker and defender 
groups (Methods) confirmed that role conditioned the relationship 
between GNS in the rDLPFC and contributions to group fighting 
(z = 4.02, P = 5.82 × 10−5, 86 three-person attacker groups and 86 
three-person defender groups).

Within-group averaged neural activity. The effect of bonding and 
role on GNS and the association between GNS and group contri-
bution did not indicate whether the within-group synchronized 
neural activity in the rDLPFC increases or decreases after in-group 
bonding (versus no-bonding control) and/or during in-group 
defense (versus out-group attack). To aid the interpretation of the 
role of GNS during intergroup conflict (especially at channel 8 in 
the rDLPFC), we examined concentration changes in oxy-Hb in 
individual brain activity in the rDLPFC (averaged across three par-
ticipants within the same group, Extended Data Fig. 5a). We found 
that rDLPFC activity was lower in the in-group bonding condi-
tion than in the no-bonding control condition (Fig. 5a). Next, we 
regressed the group contribution on round T (GCT) on rDLPFC 
activity on the last round (T-1). This analysis showed that reduced 
rDLPFC activity predicted increased contributions on the next 
round (β = −0.051, t85 = −2.958, P = 0.004, Cohen’s d = −0.319, 95% 
CI = −0.085, −0.017; n = 86 three-versus-three-person intergroup 
contest sessions).

We concluded our analyses by exploring the functional connec-
tivity between our two regions of interest. To index group-averaged 
functional connectivity (GFC) between the rDLPFC and the rTPJ, 
we performed coherence analyses37 between the rDLPFC and the 
rTPJ for each individual and averaged the coherence values across 
the three participants within the same group (Extended Data  
Fig. 5b). In-group bonding (versus no-bonding control) increased 
the functional connectivity between the rDLPFC and the rTPJ 
(Fig. 5b for the grand mean rDLPFC–rTPJ connectivity; Fig. 5c for 
channel-pairwise rDLPFC–rTPJ connectivity) (18 rDLPFC–rTPJ 
channel pairs survived FDR correction for 49 rDLPFC–rTPJ chan-
nel pairs, Extended Data Fig. 6 and Supplementary Table 8).

Discussion
Previous studies showed that in-group bonding increases an indi-
vidual’s commitment to and identification with the group38, enabling 
personally costly behavior that serves the in-group39 and that dis-
criminates and punishes (members of) rivaling out-groups7,40.  

To this psychological theory, our study adds information about the 
neural mechanisms involved, both at the level of individual group 
members and at the level of the group. Specifically, we found that 
in-group bonding enhanced within-group coordination, increased 
personally costly contributions to the in-group’s ability to compete 
against the out-group (henceforth fighting capacity), reduced neu-
ral activity in the DLPFC and increased functional connectivity 
between the DLPFC and the TPJ. Furthermore, and fitting early 
speculation by social scientists concerning de-individuated group 
minds and herd hostility2,6, we found that in-group bonding influ-
enced GNS in both the DLPFC and the TPJ, and that synchroniza-
tion in the DLPFC was associated with intergroup hostility.

The effect of in-group bonding on GNS in the rDLPFC dif-
fered between attacker and defender groups. In-group bonding in 
attacker groups increased GNS, and greater GNS was correlated 
with increased contributions to out-group attack. By contrast, in 
defender groups, in-group bonding reduced GNS, and GNS was 
negatively correlated with contributions to defense. To interpret 
these results, we assumed that (1) reduced activity in the rDLPFC 
is associated with less controlled and more impulsive and riskier 
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Fig. 4 | GNs in the rDLPFC (channel 8) correlates with intergroup 
hostility. GNS in the rDLPFC associates with (a) increased contributions 
to out-group attack (channel 8 survived FDR correction for multiple 
comparisons of the four channels of interest, Pearson’s r = 0.375, 
P = 3.7 × 10−4, 95% CI = 0.174, 0.576, n = 86 three-person attacker groups) 
and (b) decreased in-group defense (Pearson’s r = −0.226, P = 0.036, 95% 
CI = −0.438, −0.015, n = 86 three-person defender groups). Correlations 
were performed by Pearson’s correlation coefficient analysis. Each circle 
depicts a single three-person group’s contribution to the intergroup contest 
(y coordinate) and GNS in the rDLPFC (x coordinate). Each solid line 
represents the least squares fit, with shading showing the 95% CI.
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decision-making behaviors27–29; (2) risk-taking translates to higher 
contributions to out-group attack (i.e. gambling on victory with 
the risk of losing resources) and lower contributions to defense41,42 
(i.e. gambling on saving resources with the risk of losing them all); 
and (3) attacker groups initiate intergroup conflict—they ‘set the 
tone’—whereas defender groups are adapting to the (threat of) 
out-group attacks42,43. If these assumptions are valid, our results 
suggest that in-group bonding not only increases group commit-
ment but also increases the willingness to take personal risks. Our 
results suggest that, during out-group attack, these two mecha-
nisms operate in parallel, so that both group commitment and risk 
tolerance increase an individual’s contribution to group fighting 
capacity. In-group bonding increased GNS and reduced activity in 
the rDLPFC during out-group attack. However, during in-group 
defense, group commitment and impulsivity increased contribu-
tions to fight against out-group attacks, but risk tolerance might 

reduce these contributions. In addition, the defender group mem-
bers' decisions on how much to contribute to the group pool were 
mainly in response to (expected) out-group attacks, which might 
explain why in-group bonding had weak and inconsistent effects 
on behavior and neural measures during group defense.

Two sets of additional findings further inform about the role 
of activity in the rDLPFC and rTPJ during intergroup interaction. 
First, we found that winning or losing a contest round had no effect 
on within-group behavioral coordination (Extended Data Fig. 1b) 
or GNS (Extended Data Fig. 7). Losing a contest round did, however, 
increase rDLPFC activity for both attacker and defender groups in 
next-round decision-making (Extended Data Fig. 8) and was linked 
with reduced contributions to out-group attack and increased con-
tributions to in-group defense (Extended Data Fig. 1a). Together, 
these findings suggest that, in both attackers and defenders, los-
ing a contest round increases impulse inhibition and risk aversion, 
which is mediated by increased activity in the rDLPFC27–29. Second, 
we found that in-group bonding increased functional connectiv-
ity between the rDLPFC and rTPJ. The DLPFC has been associ-
ated with strategic deliberation and controlled decision-making44,45, 
and the TPJ has been implicated in mentalizing and collective 
decision-making30,31. As such, the increased rDLPFC–rTPJ con-
nectivity after in-group bonding observed in our study fits with the 
idea that group herding might reflect ‘social alignment’ between the 
observation and execution systems in the human brain16. Such social 
alignment allows for the functional integration of social informa-
tion into collective decisions31,46,47. Perhaps in-group bonding facili-
tates group members’ willingness to understand and integrate other 
group members’ intentions into their own behavioral strategy30,44, 
which, in turn, might facilitate coordinated collective action30,31.

The idea that within-group synchronization in the rDLPFC and 
rTPJ tracks a de-individuated, impulsive ‘group mind’ presumes that 
brain-to-brain coupling is not explained by the fact that participants 
were in the same (experimental) environment and were performing 
the same (experimental) tasks. We provided evidence that this is 
indeed not the case. First, we note that interaction-specific neural 
synchronization during real-time social interaction is distinct from 
similar neural responses that occur when performing the same task 
at the same time48,49. Specifically, similar neural activity refers only 
to similar amplitude of activity, whereas neural synchronization 
refers to a phase-locked correlation derived from wavelet coherence 
analysis. Indeed, as shown, decision (dis)similarity did not modu-
late the results of GNS. Second, we ensured that the experimental 
environment and tasks were highly similar across the four experi-
mental conditions. Third, comparison with pseudo groups showed 
that effects of in-group bonding and attacker/defender role on GNS 
occured only in our real interacting groups and not in pseudo groups 
that were exposed to the same environment, tasks and experimental 
treatments yet did not interact during decision-making and feed-
back. Taken together, we can conclude that GNS in the rDLPFC and 
rTPJ provides a neural marker of the ‘group mind’.

To the extent that contributing to intergroup contests mimics 
what social scientists identified as herd hostility6,10, GNS of reduced 
rDLPFC activity might be a mechanism that enables ‘a connectivity 
of individual minds and transference of thoughts’11,12 and underlying 
herding behavior and impulsive and risky group-level hostility. At 
the same time, extrapolating from experimental results to real-world 
intergroup violence is nontrivial. Accordingly, rather than offering 
conclusive evidence about the mechanisms responsible for herd 
hostility, our findings point to the possibility that GNS contributes 
to this arguably dark side of immersing in human groups—impul-
sive and risky out-group hostility and discrimination7–9. The same 
applies to our findings for in-group bonding and increased contri-
butions to group attacks on outside rivals. It is noteworthy, however, 
that groups preparing for tribal raids and warfare engage in ritual 
bonding and build close friendships19,20. Our findings suggest that 
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Fig. 5 | influence of in-group bonding on within-group averaged rDLPFC 
activity and group-averaged functional connectivity of rDLPFC–rtPJ. a, 
In-group bonding (versus no-bonding control) reduced neural activity in 
the rDLPFC (F1,84 = 4.151, P = 0.045, η2 = 0.047; shown are within-group 
averaged oxy-Hb concentration changes [decision-making phase − waiting 
phase]). b, c, In-group bonding (versus no-bonding control) increased 
functional connectivity of rDLPFC–rTPJ. b, Grand mean rDLPFC–rTPJ 
connectivity (F1,84 = 9.035, P = 0.003, η2 = 0.097). c, Channel-pairwise 
rDLPFC–rTPJ connectivity (18 rDLPFC–rTPJ channel pairs survived FDR 
correction for 49 rDLPFC–rTPJ channel pairs). The grand mean rDLPFC–rTPJ 
connectivity was indexed by the averaged coherence value of 49 channel 
pairs between the right rDLPFC (i.e., seven channels within the rDLPFC) 
and rTPJ (i.e., seven channels within the rTPJ) within three-person groups. 
Mixed-model ANOVA, n = 86 three-versus-three-person intergroup contest 
sessions (43 sessions under no-bonding control and 43 sessions under 
in-group bonding). Data are plotted as box plots for each condition, in 
which horizontal lines indicate median values, boxes indicate 25% and 75% 
quartiles and whiskers indicate the 2.5–97.5% percentile range. Data points 
outside the range are shown separately as circles. Solid lines start from the 
mean and reflect the intervals of mean ± s.e. *P < 0.05, **P < 0.01.
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such age-old practices align individual group members not only in 
their behavioral orientation but also in the shared downregulation 
of neural activity involved in self-preservation and risk aversion. If 
true, herd hostility reflects disinhibited tolerance for risk that might 
be personally costly but beneficial to one’s group.
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Methods
Participants and ethics. Healthy individuals (558 participants, 252 males, age 
18–30 years, mean ± s.d. = 22.06 ± 2.58 years) were invited as paid volunteers. 
All participants had normal or corrected-to-normal vision and no history of 
neurological or psychiatric disorders. Those who majored in psychology or 
economics or participated in any similar study were excluded from participation. 
The experiment involved no deception, and participants were paid a $10 
show-up fee plus their average earnings in two randomly selected (out of 24) 
contest rounds. The experimental protocols adhered to the standards set by the 
Declaration of Helsinki and were approved by a local research ethics committee 
at the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing 
Normal University, Beijing, China (protocol IORG0004944, OSF: https://osf.io/
uh3sx/). All participants provided written informed consent to participate after the 
experimental procedures had been fully explained and acknowledged their right to 
withdraw at any time during the study.

The sample size was determined a priori using G*Power 3.1 (ref. 50) to estimate 
the number of six-person sessions needed to detect significant effects with 80% 
statistical power. We originally considered conducting power analysis on the 
basis of both behavioral and neural effects. However, most fNIRS studies have 
considered dyad-level interactions, and only a few18,51,52 have examined neural 
synchronization in single groups with group sizes n ≥ 3, and we are unaware of 
fNIRS studies examining intergroup (economic) interaction. We thus calculated 
a priori sample size estimates on the basis of earlier behavioral studies using the 
intergroup contest that we also used here. Based on a small-to-medium effect 
size estimated by a meta-analysis on the effect of in-group bonding on intergroup 
discrimination in cooperation (Cohen’s d = 0.32)53, 80 six-person sessions were 
needed to detect a reliable effect with α = 0.05 and β = 0.80 for a within (attacker 
versus defender) by between (in-group bonding versus no-bonding control) 
treatment interaction. To allow for dropout due to technical failure, we recruited 
93 sessions. Two six-person intergroup contest sessions were excluded because of 
a technical failure to record contribution decisions, leaving 546 participants in 91 
intergroup contest sessions (40 male sessions, mean ± s.d. = 22.04 ± 1.31 years, 
Supplementary Table 1a) for behavioral data analysis. Another five six-person 
intergroup contest sessions were excluded because of technical failure with 
fNIRS measurements, leaving a total of 516 participants in 86 intergroup contest 
sessions for neural data analysis (38 male sessions, mean ± s.d. = 22.01 ± 1.29 
years, Supplementary Table 1b). Despite these deletions, the final sample size 
exceeded those typically used in studies focusing on (dyadic or group) neural 
synchronization. The attacker and defender groups under in-group bonding or 
no-bonding control conditions did not differ in gender, age, education, empathic 
capacity, cooperative personality, social value orientation, prosocial personality, 
impulsiveness, justice sensitivity, preference for social hierarchy or baseline 
intergroup discrimination (Supplementary Table 1).

Experimental procedures and tasks. Before coming to the laboratory, participants 
completed an online survey including a set of questionnaires (Supplementary 
Table 1). They also indicated their preference for the color white versus black 
that we used for the in-group bonding manipulation. At least 1 d (range, 1–4 d) 
later, participants came to the laboratory for the main experiment in groups of six 
same-gender strangers and were randomly assigned to the three-person group A or 
D. Participants randomly underwent the in-group bonding or no-bonding control 
manipulation, made contributions in 24 rounds of the intergroup contest during 
hyperscanning with fNIRS and then made dictator giving decisions in an iDG54 
(where participants split 20 monetary units (MUs) between in-group members and 
out-group members). Upon completion of the dictator giving, participants rated 
the likability of others in their own group and those in the opposing group.

In-group bonding manipulation. To manipulate in-group bonding, we merged three 
procedures used in previous studies21,24. First, for each in-group bonding session, 
we invited three participants preferring black and another three preferring white 
(as indicated in the online survey) and used this color preference to create group 
identities, with the individuals preferring black over white being labeled as ‘Group 
Black’ and those preferring white over black being labeled as ‘Group White’. Each 
participant was then given either a black vest (for ‘Group Black’) or a white vest (for 
‘Group White’) to wear during the rest of the experimental session21,24. Finally, each 
three-person group was given 4-min online chatting with each other to introduce 
themselves and find three-person-shared features55. Group Black and Group 
White were randomly assigned to the role of attacker or defender in the intergroup 
contest game. In the no-bonding control sessions, similar to previous studies56, we 
did not provide a group uniform, and during the 4-min online chatting, individuals 
were asked to talk about the main courses they had been taking during this 
semester without being explicitly asked to find shared features.

To examine and quantify the effect of the in-group bonding manipulation 
on increasing intergroup discrimination, participants made allocation decisions 
in an iDG where they split 20 MUs between in-group members and out-group 
members54 and rated the likability of others in their own group and those in the 
opposing group24. We compared intergroup discrimination in the iDG before and 
after the bonding manipulation. Before the bonding manipulation, participants 
in both conditions showed a similar level of intergroup discrimination (Extended 

Data Fig. 9a). After in-group bonding (relative to the no-bonding control), 
intergroup discrimination increased in both attacker and defender groups 
(Extended Data Fig. 9b,c).

Intergroup contest game. The intergroup contest game is a dynamic, fully 
incentivized contest game with real-time feedback between a three-person attacker 
group (group A) and a three-person defender group (group D)8,23. Each intergroup 
contest session involved 24 contest rounds with full reset and real-time feedback 
between rounds (Fig. 1 and Supplementary Table 2). Participants were first 
shown the instructions screen describing the intergroup contest game. We used 
neutral language and avoided terms such as defense and attack. Understanding 
of the instructions was verified with two comprehension questions. Thereafter, 
participants made contribution decisions in 24 rounds. For each contest round 
(Fig. 1c), participants were first given 12 s to decide how much to contribute to 
the group pool (henceforth the group decision-making phase). If participants 
did not respond within the time period (0.28% of the contest rounds across 
all sessions), the contribution would be a random number generated by the 
computer. Upon entering their contribution, participants saw a waiting screen 
for a jittered time interval of 6–10 s (8 s on average), followed by a 10-s outcome 
screen presenting feedback on (1) the contribution of each individual in their own 
group (participants were identified by shape labels); (2) one’s own and the rival’s 
group-level contribution (i.e. CA and CD); and (3) the contest round’s payoff (Fig. 
1c). The outcome screen was followed by an 8-s inter-round interval (6–10 s). The 
total duration of wait screen and inter-round interval was fixed to 16 s, and each 
round lasted for 38 s in total (the time intervals were predetermined in our earlier 
study23 and in a pilot experiment (Fig. 1c)) to ensure ample time for contribution 
decisions and the processing of outcome feedback.

fNRIS data acquisition. We employed two identical LABNIRS optical topography 
systems (52-channel high-speed LABNIRS, Shimadzu) to simultaneously collect 
imaging data from the six participants in each intergroup contest session, with each 
system recording the three participants sharing the same role. The fNIRS signals 
were acquired at a sampling rate of 47.62 Hz and later downsampled to 9.52 Hz 
by averaging five consecutive data points for all the analyses to decrease temporal 
autocorrelation57. For each participant, we used two identical 3 × 2 optode probe 
sets, with each probe set consisting of three light emitters and three detectors 
(inter-optode distance of 30 mm) and seven channels (illustrated in Supplementary 
Fig. 1). The probe sets were separately placed on the rTPJ and the rDLPFC 
according to the relevant standard positions of P6 and F4 in the international 
10/10 system for electroencephalogram electrode placement58,59. To further 
confirm the position of the optode probe sets, the high-resolution T1-weighted 
structural images from six participants were acquired using a 3T Siemens Trio 
scanner at the MRI Research Centre, Beijing Normal University (256 × 256 × 144 
matrix with a spatial resolution of 1 × 1 × 1.33 mm, repetition time = 2,530 ms, 
echo time = 3.39 ms, inversion time = 1,100 ms, flip angle = 7°). Supplementary 
Table 4 shows the anatomical coordinates of each optode, further confirming the 
anatomical localization of rTPJ and rDLPFC.

We measured the relative changes of absorbed near-infrared light at three 
wavelengths of 780 nm, 805 nm and 830 nm. These changes were transformed 
into the relative concentration changes of oxy-Hb, deoxygenated hemoglobin 
(deoxy-Hb) and total hemoglobin using a modified Beer–Lambert law60, 
allowing measurement of brain activity61. The current study focused only on the 
concentration changes of oxy-Hb, given it to be the most sensitive indicator of the 
regional cerebral blood flow in fNIRS measures. Increases in oxy-Hb have been 
recognzed as the consequence of neural activity and corresponding to the blood 
oxygenation level dependent signal measured by fMRI62–64.

Behavioral data analysis. Data were aggregated at the three-person group 
level and submitted to ANOVA with role (attacker versus defender) as a 
within-subjects factor and bonding (in-group bonding versus no-bonding control) 
as a between-subjects factor. We analyzed (1) contribution averaged within the 
three-person group and across 24 rounds (range, 0–20 MUs); (2) within-group 
decision coordination (GDC); (3) dictator giving to in-group and out-group 
members; and (4) likability ratings of in-group and out-group members (see 
Supplementary Table 3 for the full statistical reports). GDC was calculated by 
correlating the 24-round contributions of each pair of two participants within 
each three-person group (resulting in three correlations per group) and averaging 
the three Fisher z-transformed correlation coefficients. Higher GDC values thus 
indicate higher levels of similarity at the round-level contributions between the 
three members in a group, which we took as a proxy for group-level coordination 
in contribution decisions8,23. For dictator giving and likability ratings, we computed 
an index of intergroup discrimination by subtracting donations (likability ratings) 
given to out-group members from those given to in-group members.

fNIRS data analysis. We calculated three neural indices for the current study:  
GNS (i.e. interpersonal brain activities that co-vary along the time course, Fig. 3a),  
neural activity of a single brain (Extended Data Fig. 5a) and rDLPFC–rTPJ 
function connectivity (Extended Data Fig. 5b). To remove systemic noise, 
we first employed a wavelet-based method to remove global noise65, as the 

Nature NeurosCieNCe | www.nature.com/natureneuroscience

https://osf.io/uh3sx/
https://osf.io/uh3sx/
http://www.nature.com/natureneuroscience


Articles NATurE NEurosCIENCE

wavelet transform was used as a powerful mathematical tool in fNIRS data 
pre-processing66,67. Specifically, similar to previous studies65, we used wavelet 
transform coherence to automatically identify and quantify global physiological 
components per channel and then extracted them out of the hemodynamic 
signals by a wavelet algorithm. This de-noising method deals with both the spatial 
distribution and time variance of physiological noise among different channels 
and is effective in capturing globally co-varying time-frequency components. After 
wavelet-based global noise removal, we calculated the GNS and within-group 
averaged neural activity. Alternatively, we also analyzed the data in another way 
that was similar to previous studies68 where we did not apply global noise removal 
but included global mean covariance (i.e. the mean values across conditions and 
across all 14 channels) as a covariate in our model and found that the observed 
effects remained reliable (Supplementary Table 9).

With regard to GNS, and similar to previous studies18,69, we employed the 
wavelet transform coherence analysis to calculate the cross-correlation between 
two oxy-Hb time series of pairs of participants as a function of frequency and 
time70. Within each three-person group sharing the same role in the intergroup 
contest game (taking one three-person group with subject IDs of 1, 2 and 3 as 
an example), we used the same fNIRS system to simultaneously acquire three 
same-length oxy-Hb time series for each channel (referred to as oxy-Hb1, oxy-Hb2 
and oxy-Hb3). After global noise removal, we then applied wavelet transform 
coherence analysis to each pair of three oxy-Hb time series and generated three 
time-frequency two-dimensional matrices of the coherence values for each 
three-person group (Coherence1&2, Coherence 1&3 and Coherence 2&3). We averaged 
three coherence values from three pairs as the group-level coherence value for 
each three-person group. In each group time-frequency matrix (Fig. 3a), each 
line corresponded to a specific frequency point, each column corresponded to a 
specific time point and the color bar corresponded to the coherence value.

Previous studies determined the frequency band for the wavelet coherence 
analysis based on the inverse of the time interval between two continuous trials71,72 
or task-related events57,69,73. In the current intergroup contest game, each trial 
lasted for 38 s (i.e. the total length of one round), and the shortest duration of a 
single event in each trial was 6 s. Thus, similar to previous studies, we identified a 
frequency band of interest according to the timeline for each intergroup contest 
round (i.e. a frequency band from 0.0263 Hz to 0.1667 Hz, corresponding to the 
period between 6 s and 38 s). Visual inspection of the group-averaged wavelet 
transform coherence graph, as illustrated in Fig. 3a, confirmed higher coherence 
values within this frequency band. This frequency band also excluded high- and 
low-frequency noise, including that related to respiration (around 0.2–0.3 Hz) and 
cardiac pulsation (around 1 Hz), all of which might lead to artificial coherence. For 
each channel, the average coherence values were computed for each intergroup 
contest round in the frequency band of interest (i.e. 0.0263–0.1667 Hz).

For further analysis, we defined three time segments for each contest round: a 
12-s group decision-making phase, an on-average 8-s (6–10 s) waiting screen phase 
and a 10-s outcome screen phase. The average coherence values were computed 
for each of these segments in the frequency band of interest to indicate GNS 
for each phase of each contest round, which was then Fisher z transformed and 
submitted to the round-level analysis for GNS (Fig. 3a). Moreover, we averaged 
the GNS across all intergroup contest rounds for each channel and entered the 
round-aggregated GNS into 2 (bonding: in-group bonding versus no-bonding 
control) × 2 (role: attacker versus defender) mixed-model ANOVA with significant 
effects thresholded at P < 0.05, FDR corrected for multiple comparisons of all 14 
channels (see Supplementary Table 5 for the full statistical reports). The F and T 
maps were smoothed using the spline method.

Next, we examined the link between neural synchronization and behavioral 
group decisions by correlating group contribution with GNS. We observed 
opposite relationships between group contribution and GNS in attackers (positive 
correlation) and defenders (negative correlation). Thus, to test whether the group 
role modulated the association between GNS and group contribution (GC), 
we treated attacker and defender groups as separate three-person sessions and 
investigated whether the GNS–GC relationship differed between attacker and 
defender groups. We correlated the within-group neural synchronization (GNSi) 
with group contribution (GCi) for attacker and defender groups, respectively. 
We then transformed and compared the coefficients (rA for attacker and rD for 
defender) using two-tailed Fisher r-to-z transformation (http://vassarstats.net/
rdiff.html). The calculation of the z value was used to assess the significance of the 
differences between the two coefficients. If rA is significantly different from rD, the 
relationship between GNS and GC is conditioned by group role.

Given that neural synchronization mainly reflects the phase-locked 
relationship between two neural signals69, it provides insight into how socially 
shared representations and understanding are built49. However, we cannot tell 
whether synchronized neural signals were increased or decreased by the task73. 
We thus analyzed within-individual neural activity to further understand the 
functionality of neural activity and its synchronization during intergroup conflicts. 
Regarding individual neural activity (Extended Data Fig. 5a), we first performed 
pre-processing on the fNIRS de-noised oxy-Hb data using MATLAB-based 
functions derived from the NIRS-SPM toolbox. Discrete cosine transforms 
with a cutoff period of 128 s and pre-coloring based on hemodynamic response 
function were applied to the de-noised oxy-Hb data to remove longitudinal 

signal drift, motion artifacts and respiration and cardiac oscillations from the 
signal. The pre-processed oxy-Hb time series of each channel were segmented 
into three conditions, similar to the neural synchronizaton analysis (i.e. the group 
decision-making phase, the waiting screen phase and the outcome screen phase). 
The decision-making phase (outcome-processing phase) related activation was 
considered as increases in oxy-Hb during the group decision-making phase 
(outcome screen phase) in contrast to the waiting screen phase, after a z-score 
transformation using the mean value and standard deviation of the waiting phase74. 
For each intergroup contest round, we averaged across three participants sharing 
the same role to indicate the within-group averaged, round-level neural responses 
of each three-person group. We first averaged the group neural responses across all 
contest rounds and submitted them to bonding-by-role ANOVA. Moreover, at the 
round level, for each three-person group, we examined whether the within-group 
averaged neural responses to the outcome of a current round could guide the 
three-person group’s average contribution on the next round. We built a linear 
regression of GC on round T (GCT, with T ranging from 2 to 24) as a function of 
within-group averaged rDLPFC activity on the last round T-1 (round 1–23; with 
the standardized coefficient of the regression β indicating the prediction strength) 
for each three-person group. The Fisher z-transformed β across conditions was 
compared against 0 to examine whether the neural response could indeed predict 
group contribution decisions. In addition, we performed coherence analyses 
between rTPJ and rDLPFC for each individual (Extended Data Fig. 5b). We then 
averaged the coherence values across the three participants within the same group 
to index group-averaged functional connectivity (GFC) of rDLPFC–rTPJ. We 
then submitted this rDLPFC–rTPJ GFC index to bonding-by-role ANOVA at the 
channel-pairwise level (each of the seven channels in the rDLPFC with each of the 
seven channels in the rTPJ, i.e. 49 channel pairs) and at the grand mean level (i.e. 
the averaged coherence value of 49 channel pairs).

Identification of significant effects. We applied FDR correction75 to correct for the 
number of simultaneously conducted tests to control for type I errors76,77 and 
focused on the channels of interest when analyses were performed to further 
decompose the effect to control for type II errors. Specifically, our primary research 
question focused on within-group neural synchronization and asked whether and 
how the in-group bonding and group role modulated GNS. Similar to previous 
studies18,69, we applied FDR correction to channel-wise analysis (i.e. corrected for 
all 14 channels) when looking at the effects of bonding and/or role on GNS. The 
bonding × role interaction was reliable after 14-channel-wise FDR correction at 
channels 8 and 11 in the rDLPFC and at channels 4 and 13 in the rTPJ. Then, we 
conducted correlation analyses (between GNS and group contributions) at the 
channels in which GNS was modulated by role and/or bonding (i.e. channels 8, 11, 
4 and 13) to further link GNS with group behavior. The relationship between GNS 
and group contribution was found in the rDLPFC channels, and only channel 8 
survived FDR correction for testing channels.

Analyses on group-averaged activity were conducted to further understand the 
interaction effects on neural synchronization and to reveal whether neural activity 
was synchronized in an increasing or decreasing manner. Thus, similar to previous 
studies74,78 and to control for type II errors79, we narrowed our focus to the channel 
of interest that exhibited significant effects of role and/or bonding on GNS and 
in predicting group contribution (i.e. channel 8). Finally, for the rDLPFC–rTPJ 
connectivity, we did not have a prior hypothesis about the effect of role or  
bonding on the functional connectivity. We thus performed FDR correction for all 
49 channel pairs and identified significant effects only if surviving from  
49 multiple comparisons.

Additional analyses and results. To validate the effect that we observed of 
bonding and/or role on GNS in the real interacting groups, we generated 
within-condition pseudo groups by randomly grouping three individuals from 
different original real groups under the same condition as a pseudo group 
(Extended Data Fig. 2c). To test whether the bonding × role interaction on 
GNS was specific to real interacting groups, we conducted role (attacker versus 
defender) × bonding (in-group bonding versus no-bonding control) × Group (real 
versus pseudo groups) ANOVA on GNS during decision-making in the channels 
that showed significant bonding × role interaction in real groups (Extended Data 
Fig. 3a). To further verify the stronger bonding-by-role interaction effect on GNS 
in real interacting groups than in pseudo groups, we conducted permutation tests, 
which is a nonparametric statistical significance testing approach that tests the 
null hypothesis of no difference between real groups and pseudo groups. We tested 
the observed bonding-by-role interactive effects on GNS of the real group against 
the permutation samples based on the bonding-by-role interactive effects on GNS 
(n = 1,000, each permutation sample contained 172 within-condition pseudo 
groups)18,68,80. This analysis confirmed that the observed interactive effects on GNS 
in real groups were outside the 95% CI of the permutation distribution of the 1,000 
pseudo-group samples with significant empirical P values (channel 8: P < 0.001; 
channel 11: P < 0.001; channel 4: P = 0.015; channel 13: P = 0.001, survived FDR 
correction for the testing channels, Extended Data Fig. 3b).

To present measured neural synchronization from different perspectives, the 
results based on deoxy-Hb signals were also analyzed. We employed the same 
wavelet transform coherence analysis to calculate the GNS of each three-person 
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group. Previous studies showed that the oxy-Hb signal has a higher signal-to-noise 
ratio than the deoxy-Hb signal81,82 and is a more sensitive indicator of changes in 
regional cerebral blood flow67,69,83. The deoxy-Hb signal is, in contrast, more related 
to neurovascular coupling84. We reported the results based on oxy-Hb signal in the 
main text and the results based on deoxy-Hb signals in Supplementary Fig. 2.

To examine the effect of bonding over time, we included time-bin as an 
independent factor in ANOVA on GNS. Specifically, we clustered the 24 rounds 
into four time-bins (i.e. six contest rounds per bin) and averaged GNS for 
each time-bin. We then submitted the averaged GNS of each time-bin to role 
(attacker versus defender) × bonding (in-group bonding versus no-bonding 
control) × time-bin mixed-model ANOVA. Although the bonding × role interaction 
on GNS remained significant, we did not find a significant main effect of time-bin 
or an interaction between time-bin and role and/or bonding, suggesting that the 
effects of bonding and role reported in the main text were stable across time.

In each six-person session, all six participants were of the same gender. To 
examine the role of session gender, we included Session gender (all-male versus 
all-female sessions) as a between-sessions factor in all models reported in the main 
text. Session gender produced a main effect, with stronger GNS in the rDLPFC 
(channels 6 and 8) and rTPJ (channel 13) in all-female sessions than in all-male 
sessions (Supplementary Fig. 3a and Supplementary Table 10a), but Session gender 
did not interact with in-group bonding or group role (Supplementary Table 10a). 
We did not observe a main effect of Session gender or its interaction with in-group 
bonding or group role on within-group averaged neural activity (Supplementary 
Fig. 3b and Supplementary Table 10b) or group-averaged functional connectivity 
(Supplementary Fig. 3c and Supplementary Table 10c). We concluded from these 
analyses that our main findings and conclusions generalize across all-male and 
all-female intergroup contests.

In addition, we conducted an alternative analysis on group-level neural 
activity and functional connectivity, which enabled comparisons between real and 
pseudo groups. Different from the group-averaged (individual) neural activity and 
functional connectivity, we performed grouping from the first step by averaging 
the raw de-noised oxy-Hb time series (a group-level raw time series) and then 
calculated neural activity and functional connectivity based on the group-level 
oxy-Hb time series (Extended Data Fig. 10). This analysis showed the similar 
bonding effect on group-level neural activity (Supplementary Fig. 4) and functional 
connectivity (Supplementary Fig. 5 and Supplementary Table 11) as that in the 
analysis of group-averaged (individual) level.

Statistics. Sample size estimation was performed a priori. The role (attacker 
versus defender) was randomly assigned and blinded to the experimenter during 
data collection. Data analysis was not performed blinded to the conditions of 
the experiment. Both behavioral and neural data were first aggregated at the 
three-person group level and submitted to two-way mixed-model ANOVA with 
role (attacker versus defender) as a within-subjects factor and bonding (in-group 
bonding versus no-bonding control) as a between-subjects factor. ANOVA with 
significant interaction were followed by planned two-tailed t-tests to examine: 
(1) the effect of role (two-tailed paired-samples t-test) separately in groups under 
the in-group bonding and no-bonding control and (2) the effect of bonding 
(two-tailed independent-samples t-test) separately for attacker and defender 
groups. Data distribution was assumed to be normal, but this was not formally 
tested. Correlations were performed by Pearson’s correlation coefficient analysis. 
FDR correction was applied whenever multiple tests were conducted.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All behavioral data and materials have been made publicly available via the Open 
Science Framework and can be accessed at https://osf.io/uh3sx/. The neural data 
that support the findings of this study are available from the corresponding author 
upon reasonable request.

Code availability
The custom routines for data analysis written in MATLAB are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | the effects of Winning or Losing a Contest round on Behavioral Measures. We examined how the contest outcome (win or lose 
the contest) influenced group members’ behaviors, respectively for attacker and defender groups. a, We found that, after losing the last round, attackers 
decreased their contribution to group fighting (F1,87 = 22.336, p = 8.74 × 10−6, η2 = 0.204) whereas defenders increased their contribution (F1,87 = 77.894, 
p = 1.02 × 10−13, η2 = 0.472). The effect of Outcome was not affected by the bonding conditions (utcome-by-Bonding interaction, attacker: F1,87 = 0.013, 
p = 0.911, η2 = 1.44 × 10−4; defender: F1,87 = 0.007, p = 0.936, η2 = 7.52 × 10−5). b, Outcome did not influence within-group decision similarity (main effect of 
Outcome, attacker: F1,87 = 0.074, p = 0.786, η2 = 0.001; defender: F1,87 = 2.860, p = 0.094, η2 = 0.032; Outcome-by-Bonding interaction, attacker: F1,87 = 2.055, 
p = 0.155, η2 = 0.023; defender: F1,87 = 1.265, p = 0.264, η2 = 0.014). Data from two sessions were excluded as attackers in these two sessions did not win 
any of the 24 rounds. Outcome-by-Bonding mixed-model ANOVAs (n = 89, 43 three-person groups under no-bonding control and 46 three-person 
groups under in-group bonding separately for attacker groups and defender groups). Data showed as Mean ± S.E. with overlaid dot plots. ***p < 0.001, 
n.s. not significant. Note: Given the limited and unequal number of after-win and after-lose rounds, we calculated another index to indicate group decision 
coordination, i.e., within-group decision similarity. For each 3-person group, we calculated the within-group decision similarity as the investment difference 
of each pair of the 3-person group for each round [i.e., (|x1 − x2| + |x2 − x3| + |x1 − x3|) for attacker group; (|y1 − y2| + |y2 − y3| + |y1 − y3|) for defender group].
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Extended Data Fig. 2 | increased Within-group Neural synchronization during Decision-making Phase relative to Waiting Phase. We compared 
within-group neural synchronization (GNS) during the group decision-making phase with that during the waiting screen of the intergroup contest 
game. a,b, We averaged GNS across the channels located in the rDLPFC and rTPJ respectively, and showed higher GNS during decision-making than 
waiting phases (a, rDLPFC: t85 = 5.823, p = 1.00 × 10−7, Cohen’s d = 0.628, 95% CI = 0.003, 0.006, b, rTPJ: t85 = 6.578, p = 3.70 × 10−9, Cohen’s d = 0.709, 
95% CI = 0.004, 0.007), indicating increased GNS during group decision-making. Two-tailed paired samples t-tests, 86 six-person groups during 
decision-making and during waiting phases. c, To validate the Phase effect on the GNS, we generated within-condition pseudo groups for comparison 
purpose by randomly grouping 3 individuals from different original real groups under the same condition as a pseudo group, and treated Group (real vs. 
pseudo groups) as a between-subjects factor. d,e, We conducted ANOVAs on GNS with factors of Phase (decision-making vs. waiting) and Group (real vs. 
pseudo groups) in 86 six-person real groups and 86 six-person pseudo groups. We observed significant Phase-by-Group interactions on GNS in rDLPFC 
and rTPJ (d, rDLPFC: F1,170 = 10.161, p = 0.002, η2 = 0.056; e, rTPJ: F1,170 = 13.920, p = 2.60 × 10−4, η2 = 0.076). In addition, two-tailed paired t-tests on 86 
six-person pseudo groups showed no significant difference between GNS during decision-making and waiting phases (d, rDLPFC: t85 = 1.400, p = 0.165, 
Cohen’s d = 0.151, 95% CI = −4.16 × 10−4, 0.002; e, rTPJ: t85 = 1.209, p = 0.230, Cohen’s d = 0.130, 95% CI = −0.001, 0.003). Data are plotted as boxplots for 
each condition in which horizontal lines indicate median values, boxes indicate 25/75% quartiles, and whiskers indicate the 2.5-97.5% percentile range. 
Data points outside the range are shown separately as circles. Solid lines start from the mean and reflect the intervals for the Mean ± S.E. **p < 0.01, 
***p < 0.001, n.s. not significant. f, g, One-sided permutation test was used to verify the stronger decision-making-increased GNS in real than pseudo 
groups. Specifically, we calculated the mean difference between the two phases (GNSdecision-making – GNSwaiting) to indicate decision-making-increased 
GNS respectively for each real or pseudo group. We then compared the real-group sample with 1000 pseudo-group samples18,68,80. We tested the 
decision-making-increased GNS of the real sample against permutation samples based on decision-making-increased GNS (n = 1000, each permutation 
sample contains 172 within-condition 3-person pseudo groups). To test whether the effects observed in real groups was larger than that in pseudo groups, 
we reported the 1-sided p-values. The empirical p value was calculated as80: p = j/1000, j is the number of samples out of the 1000 permutation samples, 
of which the decision-making-increased GNS was larger than the observed value of real groups. We showed that, for both rDLPFC and rTPJ, the observed 
difference in decision-making-increased GNS in real groups were outside the upper limit of 95% CI of the permutation distribution. The one-sided p-values 
indicated specific decision-making-increased GNS in real groups rather than pseudo groups (f, rDLPFC: p = 0.004; g, rTPJ: p = 0.012).
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Extended Data Fig. 3 | Validation of Bonding-by-role interaction on Within-group Neural synchronization. a, To confirm stronger Bonding-by-Role 
interaction in real than pseudo groups, we conducted 3-way ANOVAs on GNS with factors of Bonding, Role, and Group, at channels that showed 
significant Bonding-by-Role interaction in real groups (86 six-person real groups and 86 six-person pseudo groups). We observed significant 3-way 
interaction of Bonding-by-Role-by-Group on GNS in rDLPFC and TPJ (channel 8: F1,168 = 7.578, p = 0.007, η2 = 0.043; channel 11: F1,168 = 8.318, p = 0.004, 
η2 = 0.047; channel 4: F1,168 = 7.085, p = 0.009, η2 = 0.040; channel 13: F1,168 = 5.111, p = 0.025, η2 = 0.030, survived FDR correction for the testing channels). 
Bonding-by-Role interaction in pseudo groups were not significant (channel 8: F1,84 = 0.292, p = 0.590, η2 = 0.003; channel 11: F1,84 = 1.096, p = 0.298, 
η2 = 0.013; channel 4: F1,84 = 1.424, p = 0.236, η2 = 0.017; channel 13: F1,84 = 0.016, p = 0.900, η2 = -1.88 × 10−4). Data are plotted as boxplots for each 
condition in which horizontal lines indicate median values, boxes indicate 25/75% quartiles, and whiskers indicate the 2.5-97.5% percentile range. Data 
points outside the range are shown separately as circles. Solid lines start from the mean and reflect the intervals for the Mean ± S.E. *p < 0.05, **p < 0.01, 
n.s. not significant. b, One-sided permutation test was conducted to verify the stronger Bonding-by-Role on GNS in real than pseudo groups. Specifically, 
we compared the real-group sample with 1000 pseudo-group samples18,68,80. We calculated the Bonding-by-Role interaction on GNS: No-bonding 
(GNSdefender − GNSattacker) − Ingroup-bonding (GNSdefender − GNSattacker), for each real and pseudo group. We then tested the observed Bonding-by-Role 
interactive effects on GNS of the real groups against the permutation samples based on the Bonding-by-Role interactive effects on GNS (n = 1000, each 
permutation sample contains 172 within-condition three-person pseudo groups). We showed that the observed differences in the interactive effects on 
GNS in real groups were outside the upper limit of 95% CI of the permutation distribution. The empirical p value was calculated as80: p = j/1000, j is the 
number of samples out of the 1000 permutation samples, of which the Bonding-by-Role interaction on GNS was larger than the observed value of real 
groups. The one-sided p-values indicated stronger interaction on GNS in real groups (channel 8: j = 0; channel 11: j = 0; channel 4: p = 0.015; channel 13: 
p = 0.001, survived FDR-correction for the testing channels).
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Extended Data Fig. 4 | the effect of Decision similarity on Within-group Neural synchronization (GNs). To test whether GNS just reflected 
individual making similar decisions, we included a within-subject factor (within-group decision similarity) in the analyses, resulting in Role (attacker vs. 
defender) × Bonding (in-group bonding vs. control) × Similarity (similar vs. dissimilar) mixed-model ANOVAs on GNS. For each 3-person group, each 
contest round, we calculated the within-group decision similarity as the investment difference of each pair of the 3-person group for each round [i.e.,  
(|x1 − x2| + |x2 − x3| + |x1 − x3|) for attacker group; (|y1 − y2| + |y2 − y3| + |y1 − y3|) for defender group]. Using median split on the mean value of decision 
similarity across all rounds, we categorized all the rounds into “similar” and “dissimilar” decisions. First, the Bonding × Role interaction remained significant 
when including within-group decision similarity in the analysis in rDLPFC. However, the main effect of Similarity (a, channel 8: F1,84 = 2.334, p = 0.130, 
η2 = 0.027; channel 11: F1,84 = 3.553, p = 0.063, η2 = 0.041; channel 4: F1,84 = 1.568, p = 0.214, η2 = 0.018; channel 13: F1,84 = 1.203, p = 0.276, η 2 = 0.014) or 
its interaction with Role and/or Bonding (b, Similarity-by-Role-by-Bonding: channel 8: F1,84 = 2.019, p = 0.159, η2 = 0.023; channel 11: F1,84 = 1.191, p = 0.278, 
η 2 = 0.014, channel 4: F1,84 = 3.627, p = 0.060, η2 = 0.041; channel 13: F1,84 = 0.579, p = 0.449, η2 = 0.007; Similarity-by-Role: channel 8: F1,84 = 1.445, 
p = 0.233, η2 = 0.017; channel 11: F1,84 = 0.016, p = 0.899, η2 = 1.94 × 10−4, channel 4: F1,84 = 0.126, p = 0.724, η2 = 0.001; channel 13: F1,84 = 0.026, p = 0.873, 
η2 = 3.07 × 10−4; Similarity-by-Bonding: channel 8: F1,84 = 0.157, p = 0.693, η2 = 0.002; channel 11: F1,84 = 0.473, p = 0.493, η2 = 0.006, channel 4: F1,84 = 0.172, 
p = 0.679, η2 = 0.002; channel 13: F1,84 = 0.160, p = 0.690, η2 = 0.002) did not reach significance. Mixed-model ANOVAs, n = 86 three-versus-three-person 
intergroup competitions. Data are plotted as boxplots for each condition in which horizontal lines indicate median values, boxes indicate 25% and 75% 
quartiles, and whiskers indicate the 2.5-97.5% percentile range. Data points outside the range are shown separately as circles. Solid lines start from the 
mean and reflect the intervals for the Mean ± S.E. n.s. not significant.
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Extended Data Fig. 5 | illustration of Group-averaged Neural activity and rDLPFC-rtPJ Connectivity analyses. a, Group-averaged Neural Activity. We first 
assessed the neural responses of a single brain (i.e., individual neural activity) by performing pre-processing on the fNIRS denoised Oxy-Hb data, including 
discrete cosine transforms with cut-off period of 128 s and pre-coloring based on hemodynamic response function (HRF). The preprocessed Oxy-Hb time 
series of each channel were segmented into 3 conditions, i.e., the decision-making phase (illustrated in the figure), the waiting screen, and the outcome 
screen. The pre-processed Oxy-Hb during decision-making (outcome) phase was z-score transformed using the mean value and standard deviation of the 
waiting period (as baseline) and indicated decision-making (outcome) related activity74. For each intergroup contest, we averaged across 3 participants 
sharing the same role to indicate the round-level neural responses of each 3-person group. b, Group-averaged rDLPFC-rTPJ connectivity. Similar to previous 
studies37, we performed coherence analysis between each of the 7 channels in the rDLPFC with each of the 7 channels in the rTPJ (i.e., 49 channel pairs) for 
each participant. The calculation of functional connectivity between channel 8 in the rDLPFC and channel 9 in the rTPJ was illustrated in the figure. We then 
averaged the coherence values of the 3 participants within the same group to indicate the group-averaged functional connectivity (GFC) of rDLPFC–rTPJ.
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Extended Data Fig. 6 | see next page for caption.
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Extended Data Fig. 6 | in-group Bonding increased Group-averaged Functional Connectivity (GFC) of rDLPFC-rtPJ. We conducted Bonding (in-group 
bonding vs. no-bonding control) × Role (attacker vs. defender) mixed-model ANOVAs on the GFC of rDLPFC-rTPJ. We showed that in-group bonding 
(relative to no-bonding control) increased rDLPFC-rTPJ connectivity in 18 rDLPFC-rTPJ channel pairs (FDR corrected for 49 rDLPFC-rTPJ channel pairs, 
a–r, Supplementary Table 8 gives the full statistical report) and grand mean rDLPFC-rTPJ connectivity (s, F1,84 = 9.033, p = 0.003, η2 = 0.097). Mixed-model 
ANOVAs, n = 86 three-versus-three-person intergroup competitions. Data are plotted as boxplots for each condition in which horizontal lines indicate 
median values, boxes indicate 25/75% quartiles, and whiskers indicate the 2.5-97.5% percentile range. Data points outside the range are shown 
separately as circles. Solid lines start from the mean and reflect the intervals for the Mean ± S.E. *p<0.05, **p<0.01, ***p<0.001.
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Extended Data Fig. 7 | Within-group Neural synchronization after Winning or Losing. We compared the GNS after the group won or lost the last round. 
We conducted Bonding (in-group bonding vs. no-bonding control) × Outcome of last-round T-1 (win(T-1) vs. lose(T-1)) mixed-model ANOVAs on GNS of 
round T. For both attacker (a) and defender (b) groups, the main effect of Outcome was not significant (a, Attacker: channel 8: F1,82 = 3.357, p = 0.071, 
η2 = 0.039; channel 11: F1,82 = 1.164, p = 0.284, η2 = 0.014; channel 4: F1,82 = 2.893, p = 0.093, η2 = 0.034; channel 13: F1,82 = 0.824, p = 0.367, η2 = 0.010;  
b, Defender: channel 8: F1,82 = 1.321, p = 0.254, η2 = 0.016; channel 11: F1,82 = 2.100, p = 0.151, η2 = 0.025; channel 4: F1,82 = 0.008, p = 0.930, η2 = 9.39 × 10−5; 
channel 13: F1,82 = 0.183, p = 0.670, η2 = 0.002). The Outcome effect was not modulated by in-group bonding (a, Attacker: channel 8: F1,82 = 0.019, p = 0.890, 
η2 = 2.35 × 10−4; channel 11: F1,82 = 1.122, p = 0.293, η2 = 0.014; channel 4: F1,82 = 0.244, p = 0.622, η2 = 0.003; channel 13: F1,82 = 0.888, p = 0.349, η2 = 0.011;  
b, Defender: channel 8: F1,82 = 0.189, p = 0.665, η2 = 0.002; channel 11: F1,82 = 1.988, p = 0.162, η2 = 0.024; channel 4: F1,82 = 0.124, p = 0.725, η2 = 0.002; 
channel 13: F1,82 = 3.39 × 10−4, p = 0.985, η2 = 4.14 × 10−6). Data from two sessions were excluded as attackers in these two sessions did not win any of 
the 24 rounds. Outcome-by-Bonding mixed-model ANOVAs (n = 84, 42 three-person groups under no-bonding control and 42 three-person groups 
under in-group bonding) separately for attacker groups and defender groups. Data are plotted as boxplots for each condition in which horizontal lines 
indicate median values, boxes indicate 25/75% quartiles, and whiskers indicate the 2.5-97.5% percentile range. Data points outside the range are shown 
separately as circles. Solid lines start from the mean and reflect the intervals for the Mean ± S.E. n.s. not significant.
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Extended Data Fig. 8 | Within-group averaged Neural activity at Channel 8 in the rDLPFC after Winning or Losing. We compared the within-group 
averaged neural activity in rDLPFC after the group won or lost the last round. We conducted Bonding (in-group bonding vs. control) × Outcome of 
last-round T-1 (win(T-1) vs. lose(T-1)) mixed-model ANOVAs on the within-group averaged neural activity of round T. First, we found a significant main effect 
of Outcome, i.e., stronger neural activity in the rDLPFC during the next-round decision-making phase after the group lost (relative to won) the game, for 
both the attacker (a, channel 8: F1,82 = 29.791, p = 5.00 × 10−7, η2 = 0.266) and defender (b, channel 8: F1,82 = 26.595, p = 1.71 × 10−6, η2 = 0.245). Moreover, 
for the attacker group, we found a significant interaction of Bonding and Outcome on within-group averaged rDLPFC activity (channel 8: F1,82 = 13.207, 
p = 4.85 × 10−4, η2 = 0.139). Outcome-by-Bonding mixed-model ANOVAs (n = 84, 42 three-person groups under no-bonding control and 42 three-person 
groups under in-group bonding separately for attacker groups and defender groups). Data from two sessions were excluded as attackers in these two 
sessions did not win any of the 24 rounds. Data are plotted as boxplots for each condition in which horizontal lines indicate median values, boxes indicate 
25/75% quartiles, and whiskers indicate the 2.5-97.5% percentile range. Data points outside the range are shown separately as circles. Solid lines start 
from the mean and reflect the intervals for the Mean ± S.E. ***p < 0.001.
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Extended Data Fig. 9 | effect of in-group Bonding Manipulation on intergroup Discrimination. We compared in-group bonding index indicated by 
greater intergroup discrimination (a measure independent of the intergroup contest) before and after the bonding manipulation to quantify the effect 
of bonding on increasing intergroup discrimination. a, Before the bonding manipulation, participants in different conditions showed the same level of 
intergroup discrimination in the intergroup Dictator Game (iDG) (Bonding: F1,89 = 2.249, p = 0.137, η2 = 0.025; Role: F1,89 = 0.181, p = 0.672, η2 = 0.002; 
Bonding × Role: F1,89 = 0.243, p = 0.623, η2 = 0.003). Mixed-model ANOVA, n = 91 three-versus-three-person intergroup competitions. b, In-group bonding 
(relative to no-bonding control) increased intergroup discrimination in both attacker (t89 = 5.453, p = 4.39 × 10−7, Cohen’s d = 1.142, 95% CI = 3.173, 6.812) 
and defender groups (t89 = 2.788, p = 0.006, Cohen’s d = 0.584, 95% CI = 0.810, 4.833). Two-tailed independent-samples t-test, 47 three-person attacker 
(defender) groups under in-group bonding and 44 three-person attacker (defender) groups under no-bonding control. c, We directly examined the 
in-group bonding induced intergroup discrimination by calculating the change from before to after bonding manipulation (i.e. iDG-iDG0). We showed 
that, in-group bonding manipulation indeed induced a reliable increase in intergroup discrimination (t46 = 7.220, p = 4.27 × 10−9, Cohen’s d = 1.053, 95% 
CI = 2.354, 4.173, two-sided one-sample t-test, 47 three-versus-three-person intergroup competitions under in-group bonding condition), which was 
observed in both attacker (t46 = 3.171, p = 0.003, Cohen’s d = 0.463, 95% CI = 0.925, 4.140, two-sided one-sample t-test, 47 three-person attacker groups) 
and defender groups (t46 = 5.222, p = 4.16 × 10−6, Cohen’s d = 0.762, 95% CI = 2.455, 5.534, two-sided one-sample t-test, 47 three-person defender groups). 
In addition, under no-bonding control condition, there was no change of intergroup discrimination for attacker (t43 = −1.464, p = 0.150, Cohen’s d = −0.221, 
95% CI = −2.867, 0.455, two-sided one-sample t-test, 44 three-person attacker groups) or defender groups (t43 = 1.936, p = 0.059, Cohen’s d = 0.292, 
95% CI = −0.075, 3.692, two-sided one-sample t-test, 44 three-person defender groups). Data showed as Mean ± S.E. with overlaid dot plots. **p < 0.01, 
***p < 0.001, n.s. not significant.
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Extended Data Fig. 10 | illustration of group-level neural activity and rDLPFC-rtPJ connectivity calculation. a, Different from group-averaged neural 
activity in Extended Data Fig. 5, we calculated the group-level neural activity by first averaging the denoised Oxy-Hb neural activity across 3 participants of 
each pseudo groups. The group-level, preprocessed Oxy-Hb time series of each channel were then segmented into 3 conditions, i.e., the decision-making 
phase, the waiting screen, and the outcome screen. The pre-processed, group-level Oxy-Hb during decision-making (outcome) phase was z-score 
transformed using the mean value and standard deviation of the group-level waiting period (as baseline) and indicated group-level decision-making 
(outcome) related activity. b, The group-level function connectivity between rDLPFC and rTPJ was calculated by first averaging the denoised Oxy-Hb 
neural activity in each channel across 3 participants of each group. We then performed coherence analyses between each of the 7 channels in the rDLPFC 
with each of the 7 channels in the rTPJ (i.e., 49 channel pairs) to index channel-pairwise group-level functional connectivity (GFC) of rDLPFC–rTPJ. We 
also calculated at the grand mean level (i.e., the averaged coherence value of 49 channel pairs) to index grand mean group-level functional connectivity.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was determined a priori using G*Power 3.1 (Ref 51) to estimate the number of six-person sessions needed to detect 

significant effects with 80% statistical power. We originally considered conducting power analysis based on both behavioral and neural 

effects. However, most fNIRS studies have considered dyad-level interactions, and only a few have examined neural synchronization in single 

groups with group sizes n ≥ 3, and we are unaware of fNIRS studies examining intergroup (economic) interaction. We thus calculated a priori 

sample size estimates on the basis of earlier behavioral studies using the intergroup contest that we also used here. Based on a small-to-

medium effect size estimated by a meta-analysis on the effect of in-group bonding on intergroup discrimination in cooperation (Cohen’s d = 

0.32), 80 six-person sessions were needed to detect a reliable effect with α = 0.05, β = 0.80 for a within (attacker vs. defender) by between 

(in-group bonding vs. control) treatment interaction. To allow for drop-out due to technical failure, we recruited 93 sessions. 

Data exclusions Similar to previous studies (Ref 18) excluding groups based on data collection failure, in our study, two six-person contest sessions were 

excluded because of a technical failure to record contribution decisions, leaving 546 participants in 91 contest sessions(40 male sessions, 

Mean ± SD = 22.04 ± 1.31 years; Supplementary Table 1a) for behavioral data analysis. Another 5 six-person contest sessions were excluded 

because of technical failure with fNIRS measurements, leaving a total of 516 participants in 86 intergroup contest sessions for neural data 

analysis (38 male sessions, Mean ± SD = 22.01 ± 1.29 years; Supplementary Table 1b). 

Replication The experiment was performed once, and no replication experiments were conducted. The manuscript contains all information necessary to 

conduct replication experiment. 

The main analyses were performed on the populational level, in which case the variation in subject responses was incorporated into statistical 

testing. The variability in behavioral and neural responses is shown through the plotting of individual data or data range in all the figures. 

The result of the Deoxy-Hb signals was found similar as those reported for oxygenated hemoglobin (Oxy-Hb) signals. 

All of the main findings remain the same before and after applying wavelet-based global noise removal, and when controlling for the global 

mean as a covariate. 

The main effect of group role on behavioral measures (higher contribution and higher decision coordination for defender than attacker) 

replicated previous finding

Randomization All participants were randomly assigned to the in-group bonding or no-bonding control manipulation, and randomly assigned to the group 

role of attacker or defender.

Blinding The Role (attacker vs. Defender) was randomly assigned and blind to the experimenter during data collection. Data analysis was not 

performed blind to the conditions of the experiments.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants

Policy information about studies involving human research participants

Population characteristics Healthy individuals (N = 558, 252 males, age 18-30 years, Mean ± SD = 22.06 ± 2.58 years) were invited as paid volunteers. All 

participants had normal or corrected-to-normal vision and no history of neurological or psychiatric disorders. Behavioral data 

analyses were conducted on 91 three-versus-three-person intergroup competition sessions (40 males sessions, Supplementary 

Table 1a). Neural data analysis was conducted on 86 three-versus-three-person intergroup sessions (Supplementary Table 1b).  

 

The attacker and defender groups under in-group bonding or no-bonding control conditions did not differ in gender, age, 

education, empathic capacity, cooperative personality, social-value orientation, prosocial personality,impulsiveness, justice 

sensitivity, preference for social hierarchy, and baseline intergroup discrimination (detailed Supplementary Table 1)

Recruitment 558 healthy individuals were recruited in this study as paid volunteers through on campus flyer recruitment. No self-selection 

biases was involved in the participant recruitment.
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Ethics oversight The experimental protocols adhered to the standards set by the Declaration of Helsinki and was approved by a local Research 

Ethics Committee at the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University Beijing, China 

(protocol number: IORG0004944).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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