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Abstract:

One of the most fundamental questions that can be asked when studying any physical t
freedom? These modes are the building blocks of theories, which can evolve and be obse
the physical Universe. Finding them, however, is not always as simple as it sounds.
methods to identify the propagating modes in general theories, reflect on their stren
alternative recipe that leads to insights about the dynamical nature of theory in a quick,
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Our Universe

What do we know?

Everything else

Dark matter

13.8 billion years old

Spatially flat

Expanding; evolving in time Dark energy

Homogeneous & isotropic on large scales

Large scale structure

LSS probed by SDSS
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Cosmic Microwave Background (CMB)

Snapshot of the Universe at ~380,000 yr after the Big Bang

Credit: ESA
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We live in the golden age of observations
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Our Universe

In equations

i a 4G
Frledmann & _ (€ + 3p)
equations
, Kk 8nG
H + = €
a? 3
Continuity _ 75
Equation é=—3H(e+p)
_ Inflation

EOS p = W€ Credit: Mukhanov, Physical

foundations of Cosmology
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The basis for the standard description is Einstein’s Relativity:

S *%Jd4,/—R+S
P — XA/ —
2 g m

Main theoretical challenges: Key observational challenges:
It is not power-counting renormalizable Dark matter

String theory/Quantum gravity suggests DESI+BAO+CMB: how to account for
higher-order corrections. dark energy and realize a consistent

phantom-like behavior ?
Why not?

Pirsa: 26050036 Page 7/33



Beyond GR

What can change? Black holes can have hair.

Background evolutions: o ,
Gravitational waves can propagate at different

p 472G speed, and have more polarizations.
() —=-— (e +3p) + pH?
a

New forces can arise and act on matter.
New physical frames:

(eg) S= Jd% /[—gf(R)+ S, Non-linearities can be very important
on new scales.

Image generated by ChatGPT.
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Beyond GR

Beyond science fiction

So what is the theory that actually describes our Universe ?
We don’t yet know.

|
’

But, we will soon have even more experiments that might help us find its properties.
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My research

Aims to address the fundamental questions by uncovering building blocks
of potential theories in both linear and non-linear regime.

Talk overview:

The recipe for the

degrees of freedom Constrained gravity

Application in
non-linearities

Summary & Outlook
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The building blocks of theories

The key challenge to study theories beyond standard models is to analyze

s =i aTlal daTal 3N = f: &'t! [T a¥a ,,.. = B
their degrees of freedom.

They encode:

1) Types of fields | forces
2) Stability
3) Theoretical consistency

4) Relation to observations.

Image generated by ChatGPT.
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The building blocks of theories

The basics

# initial conditions

# DOF =
v 2
1 _2 .e . =
= Eq = g=0 {q(1), (1))} 1 DOF
1 -
P = Eaﬂqﬁaﬂ“b = d—Ap=0 d(t, x) 1 DOF

Per point i space-time,

Image generated by ChatGPT.
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But things can get a bit harder

Hermitian
SUSY gravity
Palatini
Graviweak
Theory SO Generalized
. . ordens
. . Metric .':lfﬁne Bg::s;:; theory Proca Massive
Bimetric gravity gauge
gravity : . theories
Axions f(R) SVT theories
New GR Non-minimal
Chern-Simons couplings SIDM
_ Theory Exira
Non-clt;)mn_lutatlve dimensions
theories Constrained Composite
scalar Higher Hil;;gs Fuzzy
derivative
gravity
. Einstein-Cartan
D
ravity  Matrix Theory .
5 models Milicharged

ek AW) Stringtheory  yltralight DM
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The building blocks of theories

Existing approaches:

(1) The Dirac-Bergmann algorithm

Based on the Hamiltonian formalism

(2) Faddeew-Jackiw method

Analyzing the constraints of the

first-order action
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S = [dt lpg — H|

(3) More mathematically rigorous
approaches:

Analyze field equations directly

See works of E. Cartan, A. Einstein, M. Kuranishi,
W. M. Seiler, and L. Heisenberg

(4) Manifestly covariant approach

Most commonly used in field theory
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The building blocks of theories

Existing approaches:

(1) The Dirac-Bergmann algorithm (3) More mathematically rigorous

_ approaches:
Great for finding the # of DOF for general

background, but the behavior of modes can Great start, and needs more work.

be somewhat obscure
Mostly focused on the number of degrees of

(2) Faddeew-Jackiw method freedom.

Words well, although can get a bit more

(4) Manifestly covariant approach
technically long

Easily misleading, and sometimes
does not work.
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The building blocks of theories

The recipe for the degrees of freedom (@)ispecitythelbackoreund

In collaboration with E. Ferreira, D. LUst & M. Sasaki (B) Prepare the perturbations

HEP 03, 2026, 2 i
JHEP 03, 2026, 235 (C) Expand the action

(D) Analyze the theory

The number of DOF can drastlcally D.1) Assuming no higher derivatives, locate the non-
change depending on a background propagating modes

D.2) Find their constraints, solve them, and
substitute them back to the action

D.3) Does the determinant of the kinetic matrix
vanish? If yes, repeat!

(E) Higher derivatives? Reduce!
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Degrees of freedom change

Depending on the space-time background
(©) Expand the action

S = Jd“x, /—gR? §= [d4x4ﬂ (A + 3y — 2Ay)°

(D) Analyze the theory

Flat space-time:
Phi does not propagate:

Cosmological background:
Ap = — 3+ 2Ay

S=0

In collaboration with D. Lust & G. Zoupanos
JHEP 02 (2024) 036
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Degrees of freedom change

For Change of # of DOF is also common in
5= [d“x V-2 R? non-minimal couplings

1 5 npm S
the manifestly covariant approach Svge = [d‘*x\/ —& '—5 V,oVio - —o"R" o
does not work.

h,, = IEI/ + %AE + 4_";9,/1«41]3F + (aﬂay _ %Dﬂw) e :}Tl’?,uv The case Dof in S,
General case 2 tensor modes, and 2 scalar modes
NiFw :m>1,0orn>1 1 scalar mode
aﬂlﬁ; =0 l;ﬂ =0 a‘uAE =0 NFw -m=1&n=1 no modes
gﬁg :m =1, & arbitrary n 1 scalar mode and 2 tensor modes

Leads to a fictitious scalar mode in flat space-time.

Based on the work with D. Liist JHEP 12 (2025) 091
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LLM with in-context learning for

Algorithmic Theoretical Physics

Application: search for degrees of sRi2Ft O

freedom in modified theories of gravity sRi2Fs
sRi2Ms

sRMt

26 Claude

* Maple sRMs O

sRFt @
sRFv @
In-context learning sRFs O

R2Fs

Collaboration with L. Thiele e-Print: 2605.08212
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My research

Aims to address the fundamental questions by uncovering building blocks
of potential theories in both linear and non-linear regime.

Talk overview:

The recipe for the

degrees of freedom Constrained gravity

Application in
non-linearities

Summary & Outlook
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Nonlinearities

The main questions:

(1) When does the perturbation
theory break down?

(2) How dangerous they are?

(3) Are they relevant for observations?

Pirsa: 26050036

In essence:

¢ = Ag°

O0¢© =0

O™ = 44

for D ~ O

b=00+ M+ ...

perturbation theory breaks down.
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The puzzle of massless limit

The creation of SM:

The weak force

Wi W_ Fusion in the Sun

1961 Glashow: Massive Yang-Mills theory

1
£ = - =Tt (F,F" + 2m4,47)
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Conventional QFT methods indicate that
this theory is not renormalizable or
unitary

“» Self-consistency issue

1964 Brout-Englert-Higgs mechanism

But why can such a small modification
give rise to such problematic results?

Page 22/33



The puzzle of massless limit

The two tools: _
(A) specify the background

1) Writing the theory in terms of only its (B) Prepare the perturbations
propagating modes: (Ag, A:)

A; =CAT¢CH+ ;C.;CT
1 4
L~ =T (= O+ mOmy - A= O +mHA) + Z

int

443;{" = 0 C s F_lg’(
P L A At — ATa = \”.
ey 1
— g (A,:MXC + ék’i‘ X°)
0 g pedr Bate d L boe i
Sk R N

2 3

(C) Expand the action

Based on A. Hell, JHEP 03, 2022, 167
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The puzzle of massless limit

The two tools: The overall picture:

g2y

L2

1) Writing the theory in terms of only its (-O+my ~

propagating modes: I Perturbation theory
L

1
Z ~ =T (- O+ mdmy - AT(- O+ mDAT) + 24,

2) Quantum fluctuations:

8A;| | ~— )(| ~— N g
kNL L k~r mL ™ ‘ 7,
\ Aj ) ‘ "
Based on A. Hell, JHEP 03, 2022, 167
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The puzzle of massless limit

This theory could still be interesting Important in particle physics models and
phenomenologically — dark sector modified theories of gravity

Connection to
massive gravity: Ry
Vainshtein 1972

Based on A. Hell, JHEP 01, 2021, 01, 056
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Can nonlinearities then be dangerous?

. . . M3 1 m? 1 \
Yes, in special cases: S= Jd‘*x\/ —5 [TP (R — 2B — B —— B4 — 5 (ﬁlRA,,;A‘” + ﬁzR””AﬂAy)

In this theory the tensor modes become strongly I:lhi}r o — %D (kD) h;"(l) - 2ﬂz 4
coupled before Planck scale is reached — Mp Mgpm=L
unnatural.
Disformal p
transformation: Bs = S — EAMA:/

P

Based on A. Hell, PTEP 2025, 1, 013E01
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My research

Aims to address the fundamental questions by uncovering building blocks
of potential theories in both linear and non-linear regime.

Talk overview:

The recipe for the

degrees of freedom Constrained gravity

Application in
non-linearities

Summary & Outlook
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Constrained gravity

The constrained scalar c(ER—m*) =0
2 . : c#0 c=0
S = [d“xﬂ /=g | =£(R-2A) - —06% +2Ro?
2 2 2 The constrained scalar gives rise to a

non-trivial cosmological background:

Usually the scalar fields have kinetic e 126 H? — m?
terms. Here, the scalar field is B —6&
constrained.

(6)* = %Hg (m* — 6EH)o” + 2M (A — 3H2)]

In collaboration with M. Sasaki, e-print 2507.00986, To appear in JCAP
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Constrained gravity

Radiation dominated to exponential scalar modes
expansion
0.50 i . | Early times 35' = (t)56f6o'-f — CZ(I)5O'f50'f
0.45 1
£ oa0 H~—
T o 2 SHZCISfZO'Z (50_2 +M§)
- Late times () = ;>0
0.30 , ; : : a = i (Ci'ga(f + (50'2 -+ MPZ) Ha)
t H—- H,=——
e 2\/3_5
: ¢z =1
o Tensor modes
| ] a(éc*+ M) , . .
0 1 = - 21 71T 21,71, T
O : : s 0=d L= 3 (a hyhi; — k hfjhz'j)
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Constrained gravity

If we couple the matter minimally to
gravity, it will not affect the evolution of the

cosmological background

M2

S = Jd4x\/—_g [Tp (R —2A) — —

s
2

6%+ gRazl +S,,

We can couple it non-minimally to the

constrained scalar:

SCS + [d41 / —gdzgm
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1 m? 2p

Matter Wy = 5 _ O + OEH?

ple=w= 1/3

a(0.2) =0.2, 4(0.2) = b.l, ©0.2)=06
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Branches with vector fields
The minimal version

M?2 1
. 4 P 2
S = Jd X\ /—8 [—2 (R—2A) —m*A A* + EgRAﬂA# —ERMA A,

. 6Ea?
Constraint: 4 (m2 2 ) =0 What is exciting about this theory?
Two de Sitter solutions: Only tensor modes propagate in
) Ag#0 0 m* e (M3 — EAG) for cosmological spacetimes.
B 6e T MR+ EAD)
A
2) Ap=0 Hgszzg' 072“=1

Based on the work with T. Daniel, E-print: 2603.18147
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