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DEDICATION


To the Marvelous Maral Tajerian and our three little experiments, Minas, Flo, and Maxine.



INTRODUCTION


How does a blind Daredevil perceive the world around him? How does Spider-Man use protein purification to make spider silks for his web-shooters? What kinds of physical forces are bouncing around Thor’s head when he gets struck by lightning while wielding Mjolnir? If you’ve wondered about these and other questions from the Marvel Universe, you’re not alone.

What you may not have realized is that these sorts of questions are a gateway to different scientific fields of study.

From this book you’ll learn that science can sometimes be as fantastic as fiction. Each of the forty-three entries will describe scenes from the Marvel Cinematic Universe. You’ll also find speculations for what could be happening in the scene and real-world technology that corresponds to Marvel’s imagined science.

And you’ll see that a lot of that science isn’t imagined—it’s real! The writers and artists who created Marvel’s lore always drew inspirations from the world around them. In the 1950s and 1960s, for example, people were terrified of the atomic bomb. That hysteria, boosted by the Cold War, fueled stories about radioactive spider bites or blasts of gamma rays. The results? Spider-Man and the Hulk, among others. As people learned more about genetics, the X-Men showed that mutant genes formed the basis of incredible powers. In Marvel’s world, physics, genetics, and chemistry provided a framework in which science could be used to enhance humans, not threaten them.

So, true believers, join me as we explore and explain the uncanny, the incredible, and the amazing world of Marvel.
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HAWKEYE’S AIM




WHEN: Thor, The Avengers, Avengers: Age of Ultron, Captain America: Civil War



WHO: Hawkeye



SCIENCE CONCEPTS: Psychology, visual attention, physics of archery



INTRODUCTION

Expert marksmanship and most athletic feats require rigorous training over many years. In archery, this involves developing the strength to pull a bowstring in order to deliver the power necessary for an arrow to cover large distances and penetrate a given target. This strength must be shaped throughout the body and its posture so it can work like a well-oiled machine that shoots an arrow with accuracy and precision. Archers, like any expert athletes, must also train their minds to coordinate their gaze on stationary or moving targets. How does a normal human such as Marvel’s Clint Barton achieve such skill to become the Avenger known as Hawkeye?

BACKSTORY

Throughout multiple appearances in the MCU, Hawkeye is a S.H.I.E.L.D. operative with the uncanny ability to never miss his target. While his apparent skill is seen with all sorts of firearms, his use of bow and arrow affords him the stealth he needs to carry out covert missions as well as the utility to reuse ammo. With his bow he can execute a series of standard shots by shifting his balance and stance and several trick shots behind his back at long range. He is able to fall off a building, shoot a grappling arrow straight into concrete, and hit many targets he isn’t even looking at. Needless to say it’s pretty impressive for someone who has no superpowers.

THE SCIENCE OF MARVEL

To understand the talents of Clint Barton it’s important to understand how humans learn a skill that requires mastery of hand-eye coordination as well as being able to shoot a firearm or arrow when needed. To achieve this proficiency as a S.H.I.E.L.D. agent, Barton must have spent several years doing drills and exercises that involve taking down enemies in different scenarios. These training regimens provided him with enhanced perception in circumstances that require combat; they primed him to make decisions very quickly and anticipate the actions of his adversaries. While his feats may look easy on the big screen, it’s likely he has been training his mind and body for his entire life.

Throughout his many appearances, Hawkeye uses both compound and recurve bows to take out his targets. The main difference between these two types of bows lies in the amount of strength required to pull back on the bowstring while preparing to shoot an arrow. As you draw the string on a recurve bow, it becomes harder and harder to pull. In contrast, drawing the string on a compound bow starts off hard but “lets off” once it’s fully drawn. This is due to the pulleys at the ends of the bow that help relieve the stress on the bowstring. This let-off allows Hawkeye to take more time to make his shot without succumbing to muscle fatigue and would be most useful for stealth attacks where his target is unaware of his presence (for example, when he is asked to take out Thor in Thor). Regardless of the type of bow he’s using, though, he requires a reasonable amount of upper-body strength: after all, his arrows are capable of penetrating robots and concrete (probably requiring more power as the distance between him and his target increases!).

Once the bowstring is pulled, what ensures Barton makes his shot? To consider this we have to follow the target as he perceives it. Consider the typical pathway of light through the eye before it becomes coded into the neural firing processed by the brain (see The Human Lie Detector). As light depicting a given scene enters Barton’s eye, it passes through a tear film into the curved cornea, which focuses light past the iris (the colored part of your eye) into the pupil. The light passes through the lens where it is further focused onto the inner layer of the eye, the retina.

As Barton finds his target, his eyes converge, his lenses focus, and his pupils constrict. If his target is far away, the ciliary muscles, which hold the lens in his eye, need to relax, causing the lens to flatten. In contrast, closer targets require the ciliary muscles to contract, making the lens rounder and allowing him to focus on images closer to him. Since Barton needs to make adjustments frequently and very quickly in battle, these ciliary muscles are under constant strain, and the lens constantly changes shape. Hawkeye is likely past his forties, suggesting that the lenses in his eyes are not nearly as flexible and able to focus on targets as they were when he was younger, regardless of how hard the ciliary muscles are working. Earlier in life, he probably received intraocular lens implants made of silicon, foreseeing (pun intended) that his eyes and his aim are his most valuable assets as a S.H.I.E.L.D. operative.

THE SCIENCE OF REAL LIFE

It wouldn’t be fair to compare Hawkeye to an Olympic archer since these archers spend their training hitting a stationary target. Hawkeye is hardly afforded that luxury. Regardless, it should be noted that Hawkeye has inconsistent form when anchoring his draw hand onto his chin. For this, his bowstring needs to be aligned close to his line of sight in order for his brain to process accurate aiming. Any variance in this process forces his brain to guess more often than employ any skill in hitting a target. These poses may have also been decisions by the film’s director to allow audiences to see the actor’s intense face as he is in the heat of battle (I see you, Jeremy Renner). Additionally, Hawkeye makes several trick shots in which he hits a target he is not even looking at. While these feats could be the result of incredible luck, some incredibly difficult shots can be learned. Consider the Parthian shot, a tactic employed by nomadic mounted archers in ancient Eurasia. As enemies pursued a small number of retreating cavalry, they discovered that these mounted soldiers were trained to shoot pursuing targets. They turned backward on galloping horses, while steering with only the pressure of their legs (no stirrups!).

Outside of technical form, there is a certain depth to how visual attention works when we compare skilled athletes to an average person. Dr. Joan Vickers, a kinesiologist at the University of Calgary in Canada, was the first scientist to describe the phenomenon of “steady” or “quiet” eye in golfers. She found that better players maintained a longer and steadier gaze on the ball before, during, and after striking it. These findings were replicated in a variety of other sports such as football, basketball, and (of course) archery. In this 500–3,000 millisecond pause, experts take 62 percent longer than untrained individuals to slow their thinking, decelerate their heartbeat, and decrease their physiological arousal to achieve a flow state. While skilled athletes naturally pick up this gaze behavior, trainers have also been able to use quiet eye training to make better athletes. In a 2001 study, Vickers recruited three university basketball teams over two seasons. One team received quiet eye training, including gaze fixation on the hoop and backboard during drills. Over two seasons, the quiet eye–trained group significantly improved its shooting accuracy over the two control teams.

While quiet eye training can affect the outcomes of a given motor skill, it has been suggested that it also can contribute to an athlete’s ability to perform under pressure. In work led by Dr. Samuel Vine at the University of Exeter in England, participants were asked to do 520 basketball free throws over eight days. Participants were given quiet eye training or technical training and then subjected to anxiety-inducing conditions. Like stern high school gym coaches, the researchers told participants that they had performed so poorly in the exercise that they landed in the bottom third of their cohort, possibly disqualifying them from the study. Stressed-out after receiving this information, the control group lost accuracy; however, the quiet eye trained participants did not. While the exact neural mechanisms underlying quiet eye duration still require some study, this behavior may offer insight into how an average human such as Clint Barton never misses a target.

MANTIS’S EMPATHY



WHEN: Guardians of the Galaxy Vol. 2, Avengers: Infinity War



WHO: Mantis



SCIENCE CONCEPTS: Empathy, cognition, neuroscience



INTRODUCTION

When you relate to another person you use various social cues to approach the situation. If an individual is laughing, perhaps you’ll enter the conversation smiling. If that same person is crying, you may give them privacy. Most humans follow some predictable social cues in these types of situations. These responses may also vary depending on your own emotional state, feelings, and personal background. For example, if you’ve had a terrible day, someone else’s laughter in the room may not prompt you to enter the conversation with a smile. Our empathy in these social situations allows us to understand the thoughts and emotions of the people around us.

BACKSTORY

In Guardians of the Galaxy Vol. 2, we are introduced to the insectoid alien Mantis. Mantis, having been adopted by Ego, a Celestial, knows very little about social interactions with other life-forms. For example, she often misses the meanings of jokes, figures of speech, and how to avoid making others feel awkward. Interestingly, what she lacks in social aptitude, she makes up for with her abilities to empathize with any living organisms through touch and her glowing antennae. This ability offers Mantis a view into the emotional state of others; thus, she is able to alter their emotions. She has used these powers to bring out Peter Quill’s love for Gamora as well as being able to subdue powerful beings such as Ego or Thanos.

THE SCIENCE OF MARVEL

Mantis appears a bit insect-like with a pair of antennae that act like a sensory organ, analogous to those of Earth’s insects. Her powers stem from the unique way in which her antennae glow when she makes contact with someone she is trying to empathize with. They may be detecting chemosensory information in the environment that helps her better understand an emotional scene. They are not directly needed for her abilities, but they supplement her empathic abilities through an added sense of smell, wiring through sensory neurons into the olfactory bulb of her brain. The glow of her antennae may even be similar to the biochemistry of bioluminescent reactions seen in Earth’s insects, which are often used for social communication.

Given the requirement for touch, it’s possible that Mantis is detecting emotional states through electric skin conductance. In humans, electric skin conductance changes as we go through various states of arousal (broadly defined as emotional states). This response can be measured in the palms of your hands and soles of your feet where you have a high density of eccrine sweat glands. These glands secrete water to the surface of your skin, causing it to cool, and are directly wired to your sympathetic nervous system, which is ruled by the limbic parts of your brain. In other words, you have little control over this part of your physiology, and it can telegraph emotional states in very subtle ways. If Mantis can detect these small electric currents and smell trace pheromones with her antennae, perhaps she is capable of creating a composite image of a person’s emotional state.

For example, in one scene of Guardians of the Galaxy Vol. 2 Drax shares his sorrow with Mantis regarding his wife and daughter, murdered by order of Thanos. In that moment he has visited a very traumatic memory, signaling to his limbic system to alter the secretion of sweat from eccrine glands in his skin. This immediately results in a drop in skin conductance followed by evaporation of a unique chemical pattern of pheromones from sweat glands all over his body. Mantis’s antennae detect a layer of his pain when trace amounts of these pheromones bind to receptors in her antennae. Her empathy is further refined by feeling with her touch the drop in skin conductance. This information converges on the supramarginal gyrus of the cerebral cortex, sitting at the junction between the parietal, frontal, and temporal lobes of her brain. This area of the brain has been described as responsible for distinguishing our emotions from those of other people. While unable to extract details of Drax’s memories, she experiences his pain in a profound way. Despite being unable to understand social cues given by language or gestures, she understands Drax in a way he’s never been understood before.

THE SCIENCE OF REAL LIFE

In real life, we are particularly efficient at understanding various social signals and empathizing with our peers. We have evolved elaborate parental care strategies that allow us to empathize with several social cues our child may present. These can range from the sound of a cry to the furrow of a brow. All of these characteristics register with a part of our brain and help us understand the needs of our baby, allowing us to be better parents who can tend to the child’s needs. Humans have leveraged our ability to empathize to improve a group’s fitness and cooperate with one another. In other words, we indirectly benefit ourselves by caring for our peers through empathic processes. This behavior is not exclusive to humans. In a study led by Dr. Jules Masserman at Northwestern University, a rhesus macaque monkey was willing to starve itself for twelve days rather than press a lever that would shock a peer.

Outside of this visual and auditory information, we even employ our sense of smell to understand certain behavioral cues. Consider a study led by Dr. Shani Gelstein at the Weizmann Institute of Science, examining behavioral responses to human tears. She collected negative-mood tears from women who watched a sad movie, The Boxer, in a secluded room. While male participants in the study were unable to differentiate by smell between the real tears and a saline solution, they reported lowered sexual arousal after smelling the tears, which was also accompanied with lowered salivary testosterone. In a separate study, the same research group found differences in brain activity between the men who sniffed negative-mood tears and those who did not. Researchers traced the differences to areas of the brain commonly associated with sexual arousal such as the thalamus. This sense of smell isn’t only evident with tears; it also takes advantage of the many smells that are volatized (that is, they come from our skin as vapors) while we sweat in various emotional states. In a study out of Rice University led by Dr. Denise Chen, smelling the sweat of men and women who were subjected to an anxiety-causing stimulus (watching scary movies such as The Shining) can improve cognitive performance.

Our ability to empathize is processed in two ways, cognitively and emotionally. This cognitive component requires a certain level of detachment to consider the emotions of another person, whereas the emotional component requires a reaction to the emotional state observed. Currently our best understanding of empathy has relied heavily on brain imaging studies that have linked different parts of the brain to empathy in different scenarios. Research led by Dr. Tania Singer at the Max Planck Institute in Germany investigated the emotional aspect of empathy and how our own emotional state can bias our empathy. Using pleasant and unpleasant visual-tactile information, pairs of participants were asked to evaluate the emotions of their partners. During these trials, activity within the right supramarginal gyrus (a distinct fold on the cerebral cortex) was required to autocorrect our own egocentricity. That is, our innate reaction is to think our own emotions come first. Using transcranial magnetic stimulation this group was able to disrupt the activity of this part of the brain, causing participants to be more likely to project their own emotions onto their partner.


MEMORY ERASURE




WHEN: Captain America: The Winter Soldier, Captain America: Civil War



WHO: Winter Soldier



SCIENCE CONCEPTS: Learning, memory, neuroscience



INTRODUCTION

Over the course of your life, you will take part in a multitude of experiences. You may form influential social networks, learn about the natural world around you, and contribute to this world through your own legacy. These life experiences and how they influence your actions will define your identity in a variety of ways. If you were to trace the abstract idea of your identity to a physical state, it would probably take the form of behavioral patterns and memories stored in the form of connections between neurons in your brain. Over the last several decades, we have been able to reveal a great deal about how these connections allow us to store and retrieve information and even how to ablate this process. In this regard, can we reveal how to erase memory or even implant new memories as seen in Bucky Barnes’s transformation into the Winter Soldier?

BACKSTORY

In Captain America: The Winter Soldier and Captain America: Civil War, Bucky Barnes is subjected to brainwashing methods by HYDRA scientist Arnim Zola. During these procedures, Zola is able to erase Barnes’s memories and train him to follow HYDRA’s orders. Over time Barnes loses his identity and any memory of his past self or beliefs, making him the Winter Soldier. The effects of this procedure are so profound that, under orders from HYDRA agents, Barnes is willing to knife, strangle, and rocket his childhood BFF, Steve Rogers. Barnes’s brainwashing eventually wears off during the events of Captain America: Civil War and during his rehabilitation in the Kingdom of Wakanda.

THE SCIENCE OF MARVEL

In the MCU, Bucky Barnes’s transformation into the Winter Soldier requires a complete erasure of his identity in order to rebuild him as a weapon. As depicted in Captain America: The Winter Soldier, Bucky Barnes is subjected to repeated sessions of electroconvulsive therapy to erase his memories. In these sessions electrodes are placed onto his temples, and electrical pulses are run through his skull, initiating a storm of neuronal firing throughout his brain that causes seizures. Following electroconvulsive therapy, the frontal and temporal lobes undergo the most prominent changes in activity. These areas of the brain control a wide range of behaviors such as motor function, problem-solving, memory, language, judgment, impulse control, and social and sexual behavior. Over time, these parts of the brain decrease their neural activity and cerebral blood flow and create a brain-wide trauma that changes Barnes’s stress axis and dopamine system. In addition to the disrupted electrical firing of neurons in the brain, a secondary cascade of stress hormones and dopamine likely flooded his synapses, causing long-term rewiring of his brain and cognitive processes.

To complement electroconvulsive therapy, Barnes may also have been subjected to drug-induced amnesia. Drugs such as alcohol and benzodiazepines, when taken in combination and in high doses, could prevent the formation of long-term memories. This approach would have been most effective in erasing the memory of a recent mission as opposed to eliminating a biographical recall of Barnes’s previous life. Drug-induced amnesia may also double as a means to induce a coma, which would prepare the Winter Soldier for cryostasis. While most humans are likely to overdose with these treatments, the Super Soldier Serum that Barnes received could have possibly provided him with the cerebral fortitude to withstand extreme doses. Arnim Zola probably saw this resilience as an opportunity to push the limits of these pharmacological avenues that would potentially kill an average human. After losing his memories and identity, Barnes was probably susceptible to thought reform while held in captivity.

While it may be hard to believe Barnes could become a ruthless killer, we should note that his training as an American infantry soldier is only moderately different than his role as the Winter Soldier. Before becoming the Winter Soldier, Barnes was already trained to obey a chain of command, use various firearms, and fight in close quarters combat. HYDRA just realigned his belief system to change whom he received his orders from. This process of thought reform started with isolating Barnes from the life erased from his memories. Any reminder of his past could consolidate memories that defined his previous identity, interfering with HYDRA’s reprogramming. Isolation further provided control over all of Barnes’s behavioral patterns, causing dependency on his captors. During this process, Zola may have also seeded doubts about Barnes’s loyalty to his friends, family, and country—and theirs to him—while reinforcing repetitive patterns of behaviors aligned with HYDRA beliefs. This sense of doubt would force him to question his own role in a larger narrative shaped by Arnim Zola, even allowing the HYDRA agent to implant false memories through social conditioning.

THE SCIENCE OF REAL LIFE

To understand how Bucky Barnes was able to lose his memories and identity, it will help to first unpack how a memory would typically have formed in Bucky’s brain before his transformation. Consider a salient memory shared by Steve Rogers in Captain America: Civil War. Rogers reminisces about a time during their childhood where they had to ride in the back of a freezer truck because both had wasted their money on hot dogs and impressing girls. Each time either Steve or Bucky recall this memory, the memory itself changes. At a cellular level, neuronal networks that fire recalling ideas like “freezer truck,” “hot dog,” or “money” begin to integrate, strengthening his memory. Neurons within these networks strengthen their firing by changing the number of receptors that interface chemical communication between neurons. Soon enough this memory becomes a formative one that reinforces Barnes’s social connection with a friend like Steve Rogers. If you were to erase this memory, you would have to reverse this process at the molecular and cellular level.

While not entirely backed by peer-reviewed publications (possibly due to ethical concerns related to conducting relevant experiments), behavioral control through “thought reform” can be used to influence patterns of behavior. Behavior can be forced through compliance (regardless of how it aligns with core personal beliefs) or persuasion (which involves changing core belief systems). Across history, we have drawn on similarities in how nations and cults have shaped human belief systems. These processes often employ an agent who is given total control over a subject and his or her behavioral patterns (when to sleep, eat, go to the bathroom, etc.). The purpose of these exercises is to break down the subject’s identity to the point that he or she can be introduced to a new one that aligns with the tenets of a new belief system. This process is often accentuated by social influence within a community and peer pressure and the threat of social exclusion or possibly even danger. For example, many POWs in the Korean War were considered brainwashed by enemy forces, but in reality these POWs were isolated, in fear of their captors, and subject to torture (compliance). Of the more than seven thousand US prisoners captured during the Korean War, only twenty-one actually refused to return to the US, citing a true change in their belief system (persuasion). As expected, rescued POWs were quick to reassume their identity and place in their society once they returned.

There are other subtle ways in which memories can be modified or even implanted due to the way in which the recall of one memory can change the memory or even tie it to a different memory. In a seminal study carried out by Dr. Elizabeth Loftus at the University of Washington, she succeeded in implanting novel memories that had actually never happened. In this study, sometimes referred to as the lost-in-the-mall experiment, Loftus recruited pairs of participants. One member was designated the subject, and the other was an older sibling or parent. Subjects were mailed a booklet with four stories about them that occurred between the ages of four and six, with one of these stories being a complete fabrication. The false story would “recount” an event in which the subject, at around the age of five, was lost in a large shopping mall for an extended time and eventually helped by an elderly woman and reunited with her or his family. After weeks of reading and revising this booklet, 37 percent of participants incorporated a false memory into their own history, one that never happened.

MIND CONTROL



WHEN: Avengers: Age of Ultron, Captain America: Civil War, Avengers: Infinity War



WHO: Erik Selvig, Hawkeye, Scarlet Witch, Loki (in possession of the Mind Stone)



SCIENCE CONCEPTS: Transcranial magnetic stimulation, optogenetics



INTRODUCTION

Every time you have a thought, there is always some physical, chemical, and physiological underlying process. Whether we have a full understanding of that process is still not entirely clear. We know that your brain has cells that communicate with one another using a combination of chemical and electrical signals. If we had complete control over the firing of a single neuron, its circuit, or a pattern of circuits, we could possibly regulate behavior with great precision. So given the technology and the knowledge we have now, how easy is it to manipulate behavior? Can we control minds the way that Scarlet Witch and the Mind Stone do in the MCU?

BACKSTORY

In the MCU the ability to control minds has been used by and on various Avengers. The earliest example of this ability was Loki, who was in possession of the Mind Stone inside his scepter; he used this to control Hawkeye and Erik Selvig in The Avengers. Similarly, Wolfgang von Strucker used the Mind Stone to imbue Wanda Maximoff (Scarlet Witch) with the power to telekinetically move objects and control minds. Using these powers she single-handedly turned the Hulk against the Avengers and made Black Widow, Captain America, Iron Man, and Thor face their worst nightmares as hallucinations in Avengers: Age of Ultron. What physical forces would allow the control of someone’s thoughts and hallucinations?

THE SCIENCE OF MARVEL

Since Maximoff’s powers were derived from the Mind Stone, we can assume her abilities are a diluted form of what the Mind Stone is capable of. This makes sense when you consider that the Mind Stone is capable of controlling a subject for days, whereas the effects of Maximoff’s powers are short-lived and more mood-altering. Given Scarlet Witch’s comic book parentage and the nature of many of the Infinity Stones, I’d guess her abilities involve generating powerful and localized magnetic fields through the movement of her hands. This is how the noninvasive procedure of transcranial magnetic stimulation (TMS) can be used to stimulate or block activity in different parts of the brain. When we consider the functions of electricity and magnetism we know we are actually discussing two different forms of the same phenomenon. An electric current run through a coil will create magnetic fields that can define the polarity of a magnet. Reciprocally, a strong magnetic field can also modulate an electric current. During TMS, a strong electromagnetic force is targeted toward the surface of the brain to depolarize neurons in that area, leading to increased activity.

Imagine, as Scarlet Witch signals an okay sign with her thumb and index finger she creates a “coil” that conducts enough current to create a localized magnetic field completely under her control. This coil can be used to electromagnetically create a current through the scalp and skull of her target, inducing an oppositely directed current in neural populations within the brain. Maximoff likely has a PhD-level understanding of neurology, since her intuitive abilities make clear she has an advanced working knowledge of the human brain, its neuroanatomy, and its function. This know-how enables her to differentiate her control over inhibitory and excitatory neurons in different parts of the brain, allowing her to elicit a range of behaviors. This power could permit added control if she could shrink the area of effect of such a magnetic field to a single neuron!

If her ability to generate superconductive coils of electromagnetic fields acts like conventional TMS rigs, she may have access to cortical layers on the surface of the brain at depths of 3–6 millimeters. However, a stronger magnetic field would allow for deeper stimulation. During Tony Stark’s visual hallucination, she may have sent a wave into the subcortical layer and into his limbic system, causing the release of neurotransmitters and triggering his PTSD. This hallucination may have also sent several other rippling effects to other parts of his brain, forming connections between auditory, visual, and somatosensory cortices and consolidating the perception of the hallucination being real even though it is not. Given Maximoff’s stealth approach to her victims, she may even be using her powers to implant visions in the occipital lobe where vision is processed; this part of the brain is located in the back of the head (see The Human Lie Detector). Thankfully, Maximoff takes a turn toward good, since the ability to control minds paired with telekinesis would truly make her the most powerful Avenger on the team.

THE SCIENCE OF REAL LIFE

At a noninvasive level, we are able to manipulate several kinds of behavior, using different technologies. The speculative use of transcranial magnetic stimulation can in fact regulate the neural firing on the cortical layers of the human brain. Dr. Alexander Kendl and Dr. Joseph Peer of the University of Innsbruck in Austria have even postulated the idea that lightning discharges may generate magnetic fields similar to those used in TMS. In their calculations they hypothesized that individuals within 20–200 meters of a lightning strike may be subject to visual hallucinations that look like glowing spheres of light or the rare phenomenon of “ball lightning.” At a clinical level, Dr. Ian Cook at the Semel Institute for Neuroscience and Human Behavior at UCLA uses TMS to treat depression by eliciting a rewiring of neurons. TMS is clinically approved only for treating depression but it also has been shown to reduce chronic pain, migraines, and anxiety in research studies. While the technology is capable of modulating emotional states and moods, it lacks the refined and immediate control over executive function seen in the MCU.

Outside of its clinical uses, TMS is a particularly powerful tool to help understand how the brain functions in a living human. In a study led by Dr. Rebecca Saxe at MIT, researchers were able to use TMS to modify human moral judgment. In Saxe’s earlier work, she identified the temporoparietal junction (TPJ) as the area of the brain that would activate when participants were asked to evaluate someone else’s intentions. To validate this finding, she designed a study where individuals were read stories that involved one character doing something objectively wrong to the other. After listening to the story, study participants were asked to rate the behavior of the villain of the story on a scale of 1 to 7 (1 = absolutely forbidden and 7 = absolutely permissible). Study participants robustly identified the malicious culprit with the highest score except when TMS was used to manipulate their TPJ. This type of study would have been impossible to carry out without tools that can manipulate function in the brain.

At the most invasive level, we can even use genetic modification to control behavior in the brain, using light-sensitive channels that can trigger neuronal firing. This approach, called optogenetics, was pioneered by Dr. Karl Deisseroth of Stanford University. Using this technique, Deisseroth was able to repurpose light-sensitive channel proteins from algae and transgenically introduce them into neural populations of a mouse’s brain. When activated by light, these channel proteins generate a change in the electric potential of a cell’s membrane, causing a neuron to fire. Using transgenic mice or viruses we can introduce these algal proteins into specific parts of the brain and remotely control neural circuits using a fiber optic cable implanted into the brain. This tool has been extensively used in the field of neuroscience to understand which neural circuits underlie behaviors related to hunger, sexual arousal, thirst, memory, and more. Furthermore, a variety of these channel proteins can be tuned to different wavelengths of light, which makes it possible for researchers to induce a repertoire of firing states in neurons. While optogenetics is most often used for basic research questions, it has shown promise in potential treatments for restoring sight in the blind.
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CELESTIAL ASSIMILATION




WHEN: Guardians of the Galaxy Vol. 2



WHO: Ego, Star-Lord



SCIENCE CONCEPTS: Genetic organization, hybridization, parthenogenesis



INTRODUCTION

In the very first instant you existed as a single-cell embryo, you had the mixed genetic information of your mother and father. A few seconds before that moment, genetic material from sperm and ovum performed an elaborate dance to reorganize the living blueprint that makes you. In order to do so, these cells obey a series of rules that guarantee a healthy start to life. Sometimes, however, those rules can be bent. For example, what happens when these genetic blueprints don’t come from the same species? In what other ways can new genes be transferred between genomes? Using Ego’s biology as a guide, we will try to figure out how Ego was able to hybridize with so many different species.

BACKSTORY

In the events of Guardians of the Galaxy Vol. 2, the Guardians find themselves confronted with a Celestial, Ego. These Celestials are among the oldest and most powerful humanoid beings in the universe with unique abilities. Unlike any other organism in the universe, Ego has the ability to manipulate the matter around him to create anything, from a fancy fountain to an entire planetoid chassis for his brain. Specifically, he is capable of creating proxy bodies of himself that look like different alien races but carry the hereditary information of a Celestial. He uses these proxies to reproduce with life-forms from other planets in order to assimilate the universe. However, he is unable to successfully pass on his Celestial powers to the next generation until he meets Peter Quill. How exactly can Ego hybridize his DNA with so many different species?

THE SCIENCE OF MARVEL

Following the events from Guardians of the Galaxy Vol. 2, it seems particularly important for Ego to propagate his Celestial powers through sexual reproduction. He sets up a universe-wide genetic cross using his own genome in order to individually screen that population for another Celestial. Whenever he didn’t find a Celestial hybrid, he sacrificed that child and repeated the experiment. Assuming that the function of genetics isn’t only earthbound but literally universal, Ego would need to integrate his genes into his offspring the good old-fashioned way. However, he has several hurdles in his way to hybridizing with different species. If he can’t obey the same molecular rules that endemic species follow, how did Peter Quill become the only successfully Celestial result from the giant genetics experiment Ego carried out?

Humans (and most plants and animals that sexually reproduce), rely on male/female sexes and their respective vectors for genetic material (sperm/egg) to reproduce. The evolution of sex is in part driven by the advantage of diversifying genetics within a population and a larger palette of biological traits that can be selected for. However, for this to work properly, a critical process has to work smoothly during that moment fertilization happens between Ego and Meredith Quill. The instant sperm and egg fuse, the ova’s twenty-three chromosomes are partly into metaphase and about to align along the center of the cell. The sperm loses its tail and coat and begins to decondense its set of twenty-three chromosomes. Both sets of chromosomes replicate and prepare to be paired up and given to daughter cells. This all raises an important question: how would this work in other species with forty, thirty-two, or 200 chromosomes? Consider: some species of roundworms can have two chromosomes, while species of hermit crabs can have up to 254 chromosomes. In such a case, Ego would have to reshape his genome and its architecture across the protein scaffolds that build chromosomes each time he finds a mate. This complexity would impede his plans and partly explain the difficulty of siring an individual who has the right Celestial genes to “connect with the light.” Also, if he knows exactly which genes are needed to make a Celestial he would have gotten it right the first time, right?

So perhaps Ego is experimenting with the genetic material he is contributing to his various kin. If this is the case, it would be far too taxing to line up synthetic chromosomes of exact size and structure with those of a human (or anything else). In such a predicament, he may be giving his genetic material in small bits and pieces through lateral gene transfer. In this case, instead of sperm he could be a pseudo-virus, removing parts of his genome and infecting the ova of Meredith Quill. Eventually, he hopes, the right parts of his genome will sustain a connection to Celestial power in the right child. However, this plan still wouldn’t fertilize the egg (it would have only half the number of chromosomes it needs for cell replication). The only way an unfertilized egg (infected by Ego’s genes) could form an embryo would be through the process of parthenogenesis. This relies on using mitosis (cell division) to create sex cells with a full complement of chromosomes and can be induced in mammals with electrical and chemical stimuli. This process in the MCU may explain why Peter Quill is more human than Celestial in appearance (“Congratulations Ms. Quill, it’s a floating brain!”). This is a stretch, but then again we are talking about mating a metaphysical brain-planet with a human female.

OEBPS/xhtml/nav.xhtml


Contents



		Cover


		Dedication


		Introduction


		Chapter 1: Bustling Brains

		Hawkeye’s Aim


		Mantis’s Empathy


		Memory Erasure


		Mind Control








		Chapter 2: Curious Critters

		Celestial Assimilation


		Giant Ants


		I Am Groot


		Rocket Raccoon








		Chapter 3: Nervous Neuroscience

		The Human Lie Detector


		Killmonger versus T’Challa: Nature versus Nurture


		Spidey Sense


		Hulk’s Transformation








		Chapter 4: Fantastic Physiology

		Super Soldier Serum


		Cryostasis


		Pharmacology of the Heart-Shaped Herb


		Extremis and Tissue Regeneration


		Immortality








		Chapter 5: Glorious Gadgets

		Exosuits


		Nanites


		Spider-Man’s Web-Shooters


		Falcon’s Redwing


		Aero-Rigs








		Chapter 6: Aggressive Assaults

		Hulk’s Thunder Clap


		Thor’s Lightning


		Black Widow’s Bite


		Gamora’s Sword, Godslayer


		Star-Lord’s Gravity Mine








		Chapter 7: Mechanical Marvels

		Artificial Intelligence


		Cybernetic Prosthetics


		Spider Grip and Wall Crawling


		Manipulating Reality








		Chapter 8: Stupendous Scenarios

		Gamma Radiation


		Thanos’s Snap


		Forging Stormbreaker


		Power Stones and Nuclear Fission








		Chapter 9: Fantastic Physics

		Wormholes and Teleportation


		Phasing


		Shrinking Into the Quantum Realm


		Web Wings


		The Eye of Agamotto








		Chapter 10: Magnificent Marvels

		Iron Man’s Power Reactor


		Shapeshifting


		Vibranium








		Glossary of Marvel Terms


		Glossary of Science Terms


		US/Metric Conversion Chart


		About the Author


		Index


    		Copyright







Guide



		Cover


		Start of content








OEBPS/images/ch02.jpg
Chapter 2

Curious
Critters





OEBPS/images/9781507209998.jpg
THE

SCIENCE
IVIARVEL

From Infinity Stones to Iron Man’s Armot,
the Real Science Behind
the MCU Revealed!

Sebastian Alvarado, PhD





OEBPS/images/title.jpg
From Infinity Stones to Iron Man’s Armor,
the Real Science Behind
the MCU Revealed!

%

Sebastian Alvarado, PhD

ADAMS MEDIA
NEW YORK LONDON TORONTO SYDNEY NEW DELHI





OEBPS/images/ch01.jpg
Chapter 1

Bustling

Brains






