The Grand Unified Theory According to Antony Garrett Lisi

Imagine a still pool of water. Now drop a pebble into it and you get ripples right? Now
drop 2 pebbles at the same time and you get the pattern we know as wave interference.
Look closely at that wave interference and you'll notice it matches perfectly the current
model of the atom(in the case of 2 "pebbles" it'd be the hydrogen atom with an extra
electron). If it were "pebbles" then atoms would have very short lifespans because the
energy dissipates rather quickly so instead of pebbles, | have recently revised the
metaphor to be two streams of water because it also further illustrates that there are two
waves of energy(water) interfering with one another. Now if you want an electron to
jump from one atom to another you only need to slightly move the "pebble" to create a
new interference pattern. There's lots more to it than that but it's the best visual model
that I've seen to date.

Lisi's model is a variant and extension of a Grand Unification Theory (a "GUT,"
describing electromagnetism, the weak interaction and the strong interaction) to include
gravitation, a Higgs boson and fermions in an attempt to describe all fields of the
Standard Model and gravity as different parts of one field over four dimensional
spacetime. More specifically, Lisi combines the left-right symmetric Pati-Salam GUT
with a MacDowell-Mansouri description of gravity, using the spin connection and
gravitational frame combined with a Higgs boson, necessitating a cosmological
constant. The model is formulated as a gauge theory, using a modified BF action, with
E8 as the Lie group. Mathematically, this is an E8 principal bundle, with connection,
over a four dimensional base manifold. Lisi's embedding of the Standard Model gauge
group in E8 leads him to predict the existence of 22 new bosonic particles at an
undetermined mass scale.

The fermions enter, via an unconventional use of the BRST technique, as Grassmann
number fields valued in part of the E8 Lie algebra. The bosons are combined with these
fermions as one-form and Grassmann number parts of a kind of superconnection, each
valued in separate parts of the E8 Lie algebra. The curvature of this superconnection is
calculated, producing the Riemann curvature, gauge field curvature, gravitational
torsion, covariant derivative of the Higgs, and the covariant Dirac derivative of the
fermions. This curvature is used to build the modified BF action by hand, in an attempt
to match the dynamics of the Standard Model and gravity.

In the paper, Lisi describes several deficiencies in this model. The most important
deficiency is noted as an incorrect, or "poorly understood," inclusion of the second and
third generations of fermions in ES8, relying on triality. This deficiency, and the
incomplete nature of the model, precludes the prediction of masses for new or existing



particles. Also, Lisi notes the use of explicit symmetry breaking in building his action,
rather than offering a more desirable spontaneous symmetry breaking mechanism. And,
no attempt is made to provide a quantum description of the theory—this being left for
future work.

In a follow-up paper, Lee Smolin proposes a spontaneous symmetry breaking
mechanism for obtaining the action in Lisi's model, and speculates on the path to its
guantization as a spin foam.

Consider a wavy, two-dimensional surface, with many different spheres glued to the
surface—one sphere at each surface point, and each sphere attached by one point.
This geometric construction is a fiber bundle, with the spheres as the "fibers," and the
wavy surface as the "base." A sphere can be rotated in three different ways: around the
x-axis, the y-axis, or around the z-axis. Each of these rotations corresponds to
asymmetry of the sphere. The fiber bundle connection is a field describing how spheres
at nearby surface points are related, in terms of these three different rotations. The
geometry of the fiber bundle is described by the curvature of this connection. In the
corresponding quantum field theory, there is a particle associated with each of these
three symmetries, and these particles can interact according to the geometry of a
sphere.

In Lisi's model, the base is a four-dimensional surface—our spacetime—and the fiber is
the E8 Lie group, a complicated 248 dimensional shape, which some mathematicians
consider to be the most beautiful shape in mathematics. In this theory, each of the 248
symmetries of E8 corresponds to a different elementary particle, which can interact
according to the geometry of E8. As Lisi describes it: "The principal bundle connection
and its curvature describe how the E8 manifold twists and turns over spacetime,
reproducing all known fields and dynamics through pure geometry."

The complicated geometry of the E8 Lie group is described graphically using group
representation theory. Using this mathematical description, each symmetry of a group—
and so each kind of elementary particle—can be associated with a point in a diagram.
The coordinates of these points are the quantum numbers—the charges—of elementary
particles, which are conserved in interactions. Such a diagram sits in a flat, Euclidean
space of some dimension, forming a polytope, such as the 421 polytope in eight-
dimensional space.

In order to form a theory of everything, Lisi's model must eventually predict the exact
number of fundamental particles, all of their properties, masses, forces between them,
the nature of spacetime, and the cosmological constant. Much of this work is still in the
conceptual stage—in particular, quantization and predictions of particle masses have



not been done. And Lisi himself acknowledges it as a work-in-progress: "The theory is
very young, and still in development.”

Lisi's model attempts to describe all known fields—the gravitational spin connection,
frame, Higgs, gauge bosons, and three generations of fermions—as different parts of a
single superconnection over a four-dimensional base manifold.

Superconnection

Lisi's superconnection is built by formally adding a connection 1-form field to a
Grassmann number_0-form field, both valued in different parts of a Lie algebra, 9,

A=H 4+ =d'H T, + VT,

The bosonic part of the superconnection, I_{ is valued in a reductive subalgebra, I] of
8, i.e. satisfying the Lie bracket relations,

b, =B
b, ¢ = ¢

The fermionic part of the superconnection, -, is valued in the remainder of the Lie

algebra, t =0 — b Lisi states this superconnection is a kind of "BRST extended
connection,” in which the Bvalued part of a 1-form connection has been replaced by
BRST ghosts valued in £. In Lisi's model the relevant Lie algebra is the split real form of

g = e8and the bosonic subalgebra is

h =s0(7,1)+ so(1,7)
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Algebraic breakdown

Lisi proposes a decomposition of e8, the 248 dimensional Lie algebra of Eg, into parts

accommodating the gravitational and standard model fields according to the following
schema:
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Under this decomposition, Lisi's €8 valued superconnection for everything is
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in which — is the spin connection, — is the gravitational frame, Dis the Higgs boson,
— is a weak gauge field, — is the right partner to the weak gauge field, — is the
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strong gauge field, — is the baryon minus lepton number gauge field, — — are
new gauge bosons, and the rest of the fields are the standard model fermions. Lisi's
detailed description of the spin connection, frame-Higgs and fermions, as parts of e8,
relies heavily on the Clifford algebra Ct7, 1(R). Lisi says this left-right symmetric model,
similar to the Pati-Salam model, must be broken to obtain the standard model. Notably,
Lisi includes fermions along with bosons in the same representation, and also proposes
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tentatively that the three generations of fermions of the standard model may be
described by a triality rotation (relating to the three-fold symmetry of SO(8)). He notes
that the second and third generations of fermions do not obviously have the correct
guantum numbers in this model—and that this stands as the least understood aspect of
the theory, and the largest outstanding problem.

Visual representation
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Rotation of the E8 root system in eight dimensions, with particle assignments
corresponding to gravitational, electroweak, and strong charges.
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The algebraic structure of the standard model and gravitational fields may be described
using group representation theory, with roots and weights corresponding to the charge
guantum numbers of elementary particle states. Different kinds of charge correspond to
the different fundamental forces, with weak hypercharge and weak isospin of the
electroweak force combining to produce electric charge, and two kinds of charge
guantum numbers associated with the color charge of the strong force. These four kinds
of standard model charge are conserved in all elementary particle interactions. In Lisi's
theory, the spin of elementary particles are the charges with respect to the gravitational
force, with a different spin charge for the left and right chiral parts of the gravitational
spin connection. The quantum numbers of all elementary particles is a pattern of points
in six dimensional charge space, which may be projected down to two dimensions and
plotted, creating a visual representation of the algebraic structure. In Lisi's E8 Theory
these charges in six dimensions are a projection of some of the E8 root system in eight
charge dimensions. The standard model or E8 system of charges and allowed particle
interactions may be rotated in eight dimensions and visualized via an online tool, the
Elementary Particle Explorer.

Curvature
The dynamics in Lisi's model depends on the supercurvature of the superconnection,
F=dA+3(AA
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in which ‘Eis the bosonic curvature form and ?‘?is the exterior covariant derivative of

the fermions. Under Lisi's algebraic breakdown of €8, the supercurvature decomposes
into parts,
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in which j:? - §Lf + 27 "js the Riemann curvature 2-form, Z ﬁi T3 [_’ E]is the

torsion 2-form, and Z . is the massive covariant derivative of the fermions, as Dirac
spinors, in curved spacetime.

Action

To specify dynamics matching general relativity and the standard model, Lisi postulates
a modified BF theory action,

5= [ <BF+ BBy - B4 B >
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producing the Einstein-Hilbert action for gravity, the Yang-Mills action for gauge fields,
the action for the Higgs boson, and the action for fermions in curved spacetime. The
cosmological constant in Lisi's model is necessarily related to the vacuum expectation

_ 3,2
value of the Higgs, A= i
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It should be noted that this action breaks the Eg symmetry by hand. However, Lee
Smolin has proposed a way to obtain the bosonic part of Lisi's action (plus higher-order
terms) from a fully Eg-symmetric theory, by starting with the action:

3=/q-:§g - ®BB - 9° < BB >>

Vector-form notation

Lisi employs an unusual mathematical notation in his work with vectors and differential
forms. He denotes the grade of a differential form by underlines, as in the curvature 2-
form,

2

F = Lda'd2' Fy

in which he does not write the wedge—taking the coordinate basis 1-forms to always
anti-commute. For the interior product between a vector, v, and a form, Lisi writes

if =v'0da’ f; = ' f;

taking the coordinate basis vectors and their dual coordinate basis 1-forms to contract
g.dx’ = §

as Z df 5’*. This is similar to Dirac's Bra-ket notation for vectors in Hilbert space,

and Lisi uses the order-dependent nature of this contraction to describe vector valued

forms similar to "ket-bra™s, such as

H = da*H;9;

Also, Lisi uses an under-dot, as in "II to denote the Grassmann grade of a field.
Predictions

By matching 226 known standard model particles to some of the 248 symmetries of Eg,
Lisi is able to predict the existence and quantum numbers of 22 new particles. Three of

+ .
these, the D1 and B2, are the same new su(2) rand “(UH—Lgauge bosons as
predicted in the Pati-Salam model, the W' and Z' bosons. Another, the 1, is a new

“(U‘gauge boson, with a corresponding new quantum number. And the remaining 18
new bosons predicted, the x:®, are new colored fields, interacting with the strong force.
Lisi states that some of these 22 particles might be seen at the Large Hadron Collider.

Since Lisi does not specify masses for these patrticles their prediction is not falsifiable by
non-discovery in any given experiment, because the masses could exceed the
experiment's reach. However, the discovery of new particles that do not fit in Lisi's



classification, such as superpartners, would fall outside the model, and falsify Lisi's
match to Eg. Also, because the matching of the three fermion generations is tentative
and problematic in the model, Lisi places a low confidence in these predictions.

Chronology and reaction

Three previous arXiv preprints by Lisi dealt with related questions. "Clifford
Geometrodynamics” in 2002, "Clifford bundle formulation of BF gravity generalized to
the standard model" in 2005, and "Quantum mechanics from a universal action
reservoir," in 2006.

Lisi further discussed his work on an FQXi forum in 2007, at an FQXi conference, and in
an FQXi article. He also gave talks at the Loops '07 conference in Morelia, Mexico and
the Perimeter Institute. Commentary on his work was found in John Baez's "This
Week's Finds in Mathematical Physics (Week 253)," and he is interviewed on Sabine
Hossenfelder "Backreaction" blog. Lisi's arXiv preprint An Exceptionally Simple Theory
of Everything appeared on 6 November 2007, where Lisi describes how gravity, the
standard model bosons, and three generations of fermions can be unified using an Eg
superconnection. Lisi has made further presentations at International Loop Quantum
Gravity Seminar on 13 November 2007 and responded to press enquiries on an FQXi
forum in 20 November 2007 He presented his work at the TED Conference on 28
February 2008.

Lisi's paper attracted a great deal of attention after its release and spun off a variety of
debates across various blogs and online discussion groups. Numerous news sites from
all over the world reported this new theory, noting the personal background of Lisi, and
the controversy in the physics community surrounding the preprint. Mainstream and
scientific press coverage included: The Daily Telegraph (14 November 2007), New
Scientist (15 November 2007), Wired News (16 November 2007), Le Monde (19
November 2007), The Economist (22 November 2007), The Daily Telegraph (22
January 2008), Discover Magazine (26 February 2008), Wired Magazine (27 February
2008), Scientific American (1 March 2008), Physics World (1 July 2008), and The New
Yorker (21 July 2008).%8) Numerous blogs and forums also discussed the work including
Sabine Hossenfelder's Backreaction, Lubo$ Motl's The Reference Frame, which objects
to the addition of bosons and fermions in Lisi's superconnection, and to the violation of
the Coleman-Mandula theorem, Peter Woit's Not Even Wrong, Sean Carroll's Cosmic
Variance, Steinn Sigurdsson's Dynamics of Cats, Physics Forums, Slashdot, Digg, and
Reddit. Woit and Smolin are generally supportive whereas Motl and Marcus du Sautoy
are critical.

Jacques Distler's Musings is one of the strongest criticisms of Lisi's approach, claiming
to demonstrate that, unlike the Standard Model, Lisi's model is nonchiral, consisting of a
generation and an anti-generation and to prove that any alternative embedding in Eg
must be similarly nonchiral. These arguments were fleshed out in a paper written jointly
with Skip Garibaldi, "There is no 'Theory of Everything' inside Eg".The paper by Distler
and Garibaldi concludes that "no proposed Theory of Everything constructed using
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subgroups of a real form E of E8 has a sufficient number of weight vectors in the -1-
eigenspace to identify with all known fermions. The proof of our Theorem 1.3 was quite
a bit more complicated, but it also gives much more. It shows that you cannot obtain a
chiral gauge theory for any candidate ToE subgroup of E, whether E is a real form or
the complex form of E8." When asked by the Toronto Star about Distler and Garibaldi's
paper, Lisi responded:

"The criticism from Jacques Distler was initially helpful, but he eventually resorted to
making extremely misleading statements. Distler, without ever stating it explicitly,
managed to persuade many physicists that the structure of gravity and other forces
acting on electrons, quarks, and neutrinos (one generation of fermions) does not fit in
E8. But it does. What happens, specifically, is that when one puts everything in E8 in a
conventional way, there is also "mirror matter" left over. Distler claims this mirror matter
means the theory can't work, but that's incorrect, since there are known ways of dealing
with it. I'd rather not speculate about Distler's motivations, or why he chooses to treat
non-string theorists with such contempt, but | think this will end up being embarrassing
for him."

The group blog, The n-Category Cafe, provides some of the more technical discussions
with posts by Lisi, Urs Schreiber, Kea, and Jaques Distler.

Several arXiv preprints build on Lisi's work: Lee Smolin "The Plebanski action extended
to a unification of gravity and Yang-Mills theory,” 6 December 2007, proposes a
symmetry breaking mechanism to go from an Eg symmetric action to Lisi's action for the
standard model and gravity. Roberto Percacci "Mixing internal and spacetime
transformations: some examples and counterexamples"and "Chirality in unified theories
of gravity." Bertram Kostant discusses in a colloquium presentation at UC Riverside.

In the presentation "What's new at the arXiv?" on 20 May 2008, Simeon Warner stated
that Lisi's paper is the most downloaded article on the arXiv.

FQXi awarded Lisi a grant for further development of "E8 Theory" on 4 August 2008.

On November 10, 2009, The Daily Telegraph reported on Lisi's recent progress with the
theory, including the use of axions to generate particle masses.



