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Outline

1. Desiderata for dark energy/modified gravity models.

2. Phantom crossing in Horndeski gravity.
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Desiderata for
gravity models
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Gravity theory wanted

= Can drive late-time accelerated expansion

& Has a screening mechanism — doesn’t break local gravity constraints
® Not mess up structure formation at z > 2

%= Consistent with GW propagation speed = ¢

ls Stable growth of scalar & tensor perturbations (no gradient instabilities, no ghosts ¥&)

®- Perhaps: fit BAO+CMB+SN phantom crossing? [Solve Ho tension ?7]

s that really so much to ask??
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The Phantom Crossing Anomaly

Fit from BAO+CMB+SN on the parameterised dark energy equation of state:

w(a) = wy + we (1 — a)

— wow,CDM
4~ Binned w(z)

B DESI+CMB+Pantheon-+
DESI4+CMB+ Uniond

B DESI+CMB+DESY5
DESI+CMB

Abdul Karim+,

DESI DRII
results

— Prefers models which cross w=-1 (from below to above) at late redshift.



Tessa Baker, ICG Portsmouth 6 PASCQOS 2026

The Phantom Crossing Anomaly

Fit from BAO+CMB+SN on the parameterised dark energy equation of state:

w(a) = wy + we (1 — a)

See also talks by:

B DESI+CMB+Pantheon—+ .
DESI+CMB+Union3 Patrick Adolf

B DESI+CMB+DESY5 Florian Beutler
DESIH+-CMB

Philippe Brax
Tamara Davis
Sarnes el B

Tanisha Jhaveri
Matteo Martinelli
Paul Shah
Suvedha Suresh Naik

+ probably others (sorry if | missed you)

Abdul Karim+,

DESI DRII
results

— Prefers models which cross w=-1 (from below to above) at late redshift.
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A real deviation from ACDM or systematics?
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A real deviation from ACDM or systematics?

-lther way, we take the exercise ol reverse-engineering viable
underlying cosmological gravity theories.
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Gravity mode!l Olympics

HEATS
SEMIS

| |

CMB ang. diameter distance Linear growth, fos
SNla luminosity distances Galaxy-ISW cross-correlation

BAO distances o, and a_ GW luminosity distance

FINAL

Nonlinear scales

|

3 X 2pt signal
Galaxy clustering
Incl. nonlinear scales
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Gravity model Olympics \'@"

Expense (time/compute/postdocs) of test @

P -
h i -~ Nonlinear scales
55 : 5 i

CMB ang. diameter distance Linear growth, fos 3 X 2pt signal

SNla luminosity distances Galaxy-ISW cross-correlation Galaxy clustering

BAO distances a, and o, GW luminosity distance incl. nonlinear scales
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Phantom crossing in
Horndeski gravity

‘Horndeski Scalar Theory
— Past, Present & Future’

G. HorndeskKi
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Routes to Phantom Crossing  ton-eshastive

where X = Kinetic term

S = [ d'ay/=g[G(6) R+ K(6.X) = Go(6, X)06 -Mp ] + Sy

1) Non-minimal coupling: non-trivial G4 = see Philippe's talk. (Gg e requiredj

Beware strong changes to Gesf (a.k.a. i) in Poisson equation.
See: Yao+ 2025; Ye+ 2025, 2026; Wolf+ 2025a, 2025b.

2) Non-canonical kinetic structure: K = X (Linder 2025). Keep shift symmetry = only X-dependence.

E.g. Dirac-Born-Infeld style kinetic term: K(X) — \/1__1 e [ Gs required j

3) G active + broken shift symmetry: this talk. Keep minimal coupling, G4=Mp2/2.

= Kinetic Gravity Braiding (KGB) subspace of Horndeski.
See: Tsujikawa 2026; Calderon & Linder 2026; Wolf+ 2026.

[ G3 required ]
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Asymptotic Cupic Galileons

All figures & results from
Naidoo et al. 2026.

(On arXiv on tomorrow).

‘The Fireball
Approaches’

G. HorndeskKi
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Crossing the phantom divide

where X = Kinetic term
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Crossing the phantom divide

where X = Kinetic term
of scalar field

S = [ d'ay/=gl5 MER+ K(6.X) = Ga(6, X)06 -}z ] + Sy

Start from Cubic Galileon: K =—-X Gg = g3 X Cannot cross w=-1

1

This parameter gets fixed by special properties of the Cubic Galileon ("tracker solution’).

Asymptotically Cubic

Galileon (ACG) models K= _IC(@ X G3 = g3 93(@ X

where G;, K = 1 at high redshift.
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Galileon (ACG) models i = _K(¢) X G3 = g3 gs(¢) X

where G;, K = 1 at high redshift.

To cross w=-1, G3 must ‘overtake’ K at late times = either Gz grows or K weakens.
1. Growing G3: Kigd = | G3(¢) =14 cy30

2. Decaying K: K(p) = exp (—cro) G3(p) =1

{1y
T 0

Important quantity for both models:  fp =
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Crossing the phantom divide

Asymptotically Cubic

Galileon (ACG) models i = _K(¢) X G3 = g3 g3(¢) X

where G;, K = 1 at high redshift.

To cross w=-1, G3 must ‘overtake’ K at late times = either Gz grows or K weakens.
1. Growing G3: Kigd = | G3(¢) =14 cy30

2. Decaying K: K(p) = exp (—cro) G3(p) =1

Q¢ Some degree of cosmo-constant-like

behaviour is allowed.
R
LCDM recovered if fo =0 at all z.

Important quantity for both models:  fp =
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[SW-galaxy cross-correlation

The ISW* plateau in the CMB probes (I) L \IJ . In ACDM this is negative at late times (potentials decay).

il o)

*ISW = Integrated Sachs Wolte

— effects large scales of CMB
i _J




Tessa Baker, ICG Portsmouth 16 PASCQOS 2026

[SW-galaxy cross-correlation
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— effects large scales of CMB .
\_




Tessa Baker, ICG Portsmouth

16

PASCOS 2026

[SW-galaxy cross-correlation

The ISW* plateau in the CMB probes (I) L \IJ . In ACDM this is negative at late times (potentials decay).

CMB TT spectrum is not sensitive to the sign — it probes (<I> —+ \11)2

But the ISW-galaxy cross-correlation is = ruled out the cubic Galileon model with f$=1 (red).

~

!

~
*ISW = Integrated Sachs Wolte

— effects large scales of CMB

-
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[SW-galaxy cross-correlation

The ISW* plateau in the CMB probes O == U . In ACDM this is negative at late times (potentials decay).
CMB TT spectrum is not sensitive to the sign — it probes (<I> —+ \11)2

But the ISW-galaxy cross-correlation is = ruled out the cubic Galileon model with f$=1 (red).

@ »
*ISW = Integrated Sachs Wolte

o effects large scales of CMB

_J

—Flipped sign!

-——- vGal3 WISE Data
vGald from Ref. [30]

ISW-galaxy cross-spectrum

Renk et al. 2017.
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Expansion History Constraints

e We solve background & linear growth in our Asymptotically Cubic Galileon models.

e Constrain using compressed Planck likelihood, DESI DR2 BAO & DES Dovekie SN sample.

Growing G(¢) Decaying K(¢)

-=-= ACDM 1 wow,CDM
CMB+BAO+SN CMB+BAO+SN

BN CMB+BAO+SN+[ISW] N B CMB+BAO+SN+[ISW]

Naidoo+ 2026 .
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Expansion History Constraints

e We solve background & linear growth in our Asymptotically Cubic Galileon models.

e Constrain using compressed Planck likelihood, DESI DR2 BAO & DES Dovekie SN sample.

Growing G(¢) Decaying K(¢)

-=-= ACDM 1 wow,CDM
CMB+BAO+SN CMB+BAO+SN

BN CMB+BAO+SN+[ISW] N B CMB+BAO+SN+[ISW]

Naidoo+ 2026 .

Dark bands = reject models where integrated galaxy-ISW signal is negative (NB: not a full data analysis at present.)
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%AO fltS K=-K(¢)X Gz=g303(¢)X

Volume-average BAO measurements from DESI DR2.

Growing G(¢) Decaying K(¢)

-=-- ACDM CMB e wow,CDM
CMB+BAO+SN CMB+BAO+SN

I CMB+BAO+SN+[ISW] I CMB+BAO+SN+[ISW]

0 DESI DR2 BAO

— 1.00

o
O
S

~—
—~
S
~
~—
N
Q
~—

BAO scale normalised to LCDM
(volume averaged)

Naidoo+ 2026.
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%AO fltS K=-K(¢)X Gz=g303(¢)X

Volume-average BAO measurements from DESI DR2.

Growing G(¢) Decaying K(¢)

-=-- ACDM CMB e wow,CDM
CMB+BAO+SN CMB+BAO+SN

I CMB+BAO+SN+[ISW] I CMB+BAO+SN+[ISW]

0 DESI DR2 BAO

o
O
S

—~
o)
Nmls e
~
’U\
=
~—
= 1.00
—~
s
~
~—
N
-

BAO scale normalised to LCDM
(volume averaged)

Naidoo+ 2026.
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[.Inear scales

* Linear growth rates — no unpleasant surprises here.

Growing G(¢) Decaying K(¢)

——- ACDM CMB e wow,CDM
CMB+BAO+SN CMB+BAO-+SN
B CMB-+BAO-+SN-+[ISW] B CMB-+BAO-+SN-+[ISW]

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.000.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
< Z

B 6dFGS B DSS SDSS-1/11 (MGS) B WiggleZ
B BOSS FastSound #  Vipers B eBOSS

Naidoo+ 2026.
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0.50 0.75 1.00 1.25 1.50 1.75 2.000.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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B BOSS FastSound #  Vipers

Naidoo+ 2026.

* Because (34 is standard (minimal coupling), these ACG models have no gravitational slip: “u = 2" .
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[.Inear scales

* Linear growth rates — no unpleasant surprises here.

Growing G(¢) Decaying K(¢)

——- ACDM CMB e wow,CDM
CMB+BAO+SN CMB+BAO-+SN
B CMB-+BAO-+SN-+[ISW] B CMB-+BAO-+SN-+[ISW]

0.50 0.75 1.00 1.25 1.50 1.75 2.000.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
<

B G6dFGS B DSS SDSS-1/11 (MGS)
B BOSS FastSound #  Vipers

Naidoo+ 2026.

* Because (34 is standard (minimal coupling), these ACG models have no gravitational slip: “u = 2" .

e Automatically consistent with GW propagation bounds.
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OW significant is the 1it”

ACDM  wow,CDM  Growing G(®)

2
AXZnp ~13.3 ~11.4

Significance 3.0l0 2. 710

AlnZ 1.72 2.95
Betting Odds 5.67 19.1

Decaying K (¢)

—-11.2
2.680

1.52
4.59
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OW significant is the 1it”

ACDM  wow,CDM | Growing G(¢) ... Decaying K (¢)

-13.3 -11.4
Significance 3.0l0 2. 710

oo AlnZ 1.72 2.95
Betting Odds 5.67 19.1
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OW significant is the 1it”

ACDM  wow,CDM | Growing G ()

-13.3 -11.4
Significance 3.0l0 2. 710

oo AlnZ 1.72 2.95
Betting Odds 5.67 19.1

... + [ISW]

-10.5
2.570

2.09
8.09

Decaying K (¢)

These 2-parameter MG models perform about the same as wo-w,.
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OW significant is the 1it”

ACDM  wow,CDM | Growing G(¢) ...+ [ISW] | | Decaying K(¢)

—-13.3 —-11.4 -10.5
3.010 2. 710 2.570

oo AlnZ 1.72 2.95 2.09
Betting Odds 5.67 19.1 8.09

These 2-parameter MG models perform about the same as wo-w,.

But, our models are predictive = we can evaluate their consequences on linear & nonlinear scales.
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Nonlinear scales

* Horndeski models can suffer pathologies in voids. See: Barreira+2013; Winther & Ferreira 2015;
Baker+ 2017;: Moretti+ 2026.



Tessa Baker, ICG Portsmouth

Al

PASCOS 2026
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 Horndeski models can suffer pathologies in voids.

In a spherically symmetric void:

Force between
particles

Regular GR
force

X

[ ey

See: Barreira+2013; Winther & Ferreira 2015

Baker+ 2017;: Moretti+ 2026.
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Nonlinear scales

e Horndeski models can suffer pathologies in voids. See: Barreira+2013; Winther & Ferreira 2015;
Baker+ 2017;: Moretti+ 2026.
In a spherically symmetric void:

Force between Regular GR

[
®

X 1 ial - g

particles force

— See James Hallam'’s talk in the cosmology parallels tomorrow (Tues).
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Nonlinear scales
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Nonlinear scales

e Horndeski models can suffer pathologies in voids. See: Barreira+2013; Winther & Ferreira 2015;
Baker+ 2017;: Moretti+ 2026.
In a spherically symmetric void:

Force between Regular GR

[
®

X 1 ial - g

particles force

— See James Hallam'’s talk in the cosmology parallels tomorrow (Tues).

e How do these models implement screening?

Today's ACG models are have Vainshtein screening, which likely dominates.
BUT what happens for general choice K, G3, G4 ?

— See Sergi Sirera’s talk in the cosmology parallels on Thursday + arXiv 2605.04 154

* Predictions for nonlinear scales — requires a simulation which can run Horndeski models. ...
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HI-COLA

L

A COLA solver tor rapid simulations r,
of Horndeski cosmologies.
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Conclusions

S = [ d*zv/=g[Gs(¢)R+ K (¢, X) — G3(¢, X)Op—MEA] + Sur
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https://github.com/Hi-COLACode/Hi-COLA

Main publications:

2209.01666, 2407.00855

-—— vGal3 WISE Data
vGal4 from Ref. [30]

Validation exercise: 2406.13667
Unified screening: 2605.04154
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-COLA Components

The code takes any user-specified form of K, Gz and G4* and computes:

Screening factor

Inter-particle forces

Fioy = N+ Fy

<

Currently Hi-COLA can do:
» Vainshtein screening
- K-mouflage screening

No Chameleon yet, but we’re working on it...
*but, Garbage In = Garbage Out™ 25



Code Diagram

S = /d4x\/—G4 PR+ K(¢p, X) — Ga(¢, X)Op| + S

“IlllIlllllllIIllllllllllllllllllllIllIllIlllllllllllllllllllllll..
L 4

¢

: Hi- COLA front-end
(~ seconds)
< equations .:

..IIlIIllIllIllIllIlIIllIllIlIIIIIIIIIIIIIIIIIIIIIIII Illlllllllll“

Background
solutions

“IlllllllllIlllllllllllllllllIlllllllllllllllllllllll IIIIIIIIIII..

E Forces between ptls é
: Densﬂx fleld . E
Hi-COLA S|mulat|on :
., (~ O(1) hr on small cluster) :

..lIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“
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Force BExpression in Hi-COLA

e Start with: i) spherically symmetric mass distribution

ii) Quasi-static approximation (drop time derivatives of metric potentials and @)

* The force experienced outside the mass is of the form: (derivation in arXiv 2209.01666)

Effective G — NB: unscreened, modifies Newtonian force

Ga,

B — I
tot NGN

1+ 8(z) S(z,0m)]
I_I_I I_I_I

Coupling Screening factor

Gives overall strength of Modulates fifth force between O
fifth force (function of time)  and 1 depending on environment

* Removes need to solve e.o.m. for @ everywhere = major speed-up (~same speed as LCDM). Introduces

a well-characterised error on small scales (k =z 1 h/Mpc) -



Results — Cubic Galileon

o K xX, Gz x X, Gs= Mp4/2 (= no change to Newtonian forces).

e \/alidated against the N-body simulations of

- fp =0 (\CDM)
fo=0.2,Eqs=0.874 Fraction of DE
fp=0.4,E4s =0.891 == 15de up by the
fo = 0.6, Eqs =0.904 scalar field
06, = 0.913 Screening
= 1.0, £ = 0.921 kicks in here

Scale-dependent growth here

=0)

This plateau +

Scale-independent bum P S ha Pe IS
enhancement here classic Vainshtein

behaviour.

NB: as a ratio to
LCDM predictions,
i.e. the BOOST (B)

N
X
=
&)
O
<
Q.
=
o

PcuGaI(k’ 7

k [h/Mpc]
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Validation

Comparison of approximate simulation methods with N-body results:

CG at z=0 CG at z=0.5 CG atz=1

O
@)
>
Cubic S
. m |
Ga I|€On E MG-Evolution
Hi-COLA
: : COLA-FML
(Vainshtein
screening)

K-mouflage

Bose+, arXiv
2406.13667

29



SN Tits

Growing G(¢)

-== ACDM
CMB+BAO+SN
I CMB+4+BAO+SN+[ISW]|
ﬁ DES-Dovekie

Decaying K(¢)

| wyw,CDM
CMB-+BAO+SN
0 CMB+4+BAO+SN+[ISW]|
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-- ACDM (CMB)
— wow,CDM (CMB+BAO+SN)

POSterlOrS — Growing G(¢) (CMB+BAO+SN+[ISW])

(For the Growing G model)

4

9., 9, 9 Cg 4, %,

— |SW constraint disfavours
models with high fg.

Dp 4o 4y

Y
I

108;10 (1 T Cgs)

Q

S & @O L HDE LD DD QPR PP DR
H, NREENSEENCEENDEENY f;bn logyo (1 + ¢gs)



%

- constraints on the Alphas

Growing G(¢)

CMB+BAO-+SN
I CMB+BAO+SN+[ISW]
DESI Best Fit

Decaying K(¢)

CMB+BAO+SN
I CMB+BAO+SN+[ISW]
-== ACDM & wow,CDM
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:

we

- constraints on the Alphas

The best-tit DESI model probably breaks the ISW-galaxy cross-correlation sign.

Growing G(¢)

CMB+BAO-+SN
I CMB+BAO+SN+[ISW]
-  DESI Best Fit

Decaying K(¢)

CMB+BAO+SN
I CMB+BAO+SN+[ISW]
-== ACDM & wow,CDM
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[ constraints on the Alpnas

Instabilities

0

Minimal impact on
ISW

No Slip: @ = \If
CB
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constraints on the Alphas

Large scales of the CMB, CMB lensing and galaxy clustering probe a/p(2) & OéM(Z) .

Instabilities

0

Minimal impact on

ISW

Noslip: ® = WV
CB
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constraints on the Alphas

Large scales of the CMB, CMB lensing and galaxy clustering probe a/p(2) & OéM(Z) .

BAO & SN probe the background expansion*, here fixed to ACDM.

CMm

Instabilities

*Subtlety here about what it means to have ACDM background when ay=0. @

Minimal impact on

ISW

Noslip: ® = W
CB
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OESI constraints on the Alpnhas

Large scales of the CMB, CMB lensing and galaxy clustering probe /g (2) & on(Z) .

BAO & SN probe the background expansion*, here fixed to ACDM.

- -- DESI BAOLDESY5SN--CMB-nl
B DEST (BAO+FS)+DESY5SN-+CMB-nl
DESI (BAO-+FS)+DESY5SN+CMB

Minimal impact on
ISW

Noslip: ® = W
CB

*Subtlety here about what it means to have ACDM background when au=0. O e

Instabilities

Ishak et al. 2024




