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A Headline and Its Noise

In 2026 a website called LADbible put a story in front of its readers under a headline that can be read in a single breath: “‘Next Albert Einstein’ is 32-year-old woman who turned down $1.1m offer from university”. The woman was Sabrina Gonzalez Pasterski, an American theoretical physicist at the Perimeter Institute for Theoretical Physics. The article describes her as so much in demand that she once refused a prestigious university’s offer of $1.1 million. Around that sum the same site gives the story the pace of a modern fairy tale: according to it, she started building a plane at twelve.

A serious book on physics, it would seem, should keep the news sites and the social networks out of its pages and begin with the equations. I have chosen to begin with the headline, for two reasons. It is the door through which the readers of that headline reached these questions, and it is only fair to look at a door before walking through it. And it is a good first exercise in telling the signal from the noise. Anyone who has tuned an old radio knows the hiss between the stations: the voice is the signal, the hiss is the rest, and the first skill of the listener is to tell them apart. A headline has the same structure, and its noise is especially pleasant to the ear – a prodigy, a refusal, a prophecy – which makes it easy to mistake for the voice.

Take the money first. Another website, in the same year, writes that at 32 she had walked away from multi-million dollar offers in tech and finance. The same piece then concedes that reports of seven-figure offers persist, but that the exact figures have not been confirmed publicly. One site speaks of a prestigious university and names a sum; the other names industries, gives no sum, and admits that it cannot. The rule I shall follow in this book is simple: where accounts differ, I attribute the detail to the page that gives it, and where I cannot, I leave it out. The offer is in any case not physics, and I shall not mention it again.

The fairy tale is no steadier. The article I first quoted has her start building a plane at twelve; another site has her assembling a single-engine aircraft at fourteen. They may describe different moments of one story, but the pages do not say so, and I shall leave the matter there. The same goes for the sentence that went round Instagram, “Harvard believes the next Einstein is among us”. A German news site explains it by the habit of labelling her, and judges it to be more a media narrative than an official position of Harvard.

What remains, once the sum, the ages and the Harvard sentence are set aside, is the name, and on the name she has spoken herself. The site CubaHeadlines reports that, according to the British Broadcasting Corporation (the BBC), she traced the label to a moment when Stephen Hawking cited a paper she had written with Andrew Strominger; she was, she stressed, only in the second year of her doctorate. What she objects to is the kind of story into which such a label fits. She asks to what extent the narrative can be better controlled, says that it does not always have to be about “standout stars”, and argues for a more collective approach to scientific advancement.

Her work, I think, bears her out. Take the theoretical result in which she had a hand. She, Strominger and a third colleague, Alexander Zhiboedov, found a new gravitational memory effect, a lasting trace that gravitational waves can leave behind, of which chapter 5 will say more, and the connection between symmetries and a spin memory effect that can be observed in gravitational waves was one that she found. A headline has room for one name; the result carries three signatures, and it is the work, not the name, that will be judged. The name seems to me the least interesting question the headline raises. Nobody can measure whether a person is the next Einstein. A problem, by contrast, can be put to the test: we can ask whether it is real, how much is known about it and who has tried to solve it. And under the noise there is a problem, which the headline does not even name.

What does she actually do? A news site describes her research as concentrating on black holes, the symmetries of spacetime and gravitational interactions, areas that touch what it calls the “open seams” between Einstein’s general relativity and quantum theory. She specialises in celestial holography, and since 2021 she has led the Celestial Holography Initiative at the Perimeter Institute. I shall not explain the two words of that name here; the book has first to make itself ready for them.

In her own words, she wants people to know that the description of the Universe “can be simpler than all the things that emerge from it”, and that she and her colleagues are trying to find it. A language will show what this can mean. The sentences that can be said in it are beyond counting, and yet all of them follow from a short list of rules; whoever has found the rules has understood the language without having read every sentence. It is as if the things that emerge were the sentences, and what she hopes for were the grammar. I notice, and give it as my own reading, that she makes the same gesture twice, once about the label and once about the aim. In both she turns away from a heap – a heap of stars, a heap of phenomena – and towards something compact and shared.

I cannot say how much of what she seeks is there to be found, and no book can. The site that reports that her papers attract close reads adds that experts stress that enduring impact depends on results surviving years of peer scrutiny. I find that sober, and I take it as a rule for these pages: time and colleagues will judge, and I shall try not to anticipate them.

The problem itself is easy to state. Imagine two railway networks, each superb, each keeping its timetable to the minute, each convinced that it serves the whole country. Every day the trains arrive and confirm them, and yet no line joins the one to the other. The first is Einstein’s theory of gravity, general relativity; the second is quantum theory, the theory of quanta, which governs the small. Each has been confirmed with high accuracy in its own domain, and yet it is hard to merge them into a single body of laws. To join them would be to have a quantum theory of gravity, a theory in which gravity too obeys the rules of the small. In 2001 Carlip wrote that after some 70 years of active research no one had yet formulated a consistent and complete quantum theory of gravity, and that there was not yet any direct experimental evidence that gravity is quantised. Those are sentences of 2001, and the chapters that follow will ask how much of them can still be written.

It is fair to ask why the two should be joined at all. Planets are treated by the one and atoms by the other, and for most purposes the arrangement works. My answer is only a judgement: a physics in two halves cannot say, once and for all, what space and time are made of. Each half has something to say about them, and a physics that cannot tell us what it is that things happen in has left the most basic question open. That is, I think, why a problem so long unsolved has not been dropped.

The book proceeds by a method that I should state. I take no side in a quarrel that the evidence has not settled. At each step I shall say what supports a claim and what it lacks; where a debate is open I shall say so, and where I lean one way I shall say that it is my opinion and no more. The route is this. We shall first see in what the two theories disagree, then go to the place where they are forced to meet, a black hole. We shall follow those who have tried to build the missing theory, and then the idea of the hologram, which leads to the work of Pasterski. We shall ask the laboratory and the sky how much has really been established, and learn how to read a headline like the one with which we began, before drawing up the account.

All of it is an attempt to answer a single question. Can the theory of gravity and the theory of quanta be joined? The first chapter begins with the two theories themselves.


Chapter I
Two Perfect Theories That Will Not Talk

In 1916, after proposing general relativity, Einstein wrote his first paper on gravitational waves, and in it he already thought that quantum effects must modify his theory, although in the 1930s he switched to a different point of view, working on the unification of electromagnetism and gravitation. Hold on to that detail. A theory hardly out of its author’s hands already carried, in his own mind, the suspicion that it would have to change. The doubt, it seems, is almost as old as the theory, and Einstein’s dream of unity had two faces: gravity joined to electromagnetism, and gravity joined to the quantum. This book follows the second. It is the research that seeks a consistent unification of the two foundational pillars of modern physics, quantum theory and general relativity.

To see why that search exists at all, we must first see what the two pillars say and why we trust them. Begin with general relativity, and with a lift. Imagine one whose cable has snapped, falling freely, with you inside and no window. Everything in the cabin falls with you; the keys you let go of hang in front of your face. Einstein’s equivalence principle is the careful version of this scene. It says that the outcome of any local experiment that does not involve gravity is independent of the velocity of the freely falling frame in which it is performed, and independent of where and when in the universe it is performed. Will, in 2005, called it “the heart and soul of gravitational theory”, because if the principle holds, gravitation must be a phenomenon of “curved spacetime”: the effects of gravity must be equivalent to the effects of living in a curved spacetime.

Gravity, in this picture, is no longer a force that tugs across a distance. It is the shape of space and time, which bends where there is matter and energy, while everything that moves follows the straightest paths that shape allows. An ant walking over an orange, keeping to what feels to it like a straight line, follows the skin of the fruit wherever it curves, and nobody needs to push it. How well does the picture stand up? Ashtekar and Lewandowski, writing in 2004, call general relativity the best available theory of gravity, some of whose predictions have been tested to an amazing accuracy, surpassing even the legendary tests of quantum electrodynamics. That last phrase deserves a moment: quantum electrodynamics is the quantum theory of light and of electrically charged matter, and its tests were already the pride of physics.

On the other side stands quantum mechanics, which describes the small – atoms, electrons, light – by assigning each system a state, from which the theory computes the probabilities of whatever a measurement will find. It speaks a different language from the geometry of the lift and the orange, and it speaks it with equal success. Marletto and Vedral put the situation plainly in 2017: quantum theory and general relativity both claim to be universally applicable, both have been confirmed to a high accuracy in their respective domains, and yet it is hard to merge them into a unique corpus of laws.

“Universally” is the word that carries the weight. A theory of fish and a theory of birds can live in peace, because no creature is both. But two theories that each claim the whole world must meet wherever their claims overlap, and sooner or later they must say the same thing about the same event. The refusal to let them stay apart is a matter of logic more than of taste. Harlow, Kachru, Maldacena and their colleagues, in a report of 2022, give it in a sentence: it is simply not acceptable to have two theories of physics, one for small things and one for big things, without knowing how the two theories fit together.

Nor is the search the pastime of a few. The physicists who have worked on the problem of quantum gravity include ten Nobel laureates: Einstein, Bohr, Heisenberg, Dirac, Pauli, Schwinger, Feynman, Veltman, ’t Hooft and Weinberg. It is a crowded and tenacious company, and yet the report of 2022 still says that no complete theory has been found, that we do not have even one theory that fits all the data. I find it hard to believe that an effort so long, spread over so many fine minds, could have been defeated by an oversight, by a sign wrongly carried from one line of algebra to the next. The difficulty must be of a deeper kind, and the pages that follow are an attempt to say what kind.
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Figure 1.1. Physicists in Conference, 1927. The participants in the fifth Solvay Conference, held in Brussels in 1927, where the founders of quantum mechanics discussed the new theory; Einstein sits at the centre of the front row.

The quarrel between the two theories is about what space and time are. Quantum theory, in its usual form, asks for a fixed background and for a preferred way of splitting spacetime into space on one side and time on the other; general relativity, whose spacetime is dynamical and has no preferred frame of reference, gives it neither. Each theory is perfectly happy by itself. They disagree about the very ground on which they stand.

Think of a theatre. In quantum theory as it is usually written, the stage is built before the play begins. The boards are there, a clock hangs above the proscenium, and the actors – the particles and the fields – cross the stage, meet, exchange their lines in the form of probabilities. Whatever the actors do, the stage stays as it was. In general relativity the stage is an actor too. Ashtekar and Lewandowski say it in a phrase I like: in general relativity there is no background metric, no inert stage on which dynamics unfolds, and geometry itself is dynamical; for that reason they expect that a fully satisfactory quantum theory of gravity would also be free of a background spacetime geometry.

Consider what follows from this. To quantise something is to give it the same treatment as the actors, with the same states and the same probabilities. But if the stage is itself an actor, to quantise the actors is to quantise the stage. In general relativity, writes Carlip, the manifold and the geometry are fundamentally inseparable – the bare collection of points and the way distances are laid over it cannot be pulled apart – and quantising the geometry really does mean quantising spacetime itself. And then comes an admission that I find more honest than any slogan about how hard gravity is: at a fundamental level, Carlip says, we do not know what that means. Quantising an electron means giving a rule for its possible positions and speeds. What would it mean for the boards of the stage to be in a state of probability, to be in this place and in that, with some chance for each? We lack more than a solution. We lack, in part, a clear statement of the question.

Time is where the quarrel grows sharpest. In conventional quantum theory, Isham explained in 1992, time is not a physical observable in the normal sense, since it is not represented by an operator; it is treated as a background parameter, used to mark the evolution of the system. Think of what the theory can ask about a system: where it is, how fast it moves, how it spins. Each of these is something the system can be questioned on and answer, with a probability. Time itself is never one of the things the theory measures. It is the clock on the wall, against which the answers are dated. Kiefer made the same point in 2005: the time in Schrödinger’s equation, the equation that governs how a quantum system changes, is identical to Newton’s absolute time and is prescribed from the outside, whereas in general relativity time is dynamical, because it is part of the spacetime described by Einstein’s equations, and the two concepts, he concludes, cannot both be true fundamentally. This sentence is, I think, the strongest in the whole story. It does not say that the two theories are hard to join. It says that one of their ideas of time has to go.

Where does the freedom come from? Isham traced the prime source of the problem of time to a symmetry of classical general relativity: its invariance under the group of diffeomorphisms of spacetime. The word is ugly and the idea is not. Draw a map of a country and lay over it any grid you like, rectangular, wavy, stretched; the country does not care, and the equations of general relativity do not care either. The consequence is that spacetime has no privileged way of being sliced into successive layers of space, one for every instant. Quantum theory, which asks for exactly that preferred splitting, is left without one. One theory insists on the grid, and the other has made the grid optional.

A further difficulty
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