LECTURE 17: DARK ENERGY AND MODIFIED GRAVITY

GONG-BO ZHAO

LEARNING GOALS

After this lecture, students should be able to:

e distinguish the two broad explanations of cosmic acceleration: a new stress-energy
component in GR, or a modification of gravity on cosmological scales;

e derive how a general dark-energy equation of state changes H(a) and why the CPL
form w(a) = wp + we(1 — a) is used in current data analyses;

e explain the difference between geometry probes, such as SNe and BAO, and growth
probes, such as RSD, weak lensing, clusters, and full-shape clustering;

e summarize the recent DESI and DES results in a balanced way: current combina-
tions show an intriguing preference for wy > —1, w, < 0, while tests of gravitational
growth remain broadly consistent with GR;

e understand what MGCAMB changes relative to CAMB, and how p(k,a), v(k,a),
and X (k,a) enter cosmological observables.

1. CoSMIC ACCELERATION: RECAP

Late-1990s Type Ia supernovae (SNe Ia) established that the expansion rate a > 0 is
accelerating [1, 2]. Independent evidence from CMB anisotropies, baryon—acoustic oscil-
lations (BAO), and large-scale structure (LSS) firmly corroborates this picture. Within
General Relativity (GR) the Friedmann equation reads
W H? = 12 [Qa + Qa4 Qa1 Qpp e d  Hrwms@lie/a),

s0 d > 0 demands either a component with wpg < —1/3 (dark energy) or a breakdown of
GR on cosmic scales (modified gravity).

2. DARK-ENERGY MODELS

This section lays out the most widely studied classes of dark energy (DE) with their
Lagrangians, stress—energy tensors, and equations of motion. Throughout we set c =h =1
and adopt the (—, 4+, +, +) metric signature.

2.1. Cosmological Constant A.
Lagrangian. A true constant vacuum energy is represented by

(2) LA = —pa,
so that pp = —pa giving wpg = —1.
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Stress—energy tensor. T, = —pp &%, which is covariantly conserved automatically.
Dynamics. There is no dynamical field—p, is constant and appears as a source term in
the Friedmann equations.

2.2. Canonical Quintessence (—1 < wpg < 1).

Lagrangian.
1
(3) Ly = 50000"0 = V(9).
Energy density and pressure.
1. 1.
(4) Py = §¢2 + V(o) Dy = §¢2 - V(9).

Thus wpg = (¢ — 2V)/(¢% + 2V) with wpg > —1 when the kinetic term is positive.
Equation of motion. Varying L4 yields the Klein—Gordon equation in an FRW background:
(5) b+ 3Ho+V'(p) = 0.

Slow-roll solutions drive wpg — —1 if V > éQ.

2.3. Phantom Field (wpg < —1).
Lagrangian.

1
(6) Ly = —50u0 Mo — V(o).

A negative kinetic term flips the sign of the energy density and pressure contributions.

Energy density and pressure.
1 1
(7) Po = _56—2 + V(U)v P = _5&2 - V(U)

Consequently wpg = (—62 — 2V)/(—62 + 2V) < —1. Phantom models violate the null-
energy condition and can culminate in a future Big-Rip singularity at a — oo in finite
cosmic time.

2.4. Quintom. A gquintom model combines one quintessence field ¢ and one phantom field
o so that the effective wpg can cross the ‘phantom divide’ wpg = —1 while remaining free
of simple ghost instabilities:

1 1
(8) Equintom = §8H¢8“¢ - 5(9”0'(9“0' - V(¢a U)'
Crossing occurs when pg + py + pg + po = 0 at some time.

2.5. k-Essence.
Lagrangian. A generalised kinetic theory

) Lo=P(Xy), X = 000",

Stress—energy tensor.
(10) T = Pxd"$d,0 + P ot
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Equation of motion.
(11) (Px +2XPxx) ¢ + Pxy0up0 — Py = 0.
Propagation speed is ¢2 = Py /(P x + 2X P.xx), impacting clustering and ISW effect.
2.6. Early Dark Energy (EDE). A small DE fraction at z > 1 can relieve the Hj
tension.

1 o a_3(1+wDE)]

Q% — fepE |
12 0 — —DE
(12) pE(a) Oma— + ot 7 00 + fEDE;

with constant fgpr < 0.1.

Model Lagrangian snippet wpg range Key feature

A —PA -1 Simple; fine-tuning
Quintessence %(;52 -V > —1 Slow-roll dynamics
Phantom —%d2 -V < -1 NEC violation
Quintom Mix of both crosses —1  Avoids singular kinetic pole
k-Essence P(X, ) var. 2 #1

EDE Phenomenological > —1 Resolves Hy tension

TABLE 1. Representative dark-energy models and their properties.

Summary Table.

3. MODIFIED-GRAVITY MODELS

We now outline leading modifications to GR that can drive acceleration without dark
energy. Actions are in four dimensions unless noted.

3.1. f(R) Gravity.

Action.

1
1 =——— [ dlay/= gy V).
(13) S 167@/(1.@ g[R+ f(R)] + Smlguw. V]
Field equations.
(14) (1 + fr)Guw — 2 g + (90 — V. V) fr = 87G T,

with scalaron fr = df/OR. A chameleon mechanism hides fifth forces in dense regions.

3.2. DGP Braneworld.
Action (5D)..

5 Mg " Mg
(15) S = d°z/—gs —>Rs5 + d*z/—g [—R—i—ﬁm].
bulk 2 brane 2
Self-acceleration emerges beyond the crossover scale r. = M2 /(2M3). Non-linearities yield
Vainshtein screening.
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3.3. Horndeski / Galileon. Most general scalar-tensor with second-order equations:

5
(16) S = /d4x\/jg ZL’,-(qb,X), X = —30,00"¢.
=2

Background functions (ax,ap,ay, ar) capture deviations; GW170817 implies ap ~ 0
today.

3.4. dRGT Massive / Bi-gravity.
Action.

M2 !
(17) S = ;/dA‘x\/—g [Rerf,Zﬁnen(\/g‘lf)] + Sm[g, ¥].
n=0
A graviton mass my ~ Hp mimics dark energy; bi-gravity promotes f,,, to a dynamical
metric.

3.5. Screening Mechanisms.

Chameleon: Density-dependent scalar mass (e.g. f(R)).
Vainshtein: Derivative self-interactions screen around massive bodies.
K-mouflage: Large kinetic terms shield interactions when |0¢| is large.

Model Key scale Screening  GR limit
f(R) |frol £107° Chameleon fr — 0
DGP re~ Hy'  Vainshtein r <1y
Horndeski a;(a) model-dep. «; =0

Massive g mg ~ Hy Vainshtein ~ mg — 0
TABLE 2. Representative modified-gravity scenarios.

Summary Table.

4. PHENOMENOLOGICAL PARAMETERISATIONS

CPL Ansatz. The Chevallier-Polarski-Linder (CPL) form is the standard two-parameter
description used for late-time dynamical dark energy in many current analyses [3, 4]:

(18) wpg(a) = wo + we(1 — a).

Effective-Field-Theory of DE/MG. Perturbation action expanded around FLRW;
time-dependent functions map to concrete models (e.g. «v, i,y parameterisation).

Growth Index. Linear growth f(a) = Qm(a)?; yacpm ~ 0.55.
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5. CONNECTING MODELS TO OBSERVABLES

The central pedagogical point is that a dark-energy or modified-gravity model is not
tested by w alone. It is tested through a chain of predictions:
(19)
{theory parameters} — H(z), x(2), Da(z), Dr(z), G(z2), ®+¥ — data vectors.

Here G(z) denotes the linear growth factor, and ® + ¥ is the Weyl potential that controls
light deflection.

Geometry probes. Type la supernovae measure relative luminosity distances,

DL(Z)
10 pc

(20) w(z) =mp — Mp :5log10[ } , Dr(z) = (1+ 2)x(2),
where Mp is a nuisance parameter calibrated jointly with cosmology. Supernovae are ex-
cellent at measuring the shape of the late-time distance-redshift relation, but by themselves
they do not fix the absolute distance scale.
BAO measurements provide a standard ruler set by the sound horizon at the baryon
drag epoch, r4. A transverse BAO measurement constrains
Du(z) _ x(2)

21 Nt AN
(21) R

while a line-of-sight BAO measurement constrains

(22) - FEm

For an isotropic BAO measurement one often quotes

(23) P D) = [D3(:)Du(2)

1/3

Because BAO measurements can be made over a wide redshift range, they are especially
powerful for testing whether the dark-energy density evolves with time.
For the CPL parametrisation,

(24) w(a) = wy + we(1 — a),
energy conservation gives

(25) ppE(a) = pppe a3t exp[ 3w, (1 — a)].

Equation (25) is the expression actually used in many likelihood calculations. It shows
why wo and w, are strongly correlated: distances involve integrals of H~1(z), and H(2)
contains an integral of w(z).
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Growth probes. Growth probes ask a different question: given the expansion history, do
density perturbations grow as GR predicts? In GR with smooth dark energy, the linear
matter perturbation approximately obeys

(26) Om + 2H by, — 4G pimbm = 0,
or, using In a as the time variable,
H 3
1" 4 r_ 2 _

(27) O, + (2 + H) O 2Qm(a)ém 0,
where primes denote d/d In a. Redshift-space distortions measure the velocity field through

_dlnG
(28) fEos),  f=r
while weak lensing measures an integral of the Weyl potential and is often summarized by

Q. 1/2

The combination of geometry and growth is what makes late-time cosmology so powerful.
A model can fit distances but fail growth, or fit growth but require a distance-redshift
relation inconsistent with SNe and BAO.

Modified gravity in the same language. A convenient phenomenological description
replaces the GR Poisson and lensing equations by

(30) kU = —4nGa? u(k, @) pmAm,
(31) E2(® + ) = —871Ga® X(k, a) pmAm.

The function p mainly affects non-relativistic motion and hence RSD and peculiar veloc-
ities. The function ¥ mainly affects light deflection and hence weak lensing and CMB
lensing. GR with negligible anisotropic stress corresponds to =% = 1.

This is a useful place to warn students about a common misconception. A detection of
w(a) # —1 would not automatically imply modified gravity. It could be a new dark-energy
component within GR. Conversely, a modified-gravity model can mimic a w(a) background
while leaving a different growth history. Therefore the decisive test is a joint fit to distances,
velocities, and lensing.

6. OBSERVATIONAL PROBES AS A CONSISTENCY TEST

The modern data sets can be organized into a simple table.

The phrase “tension” should also be used carefully in class. A mild difference between
two data combinations can arise from new physics, underestimated systematics, analysis
choices, or statistical fluctuation. The goal of the next few years is not simply to make
error bars smaller, but to make the cross-checks redundant enough that the interpretation
becomes robust.
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Probe Main observable What it tests

SNe Ia Dy(z) up to an unknown ab- Late-time expansion shape
solute calibration

BAO Dy (2)/rq, Dmu(z)/ra, or Absolute cosmic ruler and ex-
Dy (z)/rq pansion history

CMB O, Qmh?, Qph?, Age 27 Early-universe anchor and long-

distance lever arm
RSD/full shape fog, AP distortions, shape of Growth rate, matter density,

P(k) neutrino mass, gravity
Weak lensing Shear correlations and Sg Weyl potential and late-time
clustering amplitude
Clusters Number counts and lensing- Growth amplitude and volume
calibrated masses element

TABLE 3. A compact map from data type to physical information. The
most interesting constraints on dark energy and modified gravity come from
combinations, not from any one row alone.

7. LATEST CONSTRAINTS (Planck 2018 + DESI DR2 + DES Y5 SNE)
For a flat CPL cosmology [12]:

(32) wo = —0.752 % 0.057,
(33) w, = —0.8679%
Modified-gravity likelihoods with MGCAMB yield [13]

(34) po = 0.0540.22,
(35) Yo = 0.008 £ 0.045,

where 1y and ¥y parametrize deviations in the Poisson and lensing equations today.
Current data remain consistent with ACDM; small hints for weaker growth (og tension)
motivate next-generation surveys.

8. 2026 UppAaTE: DESI, DES, AND THE CURRENT PICTURE

The most important update for this lecture is that Stage-I1I data have become precise
enough to make the wy—w, plane observationally interesting rather than merely illustrative.
The emerging picture is subtle. Several combinations involving DESI BAO, supernovae,
and CMB data prefer the quadrant

(36) wo > —1, wq < 0,

which corresponds to an equation of state that is less negative than —1 today but more
negative at earlier late-time epochs. This is often described as a phantom-crossing pattern.
At the same time, growth-based tests from full-shape clustering and weak lensing remain



8 GONG-BO ZHAO

broadly consistent with GR. This is why current results should be presented as an intriguing
hint rather than a discovery.

8.1. DESI DR2 BAO: a sharper expansion history. DESI DR2 BAO uses the first
three years of DESI observations and contains BAO measurements from more than 14
million galaxies and quasars, together with Lyman-« forest BAO at high redshift [12, 14].
The main BAO observables are ratios of distances to the drag-epoch sound horizon ry:

{DM(Z) DH(Z)} or Pv()

(37)

9

Td Td Td

DESI DR2 found that the BAO distance-redshift relation is well described by flat ACDM
on its own, but the BAO-preferred parameters are in mild tension with CMB-inferred
parameters. Allowing the CPL form w(a) = wop + w,(1 — a) alleviates this difference, with
DESI BAO plus CMB preferring dynamical dark energy over ACDM at about 3.1¢; with
supernovae added, the preference depends on the supernova sample and ranges from about
2.80 to 4.20 [12].

For students, the important lesson is not the exact significance number. The lesson is the
geometry. BAO gives distances at many redshifts, CMB fixes the early-universe ruler and
the distance to recombination, and SNe fill in the low-redshift relative distance curve. If
those curves do not all pass through the same ACDM point, the CPL plane is the simplest
diagnostic plot.

8.2. DESI full shape and gravity. BAO intentionally compresses the galaxy distribu-
tion to a robust standard-ruler measurement. Full-shape analysis uses more of the clus-
tering information. Schematically, in redshift space one models multipoles of the galaxy
power spectrum,

20+1 (! N
(38) Pél(kvz) = T ldlu’Pg(kauvz)LZ(iu)a

where, at linear order,

(39) Py (ks 1, 2) = [bi(2) + f(2)?]” Pk, 2).

Modern analyses add nonlinear bias, redshift-space distortion corrections, counterterms,
stochastic terms, survey-window operations, and covariance validation, but Eq. (39) is the
clean starting point.

The DESI DR1 full-shape analysis constrained ,,,, og, neutrino mass, and growth ob-
servables, and found that combinations with CMB and DES data continue to prefer the
same wy > —1, w, < 0 region found by BAO-only analyses [15]. A dedicated DESI
modified-gravity analysis then fitted p and 3 parameterisations and found results consis-
tent with GR, for example pg = 0.05 + 0.22 and g = 0.008 £ 0.045 for one combined
ACDM-background analysis [13]. Thus, in current DESI examples, the possible novelty is
more visible in the background expansion sector than in the growth-of-gravity sector.
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8.3. DES Y6: weak lensing, clustering, SNe, BAO, and clusters. DES is comple-
mentary to DESI. DESI is spectroscopic and excels at 3D BAO and full-shape clustering.
DES is imaging-based and excels at weak lensing, photometric galaxy clustering, super-
novae, photometric BAO, and cluster counts.

The DES Y6 3 x 2pt analysis combines cosmic shear, galaxy-galaxy lensing, and galaxy
clustering over the full DES footprint, using a validated analysis framework with scale cuts,
intrinsic-alignment modelling, baryonic-feedback tests, and mock-data validation [17]. Tt
uses about 140 million source-galaxy shapes and about 9 million lens-galaxy positions, and
in flat ACDM finds

(40) Ss = 0.789+0.012,  Q,, = 0.333709%
with the projected Sg difference from primary CMB data at roughly 2.60 [16]. In wCDM,
the same analysis gives w = —1.12f8:§8, consistent with a cosmological constant within the

uncertainty [16].

DES also updated its supernova analysis. The DES-Dovekie reanalysis of the DES
five-year SNe sample uses improved photometric cross-calibration, updated white-dwarf
calibration, retraining of the SALT3 light-curve model, and other pipeline revisions. When

combined with Planck/ACT/SPT CMB and DESI DR2 BAO in flat wow,CDM, it reports
(41) wo = —0.803 £0.054,  w, = —0.72 £ 0.21,

with the preference against ACDM reduced from the original DES-SN5YR value to about
3.20 [18]. This is a good example to show students why calibration and analysis choices
matter even when the qualitative conclusion is stable.

8.4. DES multi-probe dynamical dark energy. A particularly useful 2026 example is
the DES multi-probe dynamical dark-energy analysis, which combines growth and geome-
try from the full DES data set [19]. With DES data alone, using 3 x 2pt, SNe, and DES
BAOQO, the analysis obtains

(42) wo = —0.841010,  w, = —0.44758,

about 2.2¢0 away from a cosmological constant. Adding DESI DR2 BAO gives the strongest
low-redshift-only test reported in that work,

(43) wo = 0847005, w, = —0.53053,

about 2.30 away from ACDM. Adding primary CMB information from Planck, ACT, and
SPT gives

(44) wo = —0.827052 w, = —0.6370%,

about 3.00 away from a cosmological constant [19]. The best-fit region remains wgy > —1
and w, < 0, matching the broad DESI trend.
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Data combination Representative result Teaching point

DESIDR2BAO + CMB CPL preferred over BAO plus CMB creates a
ACDM at about 3.10  strong geometric lever arm

DES-Dovekie SNe + wo = —0.803 4+ 0.054, Improved SN calibration low-

DESI DR2 BAO + w,=-0.724+0.21 ers but does not erase the

CMB evolving-DE preference

DES Y6 3 x 2pt Sg = 0.789 + 0.012 in Weak lensing and clustering
ACDM test growth, not only distances

ANl DES + DESIBAO + wg = -—0.82 4+ 0.05, Multi-probe constraints re-

CMB w, = —0.6315%% main in the wo > —1, w, < 0

quadrant

DESTI full-shape MG 1o, 20 consistent with Current growth data do not yet

GR require modified gravity

TABLE 4. Representative recent results to discuss in lecture. The precise
numbers will evolve as analyses mature, but the conceptual lesson is robust:
geometry hints at evolving dark energy, while growth tests have not yet
forced a departure from GR.

8.5. How to explain the significance to students. It is tempting to say that DESI
or DES has “discovered evolving dark energy”. That is too strong. A better classroom
phrasing is:
Current combinations of DESI BAO, DES supernovae, DES weak-lensing/clustering
information, and CMB data show a coherent preference in the CPL plane
for wg > —1 and w, < 0. The significance is interesting, typically at the
few-sigma level depending on data choices, but it is not yet at the discov-
ery level and remains sensitive to cross-calibration, data combinations, and
possible systematics.

This statement helps students separate physical interpretation from statistical excitement.

9. NUMERICAL ToOOLS

MGCAMB — Hands-on Guide. MGCAMB [7, 8, 9, 10] is a branch of CAMB that solves the
linear Einstein—Boltzmann equations in the presence of modified growth, parameterising
deviations from GR through two functions p(k,a) and ~y(k,a) (or equivalently ¥). It
outputs CMB power spectra, matter power spectra, ISW, lensing potentials, and growth
functions consistent with MG/DE models.

Field equations. MGCAMB implements the scale- and time-dependent modifications via
(45) kU = —4nGa® u(k, a) pA,
(46) ® =(k,a) ¥,

where p rescales the effective Newton constant and ~ encodes the gravitational slip.
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Scale-independent form. The default ansatz in many likelihoods sets

Q
(47) pll,a) =1+ g 22,
DE,0
Q
(15) (k@) =14 50 22D,
DE,0

so deviations grow in proportion to the dark-energy density fraction. An alternative uses
3= %,u(l + 7) for lensing, with po and X as the free parameters.

A. Obtaining and Compiling.
(1) Clone the repository:
git clone --recursive https://github.com/sfu-cosmo/MGCAMB.git

cd MGCAMB/fortran/
make

An executable camb appears in ./bin.

B. Parameter-file Anatomy. Open inifiles/params mg.ini. The MG block looks like

# —--- Modified gravity block ---
use_MG =T
MG_parametrization = 4
kbin_start =0
MG_muO = 0.04
MG_sigmaO =0
MG_nu2 0
MG_growth_only =F

Common presets:

Scale-independent: Set MG_parametrization = 4 and vary (po, X0); adequate for cur-
rent data.

Scale-dependent: Choose MG_parametrization = 2 and provide arrays MG mu_k, MG_Sigma k
for the desired k-bins.

EFTCAMB bridge: With flag 3, MGCAMB reads time-series of «;(a) generated by EFTCAMB.

C. Running camb. Execute
./bin/camb inifiles/params_mg.ini
Key outputs:

_outputs/
camb_matterpower.dat
camb_lensedCls.dat
camb_background.dat
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D. MCMC with Cobaya. Create cobaya mg.yaml:

params:
Omega_b: {prior: {min: 0.04, max: 0.06}}
Omega_c: {prior: {min: 0.2, max: 0.4}}
MG_muO: A{prior: {min: -0.5, max: 0.5}}
MG_sigma0O: {prior: {min: -0.5, max: 0.5}}
# ...

sampler:
mcmc:
max_tries: bed
Rminusl_stop: 0.01

theory:
camb:
stop_at_error: True
extra_args:
use_MG: True
MG_parametrization: 4

likelihood:
planck_2018_highl_plik.TTTEEE: null
desi_yl_bao: null

Run
cobaya-run cobaya_mg.yaml -r chains/darkside

Chains are stored in chains/darkside_1.txt and visualised with GetDist.

E. Pro-tips.

e Speed: disable B-mode lensing and high-¢ polarisation if only background+growth
are needed.

e Validation: ensure use MG = F reproduces GR spectra to better than 0.1 %.

e Cross-checks: compare (pg, Xg) posteriors with a growth-index « analysis.

e Docker: ready-made image ghcr.io/mgcamb-devs/mgcamb:latest avoids com-
pile issues.

Other Suites.

e EFTCAMB / EFTCosmoMC for EFT of DE.
e hi_class (extension of CLASS) covering Horndeski.
e MontePython, Cobaya—samplers interfacing CAMB/CLASS variants.
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10. How TO INTERPRET THESE RESULTS PHYSICALLY

The recent DESI and DES examples motivate three different interpretations. They are
not mutually exclusive at the level of phenomenology, but they imply different next steps.

1. Dynamical dark energy within GR. The simplest interpretation of w(a) # —1 is
a new degree of freedom in the dark sector. A canonical quintessence field can produce
w > —1, but it cannot cross w = —1 without additional structure. The preferred CPL
region wg > —1, w, < 0 often implies w < —1 at earlier late-time redshifts and w > —1
today. This behavior points students back to the quintom and more general effective-field-
theory discussions above.

2. Modified gravity mimicking dark energy. A modified-gravity theory can repro-
duce the same background expansion as a dark-energy model, but it generally changes the
relation between matter, velocities, and lensing. This is why Eq. (31) is central. If future
DESI, Euclid, Rubin, Roman, or SKA data find w(a) # —1 but x = ¥ = 1 to high preci-
sion, the natural interpretation is closer to dark energy within GR. If they find correlated
departures in p and X, the case for modified gravity becomes much stronger.

3. Residual systematics or statistical fluctuation. Cosmology is a precision field,
and the data sets are heterogeneous. BAQO, SNe, weak lensing, clusters, and CMB data
have very different calibrations and systematics. The DES-Dovekie update is a useful
example: recalibration reduced the significance of the evolving-DE preference while leaving
the qualitative parameter direction similar [18]. The scientifically responsible conclusion is
therefore to treat the current hint as a target for confirmation.

11. EXAM-FRIENDLY SUMMARY OF THE LECTURE

For the final exam, the most useful conceptual chain is:
cosmic acceleration — H(z) and w(a) — distances and growth — consistency tests of GR.

The cosmological constant is simple and still extremely successful, but it raises deep the-
oretical questions. Dynamical dark energy makes w time-dependent and is currently an
observationally active possibility because of DESI and DES combinations. Modified gravity
changes the field equations and can be tested by comparing geometry with growth.

A compact way to remember the probes is: SNe measure relative distances, BAO mea-
sures a standard ruler, the CMB anchors the early universe, RSD measures velocities, weak
lensing measures the Weyl potential, and clusters measure the abundance of massive halos.
A convincing explanation of cosmic acceleration must pass all of these tests at once.

12. OUTLOOK

e Euclid (launched in 2023 and now in survey operations), LSST/Rubin, Roman,
SKA: sub-percent precision on wg, w,; percent-level on g, .

e CMB-5S4 and LiteBIRD will sharpen lensing and ISW-cross correlations.

e Synergy with gravitational-wave standard sirens (Einstein Telescope) offers inde-
pendent distance ladder.
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13. SUMMARY

Dark energy and modified gravity provide two conceptually distinct avenues to explain
acceleration. Observationally they are disentangled by combining expansion-history data
with growth-of-structure probes. Numerical tools such as MGCAMB enable rapid mapping
from theory space to observables, paving the way for stringent tests in the coming decade.

14. SUGGESTED READING FOR REVIEW

For background on dark energy and modified gravity, start with the reviews by Copeland,
Sami and Tsujikawa [5] and Koyama [6]. For the observational status, read the DESI DR2
BAO cosmology paper [12], the DESI full-shape cosmology and modified-gravity papers
[15, 13], the DES Y6 3 x 2pt cosmology paper [16], the DES-Dovekie supernova reanalysis
[18], and the DES multi-probe dynamical dark-energy paper [19]. For numerical implemen-
tation, revisit MGCAMB and compare its pu—y or pu—X parametrisation with the equations
in this note [7, 8, 9, 10].
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