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Abstract: We are introducing a novel thermodynamic emotion model. In this model, emotions are regarded as
deviations from equilibrium, akin to fluctuations in body temperature. This bipolar regulation maintains
bodily and psychological homeostasis while spurring mental development. Emotional regulation typically
occurs through expanding one's perception of time. Positive, low-information content emotions can reduce
action drive, but stressful, information-rich conditions can heighten it. However, action accelerates time
perception to facilitate fluid action performance, where a unique state of contentment and challenge represents
flow. Therefore, time perception can control emotions’ capacity to control motivation. By anchoring
psychological processes to the principles of energy and entropy, our model offers a comprehensive bipolar
foundation for understanding motivation and behavior. Beyond its theoretical implications, this model also
lays the groundwork for addressing mental health conditions resulting from the dysregulation of emotions. It
can inspire potential interventions to harness the mind-body connections elucidated in our thermodynamic
perspective.

Keywords: emotions; motivation; time perception; thermodynamics; energy regulation; entropy; body
temperature; binary regulation

Introduction

The unprecedented surge in stress disorders across the globe makes the understanding of the
role of emotions in behavior an urgent problem (Nestler and Russo, 2024). Nevertheless, a
comprehensive understanding of how emotions relate to subjective experiences (i.e., feelings),
motivation, and disease progression has remained elusive. Traditional approaches have treated these
processes as separate domains, failing to capture their intricate interdependencies. For example,
cognitive theories have focused primarily on the mental processes underlying emotions (Barrett,
2017). At the same time, physiological research has investigated bodily responses like heart rate and
facial expressions largely independently of motivational and subjective factors. This
compartmentalized view has limited our ability to explain the complex relationships and paradoxes
observed across these realms of human experience.

This article proposes a novel thermodynamic model integrating emotions, motivation, and
associated physiological mechanisms under a unified framework. The brain keeps bodily and
psychological equilibrium by intertwining every regulatory system with emotions. Nevertheless, the
multifaceted nature of the relationship encourages further study. This work examines how emotions
serve temperature regulation and psychological homeostasis. By conceptualizing the brain's
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functioning through thermodynamic principles of energy and entropy, we offer a cohesive
perspective to resolve longstanding questions and paradoxes surrounding these interrelated
processes.

Thermo-Emotional Covariations from a Thermodynamic Lens

Experimental research confirms the phylogenetically ancient relationship between emotions and
temperature regulation across various species, including reptiles, foxes, pigs, rabbits, rats, mice, and
humans (Cabanac, 1999; Moe and Bakken, 1997; Parrott et al., 1995; Frosini et al., 2000; Briese and
Cabanac, 1991; Terlouw et al., 1996; Groenink et al., 1995; van der Heyden et al., 1997; Briese, 1995).
Although thermoregulation exists to some degree in most animals, the endothermic phenotype—
characteristic of humans and other mammals—depends on complex metabolic networks and
multiple internal feedback loops (Seebacher, 2020; Grigg et al., 2021). For example, embryo incubation
drives the evolution of endothermy (Farmer, 2020), which is phylogenetically predicated on
thermoregulation (Clavijo-Baque et al., 2012). Endotherms maintain a stable core temperature with
the help of crucial mechanisms such as vasoconstriction, shivering, and sweating (Madden &
Morrison, 2019; Nowack et al., 2017). The brain's high energy use ensures optimal information
processing while maintaining physical and psychological equilibrium (Dempsey et al., 2022; Huang,
2020). Thermal control is a vital component of an overarching regulatory system, exerting
downstream effects on action motivation and behavioral adaptations (Kataoka et al., 2020; Inagaki et
al., 2019; Nashiro et al., 2022).

Physical or mental instability prompts a wide range of protective mechanisms. Emotions are
paramount in this regulatory hierarchy as they intertwine with other regulatory processes. Moreover,
emotions' distinct physiological signatures represent specific energy configurations (Hesp et al., 2021;
Kao et al.,, 2015; Sadowski et al., 2020), and like temperature, emotions oscillate around a neutral
position, forming an emotional set-point (Northoff & Tumati, 2019). Contentment promotes rest and
recovery (Brown and Thorsteinsson, 2020) by reducing metabolic rate and body temperature, which
conserve energy via parasympathetic restorative processes (Seebacher, 2009). In contrast, stress is a
highly demanding condition (Keller et al., 2019; Meeusen et al., 2020), where noradrenaline initiates
the fight-or-flight response within seconds (O'Connor et al., 2021). Furthermore, stress' varied effects
depend on personal, environmental, and other situational factors. However, its adverse health effects
in anxiety, dissociation in trauma, or even depression (Mason et al.,, 2024; Comtesse et al., 2019)
warrant a thermodynamic investigation.

Edit: Recent work suggests that emotion and temperature may be under thermodynamic control
(as discussed in Deli and Kisvarday, 2021; Grigg et al., 2021; Seebacher, 2020). Lonely people's hunger
for social "warmth," points to a direct, neurological emotion and temperature relationship (Bargh et
al., 2012; Williams and Bargh, 2008). For example, substance abusers display fear-induced
thermoregulation disturbances (Lowry et al.,, 2009; Raison et al., 2015). Similarly, median raphe
stimulation degrades temperature regulation while producing depressive-like behavior (Fazekas et
al.,, 2021). In contrast, while psychological stress is known to increase blood pressure, heart rate, and
heart function, even during sleep (Hall et al., 2004), it also raises core temperature (PSRCT), the so-
called psychogenic fever (Oka et al., 2001). PSRCT is a temporary elevation in the thermoregulatory
set point, mediated by prostaglandin E2-dependent and prostaglandin E2-independent, 5-HT
mechanisms (Morimoto et al,, 1991; Fossat et al., 2015; Kluger et al., 1987; An and Kim, 2011).
Inversely, heat stress speeds up the internal clock (van Maanen et al., 2019), precipitating impulsivity
(Fredericks et al., 2018), drug-seeking behavior (Edwards et al., 2007), and crime (Corcoran et al.,
2022). Therefore, the brain's heat and work transfer processes regulate emotional states and vice
versa. To better understand the relationship, we will delve into thermodynamic regulation.

Edited: Recent work suggests that emotion and temperature may be under thermodynamic
control (as discussed in Deli and Kisvarday, 2021; Grigg et al., 2021; Seebacher, 2020). This perspective
posits that the brain's mechanisms for heat and work transfer play a crucial role in regulating
emotional states, and conversely, that emotional states can influence thermoregulation. For instance,
individuals experiencing loneliness often crave social "warmth,” which suggests a neurological link
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between emotion and temperature (Bargh et al., 2012; Williams & Bargh, 2008). On the other hand,
heat stress can lead to impulsivity (Fredericks et al., 2018), drug-seeking behavior (Edwards et al.,
2007), and criminal activity (Corcoran et al., 2022). Similarly, fear triggers thermoregulation
disturbances in substance abusers (Lowry et al.,, 2009; Raison et al, 2015) and median raphe
stimulation, which affects temperature regulation, has also been shown to produce depressive-like
behaviors (Fazekas et al., 2021).

Conversely, psychological stress, known to elevate blood pressure, heart rate, and heart
function—even during sleep (Hall et al., 2004)—also leads to an increase in core temperature, a
phenomenon referred to as psychogenic fever (Oka et al., 2001). This psychogenic fever results from
a temporary elevation in the thermoregulatory set point, mediated by both prostaglandin E2-
dependent and prostaglandin E2-independent, 5-HT mechanisms (Morimoto et al., 1991; Fossat et al.,
2015; Kluger et al., 1987; An & Kim, 2011). To gain a deeper understanding of this relationship, it is
essential to explore the mechanisms of thermodynamic regulation in more detail.

The Role of Entropy

Edit: Thermoregulation is crucial in efficient brain functioning. For example, rapid shifts from
the brain's high-dimensional resting state to lower-dimensional evoked activities (Singer, 2021),
facilitate optimal information transfer. However, the energy needs of neurons during intrinsic
activities are orders of magnitude larger than the energy changes during stimulation and consistently
so for all levels of cognition (de Lara, 2020; Raichle, 2010; Huang, 2019). Therefore, the brain's intrinsic
activities dominate cognition, facilitating spontaneous resting state recovery. In this simplified view,
sensory and motor processing represents a closed cognitive cycle, which generates intellect by
exchanging energy and information with the external environment (Ahissar and Assa, 2016; Deli et
al., 2017; Llinds and Paré, 1996; Northoff, 2018). Second, thermodynamic principles extend to
organismic temperature regulation and information processing.

Edited Thermoregulation is crucial in efficient brain functioning. For example, rapid shifts from
the brain's high-dimensional resting state to lower-dimensional evoked activities (Singer, 2021),
facilitate optimal information transfer. Because the energy needs of neurons during intrinsic activities
are orders of magnitude larger than during stimulation for all levels of cognition (de Lara, 2020;
Raichle, 2010; Huang, 2019), the brain's intrinsic activities facilitate spontaneous resting state
recovery. In this simplified view, thermodynamic principles can analyze intellect generation by
energy and information exchange with the external environment (Ahissar and Assa, 2016; Deli et al.,
2017; Llinas and Paré, 1996; Northoff, 2018). Therefore, sensory and motor processing represents a
closed thermodynamic cycle.

Renyi's informational entropy, featuring a scalar exponent alpha (Jizba and Arimitsu, 2001),
provides a valuable framework. Notably, there's a direct relationship between inverse temperature
beta and Renyi's exponent alpha (Baez, 2011). Thus, inverse temperature beta (i.e., coldness)
measures the correlation between information and emotion — usefully conceptualized as measuring
the fluctuation of probabilities for different mental states. Intelligent information processing often
involves a type of information erasure or compression. This process may induce a sense of "coldness"
while increasing overall neural organization (see O'Neill and Schoth, 2022; Nave et al., 2014).

Renyi's informational entropy and Shannon's microscopic informational entropy closely relate
to various psychological and cognitive states. Therefore, entropy fluctuations can predict task
performance and mental well-being (Ince et al., 2017). For instance, higher variability at rest (i.e., high
entropic states) correlates with fluid intelligence (Yang et al., 2019; Wang et al., 2018) and openness
(Zmigrod et al., 2019), but decreases in brain entropy are seen in compromised states of consciousness
(Varley et al., 2020). Thus, emotions are closely intertwined with the brain's energy and information
processing. From a thermodynamic standpoint, stress is analogous to time pressure, the feeling of
"lacking" time due to the brain's inability to cope with the pace or intensity of sensory influx (Deli et
al., 2018, 2021, 2022). The following section will discuss the role of time perception in motivation.

The Thermodynamics of Time Perception
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Studies on behavioral activation systems have revealed overestimation bias scores for both
positive (Lehockey et al., 2018; Simen and Matell, 2016; van Hedger et al., 2017) and stress-inducing
situations (Wise et al., 2017; Remmers and Zander, 2018). For instance, novel stimuli or rewards dilate
time perception through what is known as the 'oddball effect' (Failing & Theeuwes, 2016; Ma et al.,
2024), with surprising or emotionally charged moments feeling as if "time froze." A similar sense of
permanence occurs during stress (Hollis et al., 2015; Robbe, 2023). However, the two psychological
experiences are polar opposites of each other. In a stressful context, the dilated time perception's
sense of permanence is unbearable. The feeling of permanence during time pressure, which stress
represents, evokes a desperate escape behavior through impatience and sympathetic arousal
(Gladhill et al., 2022; Hosseini Houripasand et al., 2023), manifesting action motivation.

The dilation of time perception in both positive and negative states correlates with emotional
intensity (Zanin et al., 2019; Déli and Kisvarday, 2020; Biderman et al., 2020), hinting at an underlying
energy relationship (Toso et al., 2021). For example, the most pronounced alterations of time
perception occur during emotional polarities of awe (Rudd et al., 2012) and depression (Stanghellini
et al., 2016; Thones and Oberfeld, 2015), where time seems to stand still (Figure 1). Emotions'
connection to energy is also evidenced by the fact that the perception of time slows down more
significantly during the transition to negative states than during the states themselves (Gable & Poole,
2012; Wang & Lapate, 2023). Likewise, the cognitive challenge of withdrawal (Gable et al., 2022; Bar-
Haim et al., 2010; Di Lernia et al., 2018) and sleep deprivation (Sen et al., 2023) dilates time perception.
Our argument defines time perception as an even function, representing a graph unchanged under
reflection in the y-axis (Figure 1).

An intriguing question remains of why diverse experiences — from intense states of anxiety to
the calmness inspired by awe or nature — dilate time perception (Bschor et al., 2004; Davydenko &
Peetz, 2017; Failing & Theeuwes, 2016; Rudd et al., 2012; Bannister & Eerola, 2021; Mitchell et al.,
2015). For example, information overload often defines stressful states, when excessive worry by
anxious individuals leads to difficulty concentrating and inability to produce purposeful behavior
(Nutt, 1999). Anxious people usually resort to impulsivity and meaningless, arbitrary actions until
action motivation is halted in depression (Stanghellini et al., 2016), implying a proportional
relationship between mental adversity and the perceived ability to change it. Therefore, chaotic
thinking and behavior are associated with stress, which wastes time and energy.

In contrast, positive mental states' low action motivation indicates energy frugality, which might
explain their connection to parasympathetic restorative processes in long-term psychological well-
being (Table I). A muted action motivation in positive states indicates energy frugality or a minimum
energy path. This minimum energy path might be analogous to the stationary-action principle in
physics. At the curve's left minimum (Figure 1), awe slows or pauses the subjective time.
Contentment is an uncluttered, information-scarce experience representing confidence in self-agency
but lacking internal motivation.

Stress and contentment lie at opposite ends of an information-processing and action-motivation
spectrum. It is a contradiction; those with the capacity to institute change (contentment) lack the
desire, and those having the desire (stress) lack the agency. Gordon et al. (2023) confirmed that
decision-making and planning intertwine with bodily functions and movement control, confirming
our conclusion. Better body control (less stress) permits greater agency and vice versa.

Time perception regulation involves hormonal pathways, such as striatal dopamine. For
instance, rats' dopamine release speeds up response (Simen and Matell, 2016). However,
pharmacogenetic suppression of dopamine neurons decreased behavioral sensitivity to time (Soares
et al., 2016). Elevated dopamine release, such as during reward processing or pleasant arousal, may
result from amplified information processing (Behm and Carter, 2020). Therefore, time perception is
integral to the brain's hormonal and energy regulation.

Physical movement across species and tasks hastens time perception, improving timing
accuracy (Robbe, 2023). A particular case is the flow experience, formed by a unique point between
motivational drive and confidence, fostering a spontaneous, coherent action flow (Failing &
Theeuwes, 2016; Rutrecht et al., 2021). As physical time is relative to spatial motion, psychological
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time is also relative to imaginary motion (Spapé et al., 2021; Allingham et al., 2021). Imagining
accelerating movement resulted in relative overestimation of time or time dilation while decelerating
movement elicited relative underestimation or time compression (Hallez et al, 2023). In the
following, we investigate motivation's regulatory framework in more detail.

Flow
= Contentment | ™. Stress 3=
‘; ) '|‘
Confidence ; B . Restlessness
] 2o '
5 | g
: Q‘i '
[<5) ' .
Awe £ Depression
=

Figure 1. The Psychology of Contentment and Stress Movement speeds up time perception (vertical
arrow). In positive experiences, time perception reduces action motivation, culminating in awe. The
pain of stress motivates action but weakens self-confidence. Anxiety can progress to depression when
action motivation halts. A unique point of action, motivation, and confidence is flow.

Table 1. Binary choices supporting bodily and psychological equilibrium .

Experience
Symptom Positive arousal Stress
Ti tion i Dilati
ime perception increases (Dilation) Parasympathetic Action motivation
Arousal
Time percept‘ion decréases Flow Sympathetic
(Compression) Action
Physiological t hivering, .
ysiological symptoms (shivering Accomplishment Shame, fear

sweating)

The Binary Regulation of Higher Cognitive Functions

The timing of a single spike in the giant fiber descending neuron determines whether a
Drosophila evades a predator via a short or long takeoff (Ache et al., 2019). Similar bipolar spatial
regulation persists in fish species (Sridhar et al., 2021), illustrating the role of the organism's internal
spatial representation in decision-making. This framework shows that spontaneous and abrupt
"critical" transitions, linked with specific geometrical relationships, shift from averaging vectorial
information among options to abruptly excluding one among the remaining choices. The brain
recurrently dissects multi-choice decisions into a sequence of binary decisions, which transform space
and time. Binary choices also show up in temperature and emotion regulation in mammals (Hesp et
al., 2021; Kao et al., 2015; Sadowski et al., 2020).

Likewise, in mammals, PAG stimulation can induce relaxation or escape behavior. Frontal PAG
stimulation inspires a relaxed, immobile posture due to the sense of a wealth of time. However, lateral
PAG stimulation also produces two typical behavioral responses. When there is enough time,
increased blood pressure and enhanced pain sensitivity promote escape and defensive responses
(Zelena et al., 2018). An immediate threat, when escape is no longer possible, mutes pain sensitivity
and triggers immobile freezing behavior. In people, anxiety can induce aggravation or an emotional
collapse into depression, where both time perception and action motivation appear to halt
(Stanghellini et al., 2016), providing further support for our thermodynamic argument. Bifurcations
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from geometric principles can elucidate behavior and decision-making across various species and
ecological scenarios (Sridhar et al., 2021).

The thermodynamic understanding of cognition also supports binary decision-making (Deli et
al.,, 2017, 2022) because the reversible perception cycle forms a psychological spin based on attraction
and aversion (Deli, 2023). These binary choices can generate multifaceted behavior regulation
(summarized in Table I), such as (1) dilation of time perception to accelerate or mute motivation, (2)
contraction of time perception to mediate action toward completion, (3) halting of action motivation
or sudden cognitive changes. The brain's cognitive cycle, which automatically recovers psychological
equilibrium, can evolve a new balance after every binary decision. Therefore, our model can explain
regulatory complexity as infinitely increasing binary choices or effects built on each other.
Dopaminergic mechanisms, which can magnify the motivational power of emotions through
subjective time judgment, showcase the multifaceted nature of experiences influenced by internal
and external factors.

Discussion and Future Directions

Decision-making from fruit flies to humans often boils down to binary choices based on
geometric principles and critical transitions. The brain's cognitive cycle can maintain a bodily and
psychological equilibrium through simple bifurcation stemming from geometric principles. This
cognitive stability can form abstract decision-making, diverse emotional and motivational states, and
complex behavior by utilizing binary choices. Binary options can refine cognitive and intellectual
evolution through learning, beliefs, and individual capabilities ad infinitum. Moreover, emotion,
temperature, and physiological symptom regulation recover and maintain constant resting entropy.
Therefore, as the thermodynamic cycle stabilizes the psyche around a new equilibrium after every
decision-making, it increases or decreases synaptic complexity, confidence, and mental health.

Time perception can lead to contrasting behavioral outcomes during stress (information
overload) or contentment (information scarcity). Negative emotions inspire arbitrary and chaotic
performance, corresponding to wasteful energy use, and might explain stress' adverse health effects.
In positive conditions, frugal action motivation reflects a minimal energy path, analogous to the
stationary action in physics. Moreover, faster time perception can manage ongoing action by
inspiring cognitive coherence. A particular case is the flow experience, formed by a unique
intersection of motivational challenge, confidence, and passion.

Significant situational changes, accomplishments, or adversity, such as fear or dread, trigger
energy/information flows with physiological symptoms like shivering, chills, sweating, and changes
in body temperature, which intertwine with emotions and other regulatory systems (Schoeller &
Perlovsky, 2016). In this context, physiological symptoms can be both tools and consequences of the
brain's energy regulation. By conceptualizing psychological processes through energy dynamics, we
outlined how emotions can affect motivation through distorted time perception. Moreover, our
thermodynamic model can explain how action motivation during stress can produce wasteful
cognitive processes. The relationship between low entropy and compromised consciousness states
(Varley et al., 2020) and depression (Wise et al., 2017) underlines the role of stress in mental problems.

Our model provides a framework for designing interventions and strategies that leverage the
interconnections between emotions, motivation, and physiology. While our thermodynamic model
focuses on the fundamental structural motivations underlying behavior, we acknowledge the
importance of cultural norms, social expectations, and environmental factors in shaping emotional
and motivational experiences. Integrating these contextual factors is crucial to understanding the
complex interplay between emotions, motivation, physiology, and subjective experiences across
diverse cultural and environmental settings.

Conclusion

The thermodynamic analysis of cognition points to the existence of binary regulation. First
observed in fruit flies and fishes, this regulation can maintain bodily and psychological equilibrium
and enable abstract decision-making by infinitely enhancing regulatory complexity details. A
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decision process based on geometric principles might be universal throughout biology and even
physics, e.g., electromagnetism.

Our verifiable framework shows that identical dilation of time perception in arousing emotional
states (such as anxiety and joy) and calming experiences (like awe and natural environments) can
give rise to varied motivation and offer nuanced decision-making. Time perception, a function of
information processing and entropic factors, potentiate emotions ability for motivation. The muting
of action motivation in positive states represents energy frugality or a minimum energy path,
analogous to the stationary-action principle in physics. In contrast, stress represents information
overload and spurs chaotic decision-making and action-motivation, wasting effort and energy. Our
model shows that emotions have a thermodynamic foundation, turning them into the forces of
motivation.

The implications of our model extend beyond theoretical understanding, offering potential
avenues for addressing mental health challenges and optimizing well-being through interventions
that leverage the interconnections between emotions, motivation, and physiology. Our
thermodynamic perspective originates emotions and their long-term mental consequences in the
energy-information dynamics of the brain. It opens new avenues for interdisciplinary and innovative
approaches to understanding and optimizing human functioning. Finally, it can inspire novel
approaches in artificial intelligence research.
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