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Abstract
Scientists from Einstein to Sagan have linked emotions like awe with the motivation for scientific inquiry, but no research has
tested this possibility. Theoretical and empirical work from affective science, however, suggests that awe might be unique in
motivating explanation and exploration of the physical world. We synthesize theories of awe with theories of the cognitive
mechanisms related to learning, and offer a generative theoretical framework that can be used to test the effect of this emotion
on early science learning.
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Scientists from Einstein to Sagan have written at length about the
capacity of emotional states like awe to deeply engage scientific
inquiry (Sagan & Druyan, 2006), yet no psychological theory has
linked these phenomena conceptually. Research on the emotional
antecedents of learning has been growing, but most of this initial
work has focused on the effects of valence (positivity/negativity)
on learning outcomes. For example, a large body of literature
exists looking at how achievement and mastery goals are hindered by test anxiety (Goetz, Frenzel, Hall, & Pekrun, 2008;
Linnenbrink, 2006; Pekrun, Goetz, Titz, & Perry, 2002) or facilitated by positive affect (Kaplan & Maehr, 1999; Linnenbrink,
2005; Meece, Blumenfeld, & Hoyle, 1988; Nicholls, Patashnick,
& Nolen, 1985; Nolen & Haladyna, 1990; Pintrich, 2000; Roeser,
Midgley, & Urdan, 1996; Seifert, 1995). Recent research on science learning has begun to acknowledge the importance of examining distinctions amongst discrete emotional states (Pekrun,
Elliot, & Maier, 2009; Pekrun et al., 2002; Sinatra, Broughton, &
Lombardi, 2014), but it has not yet considered emotions like awe.
We propose a theory that seeks to fill this significant gap in
the literature in the context of early science education. We

hypothesize that awe is the emotional state most likely to impact
outcomes in science learning, from investigating scientific
problems to retaining scientific information. We ground this
proposal in theories of the emotion’s antecedents, its conceptual
distinction from similar emotional states (e.g., surprise, curiosity, and wonder), and empirical demonstrations of its effect on
processes related to cognitive accommodation, a crucial determinant of science learning. We highlight how readily the existing conceptual and empirical work on the antecedents and
consequences of awe can be integrated with theory and research
on learning. In short, processes that have separately been found
by cognitive developmentalists to underlie science learning
(i.e., violations of learners’ expectations, uncertainty-driven
exploration and explanation of the physical world, cognitive
accommodation and conceptual change) have been both theoretically and empirically linked to the experience of awe by
affective scientists. Our theory unites two previously disparate
areas of research, and highlights the importance of research on
the relation between discrete emotional states and learning
moving forward. It not only adds to existing theories of learning
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Figure 1. Model of the conceptual distinctions between related epistemic emotions.

and emotion, but could also provide a roadmap for future
research on how to develop pedagogical techniques for more
effectively triggering this emotion in the service of science education.

Epistemic Emotions
Awe belongs to a family of emotions that can be labeled “epistemic.” These affective states are defined by their relation to
knowledge and understanding, and have been studied in a variety of ways with respect to processes associated with learning
outcomes (e.g., attention, exploration, and explanation-seeking). But the relationship between these states has thus far been
ambiguous, with researchers either using the terms interchangeably or defining certain states as blends or variants of others.
For example, awe has been defined as a kind of interest (Izard,
1977), possibly leading to curiosity, as well as related to feelings of surprise (Frijda, 1986). The terms awe and wonder have
not been distinguished empirically, with wonder often being
included in composite measures of awe (e.g., Shiota, Keltner, &
Mossman, 2007).
Though researchers seem to agree that all these emotions are
triggered when gaps in our existing knowledge are made salient
(Kashdan, Sherman, Yarbro, & Funder, 2013; Loewenstein,
1994; Silvia & Kashdan, 2009), and are thought to influence
processes related to acquiring or revising that knowledge, there
are important distinctions between them. In what follows we
flesh out these distinctions and why their unique properties matter for our proposal that the experience of awe in particular
would be particularly conducive to early science learning. We
summarize our analysis in Figure 1.1

Surprise
Surprise has attracted the most empirical attention and is thought
to be elicited any time there is a discrepancy between an existing schema and a current input (Reisenzein, Meyer, & Niepel,

2012; Schützwohl, 1998). Intensity of surprise maps onto the
degree of unexpectedness of the surprising event (StiensmeierPelster, Martini, & Reisenzein, 1995). But importantly, an unexpected event can be surprising even if it can be explained easily.
For example, one might be surprised by family members jumping out from behind a couch at a birthday party. Experimental
manipulations of surprise are consistent with this conceptualization, using simple techniques such as unannounced changes
of computer stimuli to evoke the emotion (Reisenzein &
Studtmann, 2007). These kinds of events do not require effortful
assimilation or explanation to understand, and it is this feature
that we believe distinguishes surprise from other states like curiosity, wonder, and awe. Though some research has linked complexity of explanation for an event with intensity of surprise
(Foster & Keane, 2015), this research did not measure other
similar states, and work that has done so has found important
distinctions in the kinds of events that elicit surprise and other
epistemic emotions (e.g., Shiota et al., 2007).

Curiosity and Wonder
If an explanation for an unexpected event is not obvious, and an
effortful causal search is required in order to assimilate information, then we propose the emotional state generated by the event
is best described as curiosity or wonder. We refer to curiosity and
wonder as conceptually similar emotional states characterized
not only by the presence of an unexpected event but the salience
of a gap in current knowledge and a desire and need to acquire
more information in order to explain that event. Experimental
inductions of curiosity map onto this definition, the most common of which is presenting trivia questions that participants cannot answer but may desire to know the answer (Gruber, Gelman,
& Ranganath, 2014; Kang et al., 2009). No empirical work to our
knowledge has studied wonder per se. Though the term has been
used in composite scales of awe (Saroglou, Buxant, & Tilquin,
2008) it is often used interchangeably with curiosity in language
to refer to a positively valenced approach state geared towards
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acquiring knowledge (e.g., “I am curious about,” “I wonder
about”). We adopt this latter definition. Curiosity and wonder do
not require the accommodation (or restructuring) of existing
mental structures in order to make sense of an event. They are
thought to be evoked only by relatively minor violations of
expectations, while violations that represent major threats to
understanding either evoke fear-like aversive reactions (Hebb,
1949; Loewenstein, 1994) or are simply ignored because of an
inability to assimilate the new information into existing mental
structures (Chinn & Brewer, 2001).

Awe
Awe is triggered by an unexpected event, like surprise, and
involves the salience of a gap in knowledge and a desire to
acquire more information, like curiosity and wonder, but it also
entails an inability to assimilate information into existing mental structures and a resulting need for accommodation. Distinct
from curiosity and wonder, awe seems to be evoked by major
violations of expectations that, while they can evoke feelings of
uncertainty and confusion, also motivate explanation-seeking
via a need for cognitive accommodation. Consistent with this
conceptualization, awe can be both positively or negatively
valenced and can be characterized by either approach or avoidance motivations (Keltner & Haidt, 2003), likely depending on
individual differences in constructs such as the need for cognitive closure and openness to experience (Shiota et al., 2007) or
perceptions of threat or great power in the awe-evoking stimulus. A growing body of empirical literature supports this conceptual definition of awe, and it is the accommodative
component of the awe experience that distinguishes it from
other epistemic emotions.
Awe has been defined in a variety of ways. For example,
Ekman (1992) speculated that awe would likely be found to satisfy all commonly accepted criteria for inclusion as a basic emotion, but he offered no framework for understanding its causes
or consequences.
Taking up this challenge, Keltner and Haidt (2003) developed a full conceptual framework of awe that has shaped contemporary research into this emotion. Their theory identifies
two core components of this affective experience: a perception
of vastness and a need for accommodation. On this view, awe is
triggered when in the presence of something that cannot be
understood in terms of one’s current theories of the world (i.e.,
it is perceptually vast) and that involves a strong motivation to
adjust those theories in order to make sense of the novel stimulus (i.e., a need for accommodation). This conceptualization is
grounded directly in Piagetian theories of cognition (Piaget,
1971), on which we process new information either by assimilating that information into preexisting schemas or by changing
our preexisting schemas to accommodate the new information.
Awe is thought to be evoked when we confront information that
cannot be assimilated into preexisting schemas and, consequently, triggers accommodation instead. While developmental
psychologists have moved away from the terms “assimilation”
and “accommodation” in the decades since Piaget, the processes
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themselves continue to play a valuable role in research on conceptual development, differentiating easy, run-of-the-mill learning (“knowledge enrichment”) from learning that is more
effortful and more protracted (“knowledge restructuring” or
“conceptual change”). The former is synonymous with assimilation, whereas the latter is synonymous with accommodation
(Carey, 2009).
Keltner and Haidt’s framework has inspired several lines of
research into the cognitive and behavioral consequences of awe,
and while much of it remains in the early stages, one empirical
result has reliably emerged: awe involves feelings of uncertainty. Uncertainty, which is generally a negative psychological
state, results from failures of assimilation (Keltner & Haidt,
2003), and research suggests that the desire to reduce this uncertainty constitutes the main motivation behind cognitive accommodation. For instance, Shiota et al. (2007) found a correlation
between dispositional awe-proneness (example item: “I often
feel awe”) and the need for cognitive closure (an index of an
individual’s discomfort with uncertainty and desire for consistency; Webster & Kruglanski, 1994). Specifically, awe-prone
individuals were less likely to demonstrate such a need, suggesting that individuals who chronically experience awe are
more comfortable with uncertainty. Griskevicius, Shiota, and
Neufeld (2010) found a complementary effect showing that
experimentally manipulated awe leads to increased feelings of
uncertainty. These studies also showed that awe leads to more
systematic cognitive processing and that this relationship is
mediated by feelings of uncertainty—a result interpreted as
demonstrating that feelings of uncertainty motivate a drive for
increased understanding. Indeed, while other positive emotions
tend to increase reliance on heuristics and stereotypes when processing novel information (Griskevicius et al., 2010), awe is
unique in that it does the opposite: it motivates systematic processing of information geared towards understanding and
explaining the awe-inducing event. In short, feelings of uncertainty motivate a drive for increased understanding as a means
of accommodating novel information.
Building off this work, Valdesolo and Graham (2014) and
Valdesolo, Park, and Gottlieb (2016) directly tested whether
awe would increase explanation-seeking and whether feelings
of uncertainty might represent the motivational force behind
this effect. They did so in the distinct domains of scientific and
supernatural thought. On their surface, scientific and supernatural thought offer competing explanations for natural events
(Preston & Epley, 2009), but research in anthropology (Frazer,
1922/1998) and psychology (Rutjens, van der Pligt, & van
Harreveld, 2010) suggests that they stem from the same underlying motivation: the need to explain, predict, and control the
natural world (Preston, 2011; Shtulman & Lombrozo, 2016). A
large body of literature has shown that explaining events via
either religious frameworks (Kay, Whitson, Gaucher, &
Galinsky, 2009) or scientific frameworks (Rutjens, van
Harreveld, van der Pligt, Kreemers, & Noordewier, 2013) can
buffer against the aversive state of uncertainty, and, consistent
with that literature, Valdesolo and Graham (2014) found that
awe increased affinity for supernatural explanations as a
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function of how strongly it raised feelings of uncertainty.
Similarly, Valdesolo et al. (2016) found that the effect of awe on
attraction to either religious explanations or scientific explanations depends on preexisting explanatory commitments.
Individual differences in theism moderated the effect of awe on
the kind of explanations to which participants were attracted.
Taken together, this work shows how awe motivates explanation-seeking as a function of its relation to uncertainty, and
points to the possibility that the need for accommodation that
accompanies awe experiences may influence explanation-seeking in ways that are unique from other epistemic emotions (i.e.,
in domains relevant to science learning).
Despite the conceptual ambiguity amongst epistemic emotions, a common component across the theoretical and empirical
research on these states has been the proposal that they are elicited by violations of expectation. For example, Griskevicius
et al. (2010) write that awe “serves to facilitate new schema
formation in unexpected, information-rich environments” (p.
193), Frijda (1986) writes that curiosity and wonder result from
the “occurrence of mismatch between stimulus input and preexisting cognitive dispositions (knowledge, expectations)” (p.
346), and surprise has been linked directly to the unexpectedness of an event (Stiensmeier-Pelster et al., 1995).
Currently we know very little about the conditions under
which violations of expectation lead to one kind of epistemic
emotion versus another. We do know, however, that violating an
expectation can lead to outcomes that facilitate learning. We
summarize this research in the following lines before turning to
why we believe that violations of expectation in the domain of
science are particularly likely to elicit awe compared with other
epistemic emotions.

Violations of Expectation and Learning
One learning outcome that has been linked to violations of
expectation is enhanced memory for the expectation-violating
information. In studies where adults were asked to predict the
answers to numeric trivia questions, adults were more likely to
recall those answers 12 weeks after learning them if the answers
fell outside a range of expected values (Munnich, Ranney, &
Song, 2007). Violations of expectation lead to enhanced memory in infants as well. Infants who observe physically impossible events, like one object seemingly passing through another,
remember the attributes of the objects involved in those events
better than infants who observe perceptually similar, yet physically ordinary, events (Stahl & Feigenson, 2015). Increased
memory for expectation-violating events appears to be mediated by areas of the brain involved in seeking and monitoring
external rewards (the midbrain and the nucleus accumbens),
insofar that expectation-violating events arouse curiosity and
curiosity-mediated learning is associated with activity in these
brain regions (Gruber et al., 2014).
Violations of expectation also lead to increased causalexplanatory reasoning, particularly in children. When preschool-aged children are shown events that violate a preexisting
expectation, such as the expectation that a particular kind of

object activates a particular kind of machine, they generate
more explanations for those events (e.g., “the box is broken,” “it
ran out of batteries,” “you put the toy on the wrong box”) than
when shown events that conform to that expectation (Legare,
Gelman, & Wellman, 2010). Preschoolers will even posit the
existence of unobserved causal variables (e.g., a hidden block)
to resolve the discrepancy between what they observed and
what they expected to have observed (Schulz, Goodman,
Tenenbaum, & Jenkins, 2008). In these studies, children’s emotional responses to expectation-violating events were not examined, but the motivation behind their explanation-seeking
behavior may well be the desire to reduce the uncertainty associated with having their expectations violated.
As children age, the kinds of explanations they posit for
expectation-violating events become more sophisticated. Eightyear-olds, for instance, are more likely to cite causal factors like
magnetism, buoyancy, or heat transfer as explanations for
expectation-defying events than 6-year-olds, and 6-year-olds
are more likely to do so than 4-year-olds (Phelps & Woolley,
1994). The ability to provide causal explanations for expectation-violating events develops in tandem with the ability to
identify the particular causal principles violated by such events.
By age 6, children have begun to differentiate events that violate
statistical regularities from those that violate physical laws
(Shtulman, 2009; Shtulman & Carey, 2007), and this distinction
facilitates their ability to scrutinize expectation-violating events
in terms of their underlying causal structure (Shtulman & Yoo,
2015). Children’s increased focus on identifying the causes of
an anomalous event likely stems from a desire to reduce uncertainty, as causal explanations have been shown to be more satisfying than other kinds of explanations (Keil, 2006; Lombrozo,
2006).
Children who have had their expectations violated are not
only motivated to explain the violation but are also motivated to
explore the situation that gave rise to the violation. For instance,
children whose expectations about shadows are violated in the
context of a shadow-projection task spend more time exploring
expectation-relevant permutations of the shadow-projection
device than children whose expectations are not violated (van
Schijndel, Visser, van Bers, & Raijmakers, 2015). Likewise,
children whose expectations about physical support are violated
in the context of a balance-scale task spend more time exploring
expectation-relevant permutations of the balance scale than
children whose expectations are not violated (Bonawitz, van
Schijndel, Friel, & Schulz, 2012). Critically, the nature of children’s exploration accords with the nature of the causal factors
they identify as explanations for the violation at hand. For
example, when children observe a violation of the expectation
that a particular kind of object (a “blicket”) activates a particular
kind of machine (a “blicket detector”), they will selectively
explore either the object or the machine depending on which
they have identified as the most plausible source of the violation
(Legare, 2012). Thus, children resolve the uncertainty surrounding expectation-violating events not only by positing explanations for those events but also by seeking confirmation that their
explanations are correct.
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Awe and Violations of Expectations in
Science Learning
In sum, there is strong empirical support for the effect of violations of expectation on learning (i.e., exploratory and explanatory behaviors), and strong support for the role of violations of
expectations in triggering different epistemic emotions. The
empirical work on these topics in combination with our conceptual proposal distinguishing awe from other epistemic emotions
suggests that awe might play a unique role in early science
learning. The effect of emotional states on learning depends on
the content of what is being learned (Broughton, Sinatra, &
Nussbaum, 2013), with particular emotional states experienced
in some content domains more than others. We believe that science is the domain in which awe plays the greatest role in early
learning.
Awe is elicited in the presence of an event that is perceived
as a major violation of one’s current theories about the world
and cannot be assimilated into existing mental structures. The
feeling of uncertainty created by this gap between knowledge
and experience triggers a need for accommodation (or knowledge restructuring) that promotes explanation and exploration,
two crucial antecedents of learning. From an early age, children’s expectations relevant to the domain of science are widespread, deeply held, and rooted in intuitive theories of the
physical world (Carey, 2000; Wellman & Gelman, 1992). We
propose that violations of these expectations would not only
make gaps in knowledge salient but would also motivate a need
for accommodation that distinguishes the awe experience from
other related epistemic emotions. Violations of the physical
world related to such phenomena as atoms, genes, planetary
motion, inertia, electricity, evolution, or tectonic plates cannot
be easily assimilated as they challenge deeply held naïve theories. Seeing, for example, a feather and an anvil drop at the same
rate in a vacuum represents a strong violation of intuitive theories of gravity, on which heavy objects fall faster than light ones.
Knowing that the objects fell in a vacuum is not sufficient for
assimilating that event into one’s understanding of physical
motion; what one needs to know is how weight differs from
gravity and how gravity affects motion.
We predict that these kinds of events will elicit awe above
and beyond other epistemic emotions, and that the degree of
cognitive accommodation that follows such events, and therefore the degree of success in making sense of this information,
will be predicted by experienced awe. In short, awe will drive
conceptual change in the domain of science, defined by dissatisfaction with existing theories and motivating the replacement
of those theories with new, more accurate ones. The ways in
which children accommodate expectation-violating information
so as to acquire new scientific theories is one of the most important areas of research in early science education (Bonawitz
et al., 2012; van Schijndel et al., 2015), and awe may be particularly influential amongst epistemic emotions in its ability to promote such cognitive activities.
Our theoretical framework paves the way for future research
testing the relation between violations of science-relevant
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expectations, awe, and early science learning outcomes. Specific
questions in need of investigation are (a) whether violating children’s expectations in a variety of scientific domains does, in
fact, increase experiences of awe, (b) whether experiences of
awe do, in fact, mediate explanatory and exploratory behavior
in scientific domains, and (c) whether instructional techniques
can be used to violate children’s expectations more effectively
and, hence, to elicit awe more effectively prior to and during
formal instruction. The answers to these questions will shed
light not only on the emotional antecedents of science learning
but also on the goal of improving science learning in early
childhood. We are optimistic about the feasibility of this empirical project given that expectations in the domain of science
have been well studied and well described, and that these expectations are relatively easy to violate in the context of a brief
observation or demonstration. Indeed, science content is inherently expectation-violating (Chi, 2005; Nersessian, 1989;
Shtulman, 2015; Vosniadou, 1994).
When Socrates said “wisdom begins in wonder,” he suggested an important causal relationship between epistemic emotional states and the ultimate production of knowledge and
learning. And when the National Research Council adopted the
Next Generation Science Standards identifying “wondering,
investigating, and questioning” as the basis for K-12 science
education, they suggested that the effects of these kinds of emotions may be particularly important to the development of scientific wisdom. Though we agree with the implied emphasis on
the importance of epistemic emotions in learning in general and
science education in particular, we offer a friendly amendment:
science is not simply wonderful, it’s awesome. We urge other
researchers concerned with promoting early interest and engagement in science, technology, engineering, and math (STEM) to
help us empirically test our theory.
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Note
1

Interest is a related epistemic emotion but is not discussed here given
that it does not necessarily result from violations of expectations (a
crucial feature of our conceptual model; cf. Campos, Shiota, Keltner,
Gonzaga, & Goetz, 2013 and Sauter, XXXX, for further discussion of
interest).
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