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Abstract

R

Causal set theory (CST) is an approach to the problem of quantum gravity based on the twin hypotheses of
fundamental spacetime discreteness and primitivity of the spacetime causal relation. We situate the chapters

in the CST section of the Handbook of Quantum Gravity within the landscape of research in CST.
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Introduction

515

The causal set approach to the problem of quantum gravity is based on a novel physical concept: a discrete
order. This concept is postulated by the theory to be the deep structure of spacetime. Since its origins in the
late 1970s and 1980s [1-3], causal set theory (CST) has grown into a program that encompasses many aspects
of fundamental physics from the foundations of quantum theory to cosmology. Sorkin’s early writings [4-6]
remain excellent introductions to CST. For a more up-to-date review, see [7]. The chapters in the causal set
section of the Handbook of Quantum Gravity represent several of the main areas of research and can serve as

an introduction for nonexperts who would like to learn about this quantum gravity approach.

fE kB R RERETT IEE T — D 2 F B S ERUT. 2B — i N =
RITRIESEE, B 20 AT 70 SEAORE 80 AU AR [1-3], RISRERHIE (CST) &K AN — N
AR BR A 2 7T TR, WO B EHC R R T e, REMFHEE(E [4-6] 2
Sl T RRIREHICHIS AISR, AR EATNIZR, /IS0 (7], (BF35I0FM) FRD
RS ENSD 72D EENFTTE, AIHRRE TR BT ERARR LA EAN AT TS,

Spacetime discreteness, whether postulated ab initio or derived within the theory, is not unique to causal
set theory; indeed it might be claimed that the majority of quantum gravity approaches today have or hint at
some sort of discrete character. What sets causal set theory apart from other approaches is that, together with
discreteness of spacetime, it insists that the spacetime causal order, of all continuum spacetime structures, is
the most fundamental and survives in the deep theory as a primitive concept of order. The marriage of these
twin hypotheses of discreteness and order then has an essentially unique offspring as the proposed kinematical
basis of the theory: a discrete order or causal set or causet (for short). Further, this marriage seems to leave us
no choice when it comes to striking an attitude to the foundations of quantum theory suitable for quantum
causal set dynamics. A path integral, or sum-over-histories, approach to quantum foundations is the only
one that - among currently existing approaches - seems capable of dynamically accommodating both the

discreteness and the essential nonlocality [8-11] of causal sets.
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The original paper by Bombelli et al. [3] states:
Bombelli 3£ ARYJFE AN [3] AU Rk

In the schematic evolution of Taketani and Sakata, a physical theory passes through three stages: an
initial stage in which a particular ”substance”, or type of matter, presents itself in a characteristic group of
phenomena; a second stage in which the new substance in question is clearly discerned in relation to the phe-
nomena; and a final stage in which the comprehensive dynamics characterizing this substance is understood.
In contrast, quantum gravity is forced to skip virtually the whole of the first stage, and tackle the second and
third stages together, hoping that the resulting theory will enable us to recognize with hindsight what features
of already-known physics can provide its ’phenomenology.”

MRIEEA 5 R EIE L R B, — DB S22 =M EL: 55— BOR e “SHA” (Hi
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Tt “PIREEM,

Subsequently, Sorkin [4, 5] has continued to use the three-way categorization of work in causal set theory
(CST) in terms of kinematics (the properties of the substance - broadly construed - that the theory is about),
dynamics (the laws of motion - very broadly construed - of the kinematical substance), and phenomenology
(the observable “surface” phenomena whereby the “deep structure” of the substance and its dynamics reveals
itself to us). These categories, though they overlap, remain very useful, and we will organize this introduc-
tory article along their lines by situating the chapters of the causal set section of the handbook within them:
kinematics in section "Kinematics,” dynamics in section "Dynamics,” and phenomenology in section ”"Phe-
nomenology.” Today, the three categories are joined by work in mathematics and work in philosophy which
intertwine with all three and which bring with them new perspectives and new expertise: section "Mathe-

matics and Philosophy.”

s, K& [4, 5] —BEIFH=ERID FHREHIE (CST) BB LIE: 188h% (RIS RN R —
"X ERISAR—BIERD), 3715 (Riaah SRR SOsshE ), IR BIRNE “RZ" 3
R, KKK “REGE” KEEESIXER RN, XEPLRBRAES, Iy+Ho%
A, BATRRS 1S WREIEZER T, KT MEREL D HISEIIANN 2 “1B830%E" o
I FHRIIF, SN T MHN I FARITE, “BR ology” B0 /M AHBLRFHHRITF,
W5, PRIXZ=K4, BEESEEMRMREMA T AT, R THA SR, Ktz
BeEEG5HE #.



Kinematics
izal)if

In causal set theory, continuum Lorentzian spacetime as we know it in general relativity will be emergent.
We can separate two different aspects of this emergence, what we will call kinematical emergence and dynam-
ical emergence. We will discuss dynamical emergence in the next section. A crucial kinematical emergence
question is whether, given a continuum spacetime (M, g) , there exists a causal set (C, <) that can recover
the geometry of (M, g) approximately, and essentially uniquely, at scales larger than the discreteness scale
(assumed to be Planckian). When this is the case, we say that spacetime (M, g) is a continuum approximation
to causet (C, <) and that the causet is manifold-like. In anticipation of the quantum dynamics of causal sets
as a sum over histories, we need Lorentzian geometries more generally - not just solutions of the Einstein
equations - to be recoverable from causal sets in order that the quantum sum over causets in the fundamental
theory does justice to the heuristic of the quantum gravitational path integral as a sum over geometries, the
majority of which are off shell.”

FERREGIE, BAE SIS AR ESIS A LGN 22 2 AR R, TATTRT DR AR AE 72
PIANARER T, T BIFRZ Eah s sl 28, BAWEE F—N s amt, —
NRERIB AR R 8E —MESINT (M, g), BEFE—ITHERES (C,<), AIMTER
TREERE (REhE AR RE) FRE L, ST EEARME B (M, g) BILAI? Sl 1%+
I, AR (M, g) BERE (C, <) BNESHLM, HIZRRERARTPM, HTRRENE T
BhIER I SR, BATTR EE — TR 24 L — 1A U2 22 (R 3E 75 R 9 il ——BE S AR SR
SLEMHOR, IXFEELMBEIC O E R BN R T RANA RETF & & 15 TR E N USRI R &
R, HARZHEJILAHERE “B7e” 1,

As laid out by Bombelli et al. in their original paper [3], the question of kinematical emergence begins
with a proposal for the discrete-continuum correspondence in the theory. CST proposes that a causal set,
(C, <), recovers the GR spacetime (M, g) if there exists a Planck-scale faithful embedding [3], i.e., an injective

map ¢ : C & M satisfying the following conditions:

IE4N Bombelli 3¢ NTEJFUGRIESC [3] FRRHAVAREE, 18818 2E ARSI I B B S0 I 2K 2R
FI— P RBOTR, FERESFIL (CST) f2th, HFES MR RERESRA [3], BIFERMRE LR
PREYBASTIRGS ¢« C & M, MRS (C, <) Al PAEMH) g2 (M, g) -

(1) (Planck-scale uniform): The number of causal set elements embedded in any sufficiently large, physi-
cally nice region of M is approximately equal to the spacetime volume of the region in fundamental, Planckian

scale, volume units.

ORI S)): AT M AERRBR, WEER RS RRE TR EE, DA
T RIE AR TR, IR SE TR XIS S AR,

(ii) (Order-preserving): Elements x and y of C are ordered, x < y, ifand only ¢ (x) € J~ (¢ (3)) .

(D)(PRF): CHITLR x My EARFRR x <y SHMNE ¢ (x) € I~ (9 ().



(iii) The characteristic distance over which the continuum geometry (M, g) varies appreciably is every-

where much greater than the Planck length/time.
(iii) L U] (M, g) RAEFA BARMAVRFIERE B,  ALALIZ R T B v 1 8 /3 B e I T

The condition of "physically nice” can be taken to mean that the region contains large, approximately flat
causal intervals (causal diamonds) and that it has no Planck-scale features such as very wiggly boundaries.

“OPEEPE RAFT BISRAERT DABRARON X XIS SR A, R R E (REREA), HAEE
H A RERVRHE, HLandERERRG SR,

A central task of causal set kinematics is to prove that the discrete-continuum correspondence of Bombelli
et al. holds water: that, when there is a faithful embedding, the causal set does indeed contain enough infor-
mation to recover the continuum spacetime topology and geometry at large scales essentially uniquely. This
is known as the Hauptvermutung or central conjecture of causal set theory [12-14].

R SR ERIB BN B CME 55 = UERH Bombelli 25 A\ 2 Hi AY B BRSO B 2% R A2 ALY B F2 7R S sE
AN, RREFHLESEBIER, EARRE _ERARM:— s HIE SN S BRI LA, IX5E
R REHIRN Hauptvermutung, BIHOERE [12-14],

One type of evidence for the Hauptvermutung is the direct recovery of topological and geometrical in-
formation from a faithfully embeddable causal set (see [15-21] for example). This type of work is epitomized
by the recovery of continuum spacetime dimension from a faithfully embeddable causal set - dimension was
the first continuum quantity to be given a discrete form [2] - and is surveyed in the handbook - Chap. 64,
”Estimating the Manifold Dimension of Causal Sets” by F. Ashmead and D. Reid. The chapter describes the
strategy that is used in much of the literature on causal set kinematics: causal sets are studied that are known
to be faithfully embeddable in (M, g) by construction because each is the outcome, C , of a Poisson point
process in M of Planckian intensity with an order relation < that is the restriction of the spacetime causal
order of (M, g) to C . Then, the manifold (M, g) is put aside and dimension information - or other continuum
quantity - is sought from (C, <) alone. Ashmead and Reid cover different dimension estimators in flat and
curved spacetime, and numerical results probe the accuracy and efficiency of the various estimators, showing

that large-scale spacetime dimension can be recovered from the order.

KRB —IAEE R, AR SR M R P B R E AR LS R (e [15-
21])o IXZE TAERY IR R IZ M AT RS HRN Y R SRR P B A H 2R S 23 o —— R 5E —
SHHEBIEELE 2], HXIFRGIRWFETFME 64 &, B F. Ashmead #1 D. Reid 5 1)
CRBEMNRIZHEE T ZEMIR 7 IA 28RN REIZ 87 SRR IR 7T 3R AT R R &
FADEREF ] LSHRA (M, g) , FASANRRERZ M PSR E IR EgR c, H
JPRER < BE (M, g) FINZSEEFR ¢ MRl BEEHRERRE M, g) BAE—1, UM (C,<)
Hi&k SRR (S B e H S B, Ashmead T Reid /M8 T FHE I 2501725 il s 2 b oA [R] B 46 2 £ 1
B, BUESSRRN T SRR ERRCR, RIFRKRENZBYEE R UNFRRPERHE,



Dynamics
DIVIES

The framework for the quantum dynamics of causal sets is the sum-over-histories or path integral, and
there are two main regimes of interest. In one regime, the deep quantum regime, there is no continuum
approximation, and we will want to use the theory to answer questions that cannot be answered within con-
tinuum GR such as "What was going on just before the big bang?” and "What happens at the singularity inside

a black hole horizon?”

RIRGE R T30 1) A ATHES R BRAR AR I B 525K A, H AT E 2 RO B IR X IR, Horp—282
RETFDIR, ZXIBAFEESOEM, BAIFHERZHICRIE RS SUHETCEM SRR, 5]
W REBERAEZ TR R 2R0?” P “ BRSNS R 2R 427

The second regime of interest is the continuum regime in which GR is recovered by the theory and the
physics is well-described approximately by a continuum GR spacetime with matter propagating on it. The
question of dynamical emergence of GR in causal set theory then is whether, in this second, continuum regime
of the dynamics, causal sets faithfully embeddable in GR solutions arise and are predictions of the theory.
The exciting potential of causal set dynamics is that in this regime it can hope eventually to explain certain

properties of continuum spacetime, such as its dimension and topology.

55 —RIESLBBAIIT ST XIS SR XIS, % DXk SOND e R F B IE R, PR A T DATR 4
IR RAEIESE ™ SRR IR I 22 Fp e 78 IR 4RI REEEIE T SR IE R3] ) A TR B n) il
B (RS HAHNIXE ZANESXIEE, ARSI SIS R RER G 24, HiZPIeRE
BHEENMIE. FRENIZLANIRGHBNET, ERXKIBEREE ERREESIN R4,
P EREE M

Work on the dynamics of causal sets today falls into two rough categories which we call state sum models
and growth models. The handbook - Chap. 67, "Computer Simulations of Causal Sets” by L. Glaser describes
state sum models for causal set quantum gravity. The partition function for CST is a sum over all causal sets of
fixed cardinality N , each weighted by the action term exp (iS (C) /h) where S (C) is a suitable discrete action
for causal set C . One choice for S (C) is the Benincasa-Dowker-Glaser (BDG) action [18, 19, 22]. While there
has been some progress in understanding the contribution to the partition function from the entropically
dominant class of causal sets (see Chap. 69, "Toward the Emergence of Continuum Spacetime in Causal Set
Theory”), it is not straightforward to do computations with the complex weights in the partition function.
Instead, one can work with an analytical continuation of the path integral which renders it into a statistical
theory. This partition function and associated expectation values of order invariants can then be studied using
Monte Carlo Markov Chain simulations. In order to simplify the computations further, these models are often
studied with a dimensional restriction both in the action as well as in the sum. In this chapter, the 2D state
sum model is described in detail. Without matter it exhibits a first-order phase transition from a continuum to
a non-continuum phase. This transition is tracked using order invariants like the Myrheim-Myer dimension
(see pp Chap. 64, “Estimating the Manifold Dimension of Causal Sets”) and the BDG action itself. The Hartle-
Hawking wave function which is calculated semi-analytically exhibits sharp peaks in the two phases. The
phase structure is shown to become richer with the introduction of Ising spins, but the transitions continue

to be first order.



SR RESNFARIBFFERBA] 2 NN, BAIRZ RS TIER S8 KAER, AFHEE 67 i
L. Glaser ##5 1 (HERERHEHEL) HeH 7 RRER 75 RIS, KREMHIE (CST)
HIBC 7 BRSO S P [ 8 2 K0 N BRI R ER SR, SRR EE (BRI exp (iS (C) /h) JIAY, Hp
S(C) BRIRE C MAEEMIERNR, S(C) W—MEFRIT RIE-ER-HH% (BDG) & [18,
19, 22], RE H Ai7E LR 1 S 200 K SN AL 70 R B ok 75 T 4TS T — it (3 W5 69
B (RIREEICTIESNZ R B ), BB MR ENEMTIHHRIF AR, JATA]
DARETTON B AR A TIRAT S, R ARG EIE, 2 JEmtm] AR SR AT R SR RIS
WAL 7 R AR P AN BRI R HAEE, O Tt — P LT8R, DI s E s S &
FISRFIISRE AR N AR RR A, ARG T 4RGSR, NEEYBUN, BRI M
ELAABAEE LA — AR, AT MR- /RYERE (B U 56 64 T (RIREBEHIZAEE (Y
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Bilg, sIAPEARE, HEHIEEEMEE, EMHRIIRREN—FHEZE,

The handbook - Chap. 69, "Toward the Emergence of Continuum Spacetime in Causal Set Theory” by
A. Mathur sets out the challenge posed by the fact that the number of causal sets of cardinality N grows
super-exponentially with N . The entropic weight of this huge class of non-manifold-like causets in the path
sum therefore threatens the existence of a semiclassical regime. The results of Kleitman and Rothschild (KR)
[23], followed by Dhar [24], tell us that in the limit as the cardinality N tends to infinity, the entropically
dominant orders are nothing like spacetime and threaten to overwhelm any phenomenologically interesting
contributions to the causal set path sum. Mathur’s chapter describes work, starting with that by Loomis and
Carlip [25], showing how the contributions of the KR causets to the path sum are suppressed to leading order
[26,27]. This result relies on the BDG action being nonlocal and gives hope that there can be a continuum

regime in causal set quantum gravity.

AFME 69 FEH A. Mathur S (FREHICHIESN R ) HIR T — MOk 5
O N NRRERER N 2L K, BERFHIXEE R R SRR E 2 2
XIS AELER . Kleitman 1 Rothschild(KR)[23] PAM J54: Dhar[24] BIUBFFR S5 R KREH, fE%k
BN BETEFIRET, BESNFEeAE TR, SHEERERZRMPTAER LEE
N5k, Mathur FEETI/M4E 7 M Loomis Al Carlip[25] JFA&RIAHZE TAE, BF5T3RAH KR [KISREXS
FEAZFN B TR RRTE L W Rl [26,27], G RMKHT BDG (EFHEMAEREME, AR RERT
SIS X R T A,

The other paradigm for causal set dynamics is that of growth models. The original paper on growth mod-
els by Rideout and Sorkin [28] introduced to physics the new concept of the process of the birth of spacetime
atoms and of a causal set universe that grows via this birth process, element by element in a stochastic process
called classical sequential growth (CSG). These stochastic models are the basis of the proposal that the birth
of spacetime atoms is the physical passage of time in CST [29] which has led to a proposal for a solution of the
hard problem of consciousness within CST [30]. The measure theoretic formulation of these models provides

a template for covariant observables as covariant events [31].



K SRS 20 ) — KTE R KA, Rideout F1 Sorkin 7826 T4 KA AL S [28] HIA)
PIFEAEFREINT — DS R AR E, FRETFEEEX AR K, Rl
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BRI e R M P A8 T LI & (BIP AR SE0F) 1248 T BB [31].

CSG models are defined by a sequential process that depends on a linear labeling of the causet elements:
a gauge. The handbook - Chap. 71, "Covariant Growth Dynamics” by S. Zalel is a survey of the project
within causal set theory to define growth dynamics for causal sets that make no reference to labels and that
are defined in terms of only gauge-independent concepts from the very beginning. Such models would be
explicitly covariant growth models, and the project is very ambitious given that, as far as we know, there is
no other case in physics in which the dynamics of a gauge theory is successfully defined directly in terms of
the gauge-independent variables. The discreteness of causal sets, however, seems to open the door to this
possibility. The central concept is that of covtree which is a tree, each of whose nodes is a covariant property
of the growing causal set. The novelty that the chapter describes is that dynamical models could be random
walks directly defined as happening on covtree. The dynamics then gives an account of a growing amount of
physical information about the discrete universe. The framework for covariant growth therefore exists; the
challenge is to define physically motivated models, where a model is a choice of transition probabilities for
the edges of the tree.

CSG A — MR T RIEREETTRAMERRID (IIE) MR A S ARFER 71 B S. Zalel 2
HH (EAERSNF) R T HREEIC AR —MTRIE  ZIE 578N RIREE SCMKI T
i, =TT AT ETC M S R AE KB 15, IXBARIRICN o34 KRR, 11T H
W EPREE, BROEEATIR, PERSE s T AR S5 s B R M o ok A B ORI Y3
H1%. (BRRERNERE LI MIXMATREEFTIT TR, IZEIEHIR OS2 I ER (covtree): X
B RN, HAENT RO A KR RSREE R — MR, ARRTRNICIHT ST, shyi AR
A AR EHE AV ERIBENLIFE, 1%3h 5 i I PT DARSIAR B BT 8 P S T K A R A R
B Rt ERINESRESE Y, LaTRIPkiE e XAV EIIRIEA, IXREATRE DRI
DI BRIEREER

Growth models have a conceptual advantage over the state sum models. The different phases of a state
sum model - e.g., "geometric” phases in which Lorentzian spacetime is a good approximation and non-
geometric phases - fit most naturally into the paradigm of statistical mechanics in which the temperature
of an environment and/or the volume of the system can be considered to be parameters or conditions that
can be changed from outside the system, which change drives phase transitions. In a cosmological context
in which there’s nothing external to the system, however, the transition between such phases would have
to be driven, ultimately, by something internal to the universe. In standard cosmology that "something” is
time: the universe is expanding and so as time passes, the temperature falls, and matter can undergo phase
transitions driven by this internal change.
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WIRZAK, BEER RIERIREE TR, YBiaT DUZ AR XA P AL X B AR 22

In quantum gravity, however, continuum “time” itself is supposed to be emergent in a geometric or semi-
classical phase, and so it can’t be continuum time that drives the change from one phase of quantum gravity
to another. In causal set theory, in the deep theory, there is indeed no continuum time, but there is still a con-
cept of physical order. And in a growth model, the order of the growing causal set is the physical order of the
birth of the causal set elements in the growth. So, there is physical growth even when there is no continuum

time, and phase transitions and renormalization of physical constants can be dynamical [32,33].

BAER T, JESL “INE RE AR Y 2 UaEHE RS S RIS, KA RTREHIE
SR [RIAR B & 5 | ) M— MRS 55— M, TEREREFIS R ERPRIe ) M EEIESIN R,
B RTFEYI B P HORE &, e AR KBIRI, AE K AP RIRE N 7R R R E TR A K s
VIR, i, BVEFIEESIN N, RAREEYHAR, HERY I E R ER A U2
ISR [32,33]0

To summarize, the existing state sum models are quantum, though they require restriction of the full
history space of all causal sets to be tractable. The best studied growth models are classically stochastic, the
CSG models. Although there is a class of quantum growth models - complex transitive percolation - where
the probability parameter p becomes complex [34], their physical status is not clear. The development of a
physically motivated quantum sequential growth model is an important frontier in causal set theory. The two
paradigms of state sum and growth are not in conflict: it is possible that the insights of the state sum models
will eventually find their home within a quantum growth model, as different phases in the models are realized

as different epochs in the growing causal set.

gk, BIARSEMERIES N 7R, FUR BT R 2 AR RE R 72 8 7 s 2 [ A RE AR+ AT
AEFRTE, B 2 HIA KRR MBEALA CSG B, RUEFE—KE T4 KA —E B
R HAAERSE p NEE[34], EHDPE SN, MR B P HLE &5 e A4 K
R RREHEICH — D EEATG T, SEMSERMMERFHAF E: SEIERIETRE W RE 5
LRl DAR B AR, ORI A A R A BT AR K AR R AR R T,

As mentioned in the Introduction, one aspect of the causal set quantum gravity program in the dynami-
cal arena is to develop the path integral or histories approach to quantum foundations. There is no chapter in
the causal set section on quantum foundations, and here we briefly sketch some of the work in this area mo-
tivated by CST. The work includes the challenge of providing the path integral with a physical interpretation
and solving the measurement problem in the histories approach. In the histories approach to quantum foun-
dations due to Sorkin, quantum theory is considered to be a species of measure theory in which the measure
does not satisfy the Kolmogorov sum rule but a generalization of it: the quantum sum rule [35].

10



IEWEIS R, shh#TUSHIERER T 51 TR — N5 AR A e & 7 I A F S AR 7 Bl 52
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MU, T T e A K B AR 351,

The quantum measure is given by a path integral or more accurately a double path integral. In quantum
measure theory (QMT), the quantum system is closed, there are no external observers, and the interpretation
is based fundamentally on the central concept in a measure theory: event. An event is, in technical terms, a
measurable subset of the space of all the histories over which the sum over histories is done. Conceptually,
an event can be thought of as a property of a history (the common and defining property of the histories in
the event) or equivalently as something that might happen in the theory. D. Reid has suggested the term
occurable as a synonym for event to emphasize its contingent nature. Every event either occurs or doesn’t
occur, and the physical world in a QMT is the complete list of all the events that do occur. What sets QMT
apart from classical stochastic processes is that, while the events themselves form a Boolean algebra, the
pattern of occurrences and non-occurrences of the events does not necessarily respect that Boolean structure
[36- 38], and the physical rules of inference in a QMT will not conform to Boolean logic. To illustrate this,
consider an event, A , and its complement/negation A . Both A and A are events in the Boolean event algebra,
and their union is the whole set of histories. Classical rules of inference imply that if A occurs, then A does
not occur and vice versa: exactly one of A and A occurs. In QMT, however, it is possible that both or neither
of A and A occurs [39-41].

R BBRER AT, EER R SRR R FUER (QMT) 1, R FRFAZHAE
19, RAEEINBINE, HI2BMRA EETIE ISR OMEE: B0, WEORMAERE, HH2
XA D SR A B SRATHT 7 e =S (Rl AT A48, MRS |, S mT R g S 45 D e i@ e (B
HHEWNTE R EERE EYE), sESEH, ISR R AN E, D. BEREHHAAE
“FIRAEEMN” ERBRANFE SO, DEREEREARER, BMEELIREZLRRE, &
FER PRt R AT E AR BN ERSIR, & FIEIRX A TEMBETE RN SET: R
EHEAEARGBAARRE, BEAERESAEENEXR—ERFE /RGN [36-38], K&
FER P BRI R BTG RIBHR, ASPRM, FEFEMHF A, URENHNEEEF A, A
A RAM/REAREP RS, BN ERREN RS, SUERMNNINDY, & A B4 A
TRAE, RZIMK: AR A PIREE— 1N RE, (BEEFNEIRH, AR AAGARERRASE, AR
AEARA R A [39-41],

The interpretation of QMT is a work in progress, but it is a one-world interpretation: every event either
happens or doesn’t happen, definitely, in the one world. A solution of the measurement problem would be
to discover a successful interpretational scheme in which the pattern of occurrences and non-occurrences
of macroscopic events - such as pointer positions - is always Boolean aka classical. This would prove that
exactly one pointer position happens and the others do not happen. This has already been achieved within
one particular QMT scheme on the assumption of permanent records (Section 7 of [38]), but it remains to be
seen whether or not that scheme is physically successful.
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BEFNEIRRIERNERRY, HEE T HRiiers: ER— MRt SN REfEEAREE
DK FRRINE ) B ER R E — BRI TRNS AR, (1R H A (Blanfatt &) 245
NRAEMBRFUGEFTEA/REN, RS IEEH, XMEEIEAIG A — DMt ERAE, HRHA
ARE, X—RELERERENE TIMEICHERSD, ETRAILRRIZSEE] TIE ([38] 5 7 71),
(EZHESAE YR B2 &5 O A s iE,

Technical work in QMT includes a proof that in quantum mechanics the canonical Hilbert space is physi-
cally isomorphic to the “event Hilbert space” constructed from the path integral and the free vector space over
the event algebra [42,43]. There is an ongoing effort to put the quantum measure on a firmer mathematical
footing when the set of histories is infinite [34, 44,45] .

= AMEICEOR TERSIER: & 7%, SER/RMERS RS BB R SR N E
HmE 2 S P “FER/RBRE” VEE [42,43], BRODEWREZL, YRESA
TCFREE [34, 44, 45] B, Sl -1 i N7 o IR SR SR

Phenomenology

MR

Quantum gravity phenomenology is a broad category. It encompasses the recovery of known physics - in
this case GR and QFT - as approximations from the theory, thereby providing a deeper understanding of that
known physics. However, no one would be satisfied with just that, and one also wants to make new predictions
of novel and unexpected phenomena whose observation will be evidence that one is working along the right

lines.

BN ER DRI, il TN OIS S C AP B — AL fe T SO e
(GR) FI&E T3 (QFT)— MIMINZA XL TR, (ER ARSI E, WrREiemext
ey, RAMIBISMMHETE, MIEDX LI R RE UL BT 77 7] 2 IERAAY

The Chap. 68, "Causal Set Cosmology” by M. Ahmed and H. Shafi reviews causal set cosmology as the
foremost testing ground for the theory. Potential cosmological insights from the classical sequential growth
models mentioned above are discussed. In a CSG model belonging to a certain class, with probability one,
there are an infinite number of "posts,” which would correspond in the continuum to cosmological bounces.
In the era after a post, the dynamics is governed by effective renormalized coupling constants, which renor-
malization “flow” has a one parameter family of fixed points, which is transitive percolation [33]. It is an open
problem to identify the basin of attraction of this flow. The causal set after a post is a universe with an origin,
and one can study its effective dynamics, assuming that dynamics is transitive percolation and studies what

features it typically has.
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%5 68 EEHI M. Ahmed fI H. Shafi #5H) (RIRESTHFE), HHRRESTHAFENZHILHEE
BB AT, ARFENIE T RTCR BRI S KRR R Tl PR, R
CSG i, 0N 1 MIfFETES5 2D “HE7, X ROESIE FR R T8 R HEZ IRRIEMARTEL, 3
FHAMERBCMAFEES, ZEBL "W FERSKIRNR, BRNEEREERE [33]. #
TEZHIN S A2 — DARMERIAIE, HEZERRESZ —DNERIRITE, RiZshE ]
25, Al AR ERIEREh 1%, Fothrei s Bl Rit,

A very important moment in the history of causal set theory was the direct detection in 1998 of the
accelerated expansion of the universe [46,47]. Non-zero A had been previously predicted by Sorkin [5,48]
as a nonlocal, quantum effect, using a heuristic argument based on basic ingredients from causal set theory
[49]. Chapter 68, "Causal Set Cosmology” describe a concrete stochastic homogeneous model [50, 51] based
on Sorkin’ s argument in which A is “everpresent” in the sense that, though it fluctuates between positive
and negative values, the absolute value of the dark energy density is typically of the order of the total energy
density of the universe. Recently, different Everpresent A models have been tested against cosmological data
sets. In [52,53] Das, Nasiri, and Yazdi investigate the model for Everpresent A of Ahmed, Dodelson, Greene,
and Sorkin - known as Model 1 - and show that in tests involving Supernovae (SN) 1a data, a small fraction
of random seeds (~ 0.14%) for Model 1 can produce expansion histories with a similar y? value to the A -
CDM model and a smaller fraction (~ 0.015%) can do better than A - CDM. However, there are discrepant
results from confronting Everpresent A with CMB data. In [54], using a different model of Everpresent A -
known as Model 2 - some random seeds produced expansion histories that do as well as A -CDM at matching
CMB data, whereas in [53] no seeds did as well as A -CDM at matching CMB data. It remains to be worked
out what differences between the models and their implementation are responsible for the different results.
One challenge that all tests of Everpresent Lambda face is that there is no agreed-upon test of success or
failure for a genuinely stochastic cosmological model. It is known that all current Everpresent A models have
certain weaknesses: they are classically stochastic and not quantum, they are forced to be homogeneous, and
runs of Model 1 have to be terminated if a fluctuation of A causes the RHS of the Friedmann equation to go
negative. Work needs to be done to extend Everpresent A models to be quantum and inhomogeneous and to
be meaningful when there are large negative fluctuations in A .
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RISREFIC A R L F— DM EFEEZE U2 1998 4 ERAREI T/ IERZ K [46,47], REUIHTE
THREREHIEHHA L RIEL F LRI, MELM S IEZH A 2 —FIFRIE RN [5,48,49],
568 B RIRETHE” MR T —NMETREICUER RIARBENIS SR [50,51], 1EIZERH A2
“EIKT - AREEEIEEZ RS, (ERERSENANEERE LT T H SRR ENRER,
AR, NRARIEI A SR ELGE T ARIR R, KL GPE/RFIEZZIE7E SRR [52,53]
HESE 7 IGIETE, ZI/RAR, AR R SR R TEIE A B2 (R 1), fbATTHEH, £ M 1a 2
TR (SN) BuErRget, A1 B —/NERREPL T (~ 0.14%) RIDAS 25 A -CDM A 42 {H
MERIRZAR PSR, B/ EER (~ 0.015%) BRI TR BIMVZEREE T A -CDM B, 28, FHEHL A
5 CMB £t HAS 2 T A —SIEE R, 12500 [54] Hh, BRARE IR 5 —FiEDl A #5Y (RIEERY 2),
IR BEN IR T3 2IRIRZ K 7 SEFEPTAC CMB #iE_ERRILA A -CDM —H+E4F; TSCHR [53] Hik
AEMFFEIEAC CMB 45 _EREIRF] A -CDM HIFRI, IR B S H Sy R E R S8 T
ANRZER, X—REYARRR, FraEI A BRI IR — PPk X F— A i 2R
TR, HETWIC —ZOARTR RIS IeAR . TR ATATE EEL A B A7 £ — i BRI ]
L BENLITAE & B, WARONYS), HE A BKE SEOIEEE T RAMD N, &1 /s
Tzt 1k, RRAGFEIFRILAE, REH A SR ROVE AR SR, FHRR A HIRIE
Bk P I AR PR TR SR TR

One important development in recent years has been the construction of a scalar QFT on a causal set,
as described in handbook - Chap. 70, "Quantum Field Theory on Causal Sets” by Nomaan X. The chapter
describes the Sorkin-Johnston (SJ) construction of a distinguished ground state for a free scalar field on a finite
causal set, starting from the retarded Green function. The retarded Green function for a (massless or massive)
scalar field on a causal set is known for a special class of manifold-like causal sets: those approximated by
Minkowski and de Sitter spacetimes in two and four dimensions, as well as Riemann normal neighborhoods of
certain two- and four-dimensional spacetimes. Numerical studies of the SJ states in these cases are described
in detail and compared to analytic results when these are available. At small-distance scales, these show a
consistent mismatch with the continuum which could be useful phenomenological signatures of new physics

due to the discreteness.

IR — I R R RRE LR TIRER T7i0, I T4 70 %, B Nomaan X ##5 (A
RE LR TR ZENA T HRERE B HirEY distinguished 278 Sorkin-Johnston(ST)
KIS, 1% 1E MHEIRFSARER B Y o X T — 2R IR AN I T DR SR B —— BV — 4EAN P 4 (] FCIN 23, 7
PURFI 2 DA R FE 28 — 4ERN PO 4E N 23 (9B 2 KA AR IEOa S B R R S, H E CERESERE) R
BRI BUZ ORI, SCHIEHNE TIXEEEN T ST ASREEISE, HAER BATE RN
BEUESE R SRS ST TR, T RETR, BUEGSRIGR S BN RS RFERE, X
72 AR B AU SR A P B T LI M S R AR

Another important potential phenomenological consequence of discreteness, not included in one of the
handbook chapters, is the "swerving” of particles. The random discreteness of manifold-like causal sets gives
rise to a diffusion in momentum space for particle propagation, leading to potentially observable acceleration
over cosmological times [55]. The search for very high energy neutrinos that are clearly cosmological in origin

could be used to constrain the swerve model applied to neutrinos.
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RimERREN RN B S SER TR R Es B2 WA LAY B, 58PN B RE LTk
FEAE AT [55], 1€ SHEEIRBARON T 82 RE S RER T, AT T250E A T R B
I,

The handbook - Chap. 66, “Interacting Quantum Scalar Field Theory on a Causal Set” by Ian Jubb de-
velops the extension to interacting fields of the Sorkin-Johnston theory on a finite causal set. The theory
was originally defined by Sorkin as a Schwinger-Keldysh path integral in the in-in formalism for A¢* theory,
and this paper describes how this is equivalent to an operator formalism in which there is a well-defined
interaction picture in Tomonaga-Schwinger form. The perturbative series expansion in A4 is finite, and the

diagrammatic calculus for the interacting time ordered two-point function is developed.

FE 66 = (RIRE LM EEHE FFREHIE) H Ian Jubb 5, HHRKEESE LAY Sorkin-
Johnston FiethES| T EAEH Y, %R A H Sorkin i€ X, 2 1¢* FLIL#H BN R (in-in formalism)
THIHERAS - PRI B2, AR TSN THE Tomonaga-Schwinger & E X
MEERZRNERTER. 1 NHIMEEIRT AR, XN 7O EHN 7 MR R E
WHEIT,

In Chap. 72, ”Entanglement Entropy and Causal Set Theory”, Y. Yazdi reviews entanglement entropy of
a scalar QFT in causal set theory. The entanglement is calculated by using an expression for the entropy of
a Gaussian state of a scalar field on a Cauchy surface of a globally hyperbolic spacetime that uses only the
spacetime two-point correlation function W . Throughout the chapter, the primacy of spacetime concepts
and spacetime regions is explained and emphasized. When applied to the massless field on a causal set which
has the 1+1 diamond as an approximation, the result for the entanglement entropy of the field in a small
diamond as a subset of a larger diamond scales like the area of the small diamond and not logarithmically
(which is the analogue in 1+1 of the area law). The chapter describes the resolution of this issue, explaining
how extra “cross boundary modes” are being counted by the entropy that are not present in the continuum.
The chapter explains how to identify these "non-continuum” modes and how to eliminate them from the
calculation, resulting in an entropy that does match the expected result from the continuum. The chapter
then describes how the technology can be applied to more general situations including entanglement entropy

for disjoint causal diamonds.

5572 B (MRS KIREEIL) P, Y. Yazdi 7508 T RIREHIC PR E B T I7IE R0 R, %98
RIEIS 22 )R W N S AT P AR R AR R FROE T R, IR FRIE IR B 2 i S R PR
W, REEERIRE ORI 1IN S N IR B AL, RAZTTEN A T 1+1 4EESTRE PRI A
RE LT RETN, KEENER NS 7RSS 5 N ST EARNRRE,  TARN SR O
BFREA R 1+1 EEAARN NE ). ARENA T ZAEAIRRTTSE, R T RINHET %S
ISR “BBIAFEE”, W TaRIRBNXE “JREs:” SAGFREHMNTTR PRI, &5
FNA5 5 SN 22 I FUASE R — 2, AEREE N T IZ07 IR R T 58— A E O, RS AR
PRE STFE]: AL P o

Chapter 65, 0On Horizon Molecules and Entropy in Causal Sets” by D. Dou reviews the progress to date in
accounting for black hole entropy as a counting of so-called horizon molecules in causal set theory, by analogy
with the statistical mechanics of a gas in the high temperature limit in which the entropy is dominated by the

number of molecules times a temperature-dependent constant. The history of the subject is set out starting
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with the seminal work of Dou and Sorkin that created the concepts and ideas on which the subsequent work is
based. The description of subsequent work focuses on the concepts but also contains enough technical detail
to be able to understand the form that analytic calculations take in this field. The advantages and drawbacks

of different proposals for horizon molecules are set out and are compared to one another.

%565 & (BFIREHIMILTF545) H D. Dou £, LA T RIREHICH R BIRGIRRN P IEI
SO FIHERIRT R, IZRRRELE T miEAR IR N ARSI I —AE RS, R 0 EeR
PUREAKHEES ., AR T IZIUSRTBT5EH, M Dou 5 Sorkin B G 4eb stz s B4R
EAETRIME TR YR, XSS TR A SN T, EHEE T RERIEIRYT, B
(EHRZ GUS AT B RIE R, ARESIH T ARSI 77 R, FFXE 577 BT 77X b,

Mathematics and Philosophy

A ESSUES

The mathematics of causal sets is a rich field as reviewed by G. Brightwell and M. Luczak [56]. As there is
no handbook chapter focused on mathematics, we here pick out one example that illustrates both how causal
set math is part of graph theory - a causal set is a transitive directed acyclic graph - and how the ordered
character of causets makes their mathematics very different from unordered graphs. The simplest of the
classical sequential growth models for causal sets is known to mathematicians as the model of random graph
orders (see Section 3 of [56]) and in the physics literature as the transitive percolation models mentioned
above [28]. Transitive percolation is the Lorentzian analogue of the Erdos-Rényi random graph G (n, p) and
has a very different behavior. G (n, p) is the random graph on n vertices where each pair of vertices is an edge
with probability p . For any non-zero p < 1, the Erdds-Rényi random graph on countably infinite vertices,
G (o0, p), is almost surely isomorphic to one particular infinite graph, the Rado graph or Erdos-Rényi graph.
In physics language, we would say that the corresponding stochastic process of growing an unlabeled graph -
by the birth of one vertex at a time - is "deterministic” when run to infinity, even though the graph at any finite
stage of the growth will be different on different runs. Transitive percolation is related to the random graph in
the following way. Take the ground set of the random graph G (n, p) to be the natural numbers {0,1,2... n—1}
.Ifi < jand thereisanedge (i, j) in G (n, p), then puti < j and take the transitive closure to form the random
order T (n, p) . The two models seem close. But in contrast to the random graph, in transitive percolation with
a given p, the growth dynamics is not deterministic: the process gives a probability distribution on countable

past finite orders, and moreover, the distribution depends on p .
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RREHZ— D FEBEIIH, G. Brightwell 5 M. Luczak EXNHMERR [56], HTHANEH L]
REZIEBE AR T IET, BOWEMIER DT, RN A FREECE AR T EIeR
—HR I —RRIRE R — MBI TN E — DA RER R PR IR HA A IR S To AR
Ao [RISRER B faT B A 2R U 3 1 AR Y, A 252 SRR D REHLIET A2 (WAL [56) 38 3 1), {E4/EE
SRR B SR BRI EIB B (28], RIEBHTUSRI/RIETACOHRENLE G (n, p) HITEIC2L
KLk, HATNEARARF, G(n, p) B2IA n MURHIREHLE, EE - NTUSZ R DBER p iEid, Xt
TEREIEZ p <1, ISR ERSRRER-COFENLE G (oo, p) JLP AR TIHEANRET
7, Bz, his/REARTE, FYBAES R, MR RAE KIS ERIBEYIE
B, BEARAE KM ERNEFUOsTEERENR, BTEIIEHNER “WEt” M, REBinsh
HLEEISRERAN R RBEALE G (n, p) FIEERBUON B R%EE {0,1,2...n— 1}, QRFIE i < j H G(n,p)
HRFLEID (1, ), Wi < j ROz, BEEERAERAREIRIUT T (n, p) . PIAMEEIE LT, H
SEEHLEARRE, BE p FIEESHRINE RN N AN ZEER: BRI E B X G RF A H
BRI, HiZ AT po

Philosophical considerations have been influential in causal set research from its earliest stages; see, for
example, the influence of the Taketani scheme [57] with its three-way kinematics/dynamics/phenomenol-
ogy categorization mentioned in the Introduction section "Introduction.” There is now also a body of work
by philosophers of physics in which philosophical issues of importance and interest are investigated in the
rather concrete context of causal sets. In the handbook Chap. 63, "The Philosophy of Causal Set Theory”, C.
Wiithrich surveys some of these issues. One such is the question of emergence and in particular the emergence
of continuum spacetime structure from a fundamentally discrete theory. The chapter argues that adherence
to a position of "spacetime functionalism” can evade a claimed contradiction that threatens to block the re-
covery of continuum spacetime from discrete underpinnings. As the preceding sections of this introductory
article show, the question of emergence of Lorentzian spacetimes from CST, both at the kinematical and dy-
namical level, is one that occupies the community of causal set theorists. This is an example of an important
issue of common concern with potential for helpful engagement on both sides and for collaboration [58].
Another focus of the chapter is the philosophy of time. Here, again there is interest from both causal set the-
orists and philosophers. One debate centers around whether and in what sense the birth process in classical
sequential growth models constitutes physical becoming, or in other words a physical passage of time, as ar-
gued by causal set theorists. In the chapter Wiithrich argues, from a skeptical position, that the becoming in
CSG models is analogous to "worldline becoming” in the context of continuum GR. The debate hinges on the
meaning and understanding of the concept of “process” in physics and mathematics and is a prime example
of fruitful engagement and challenge that can only be positive for the future development of the theory.
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