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N
The beaten track

Gravitational signatures (effect of DE energy density on background
expansion or growth of structure) probed by standard cosmological
observations, with particular focus on the equation of state w

Standard cosmological observations:
o CMB
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Unveiling the Universe with emerging cosmological probes o
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Part I:

non-standard cosmological
searches for dark energy
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-
The state of the dark energy equation of state

The state of the dark energy equation of state circa 2023

Luis A, Escamilla,"** William Giaré, | Elconora Di Valentino,2 ! Ra Nunes,* % and Sunny Vaguozi® ¢

a, Universidade
A . Instituto Nacional de Pesquisas Espaciais, 12227-010 Sio Josc dos Campos P, Brasil
* Department of Physics, University of Trento, Via Sommarsve 1, 38123 Povo (TN), Italy
vento Institute for Fundamental Physics and Applications (TIFPA)-INEN, Via Semmare 14, 35129 Povo (TN), ltaly

MB{ b————
CMB+BAO HH
CMB-+SN H
CMB+CC ——
CMB-+BAO+SN
CMB+BAO+SN+CC HH
CMB+BAO+SN+SHOES H
CMB+FS HH
BAO+SN s e |
BAO+SN+CC ——
BAO+CC —+—

=20 -18 -16 -14 -12 -1.0 -08
Escamilla et al., arXiv:2307.14802 (submitted to PRD)

g

. 4.3

kx

Luis Escamilla William Giare Eleonora Di Valentino Rafael Nunes

(UNAM, Mexico) (Sheffield) (Sheffield) (UFRGS, Brazil)
5/30



-
Old astrophysical objects at high redshift

Where to break a model? Where it is tested the least! For ACDM, this
means 2 <z <10

Historically (1960s-1998) high-z OAO provided the first hints for the
existence of dark energy (2 # 1, Qp > 0)

A 3.5-Gyr-old galaxy at redshift 1.55

James Dunlop, John Peacock, Hyron Spinrad, Arjun Dey, Raul Jimenez, Daniel Stern & Rogier Windhorst

Nature 381, 581-584 (1996) | Cite this article

The observational case for alow-density Universe with
anon-zero cosmological constant

J. P. Ostriker & Paul J. Steinhardt

Nature 377, 600-602 (1995) | Cite this article

What can old astrophysical objects do for cosmology in the 2020s?
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The Hy tension

Can old astrophysical objects say something about the Hy tension?

High Precision Measures of Ho
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Often heard “mantra” (?): Hp tension calls for early-Universe new physic7s/30



Cosmology with old astrophysical objects

Can the ages of the oldest inhabitants of the Universe teach us something
about the Universe's contents (including DE) and the Hubble tension?

Journal of High Energy Astrophysics 36 (2022) 27-35

Contents lists available at ScienceDirect 2

HIGHENERGY
ASTROPHYSICS

Journal of High Energy Astrophysics

journal homepage: www.elsevier.com/locate/jheap

Implications for the Hubble tension from the ages of the oldest )
astrophysical objects s

Sunny Vagnozzi®*, Fabio Pacucci®, Abraham Loeb ¢

2 Kavli Institute for Cosmology, University of Cambridge, Cambridge CB3 OHA, UK
b Center for Astrophysics, Harvard & Smithson ian, Cambridge, MA 02138, USA
< Black Hole Initiative, Harvard University, Cambridge, MA 02138, USA

Fabio Pacucci (Harvard) Avi Loeb (Harvard)
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Cosmology with old astrophysical objects

ty(z) = /oo _od o 1
. (1+2)H(Z') ~ Ho
Pros and cons:
@ OAO cannot be older than the Universe — upper limit on Hg
e ty(z) integral insensitive to early-time cosmology

e — late-time consistency test for ACDM independent of the
early-time expansion!

@ Ages of astrophysical objects at z > 0 hard to estimate robustly

Usefulness in relation to the Hubble tension:
o Contradiction between OAO upper limit on Hy and local Hy
measurements could indicate the need for non-standard late-time
(z < 10) physics, or non-standard local physics

@ Conclusions completely independent of pre-recombination physics
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-
OAOQ age-redshift diagram

Age-redshift diagram up to z ~ 8

—— Hy="T0kms " Mpe!
90kms ™' Mpe™!

50kms~! Mpe ™!

— Hy

—
i EGS
§ cosmos
é ups
& GOOoDS-s
& GOODS-N
é s05

& high-- QSOs

@ Pan-STARRS1QSOs

§ GEMINIQSOs

& SDSSQSOs

to Gy

10°

SV, Pacucci & Loeb, JHEAp 36 (2022) 27

Constraints on Hy and Q,,

036

032

Qn

028

024

0.60

0.45

Tia [Gy1]

030

0.15

N

60 7
Ho [km/s/Mpc

90

0.24 0.28 0.32 0.36
Qn

015 030 045 060
7in [Gy]

SV, Pacucci & Loeb, JHEAp 36 (2022) 27

Ho < 73.2 (95% C.L.)

10/30



Implications for dark energy and the Hubble tension

CAVEAT - if the OAO ages are reliable, possible explanations include:
© ACDM may not be the end of the story at z < 10 (need something in
the direction of phantom DE)
@ Nothing wrong with ACDM at z < 10, need local new physics...
Examples: screened 5th forces (Desmond et al., PRD 100 (2019) 043537; Desmond & Sakstein, PRD 102 (2020)
023007), breakdown of FLRW (Krishnan et al., CQG 38 (2021) 184001; arXiv:2106.02532),++

© Just a boring 20 fluke or systematics?

Is this a hint that pre-recombination new physics alone is not enough to
solve the Hubble tension? sv, universe 9 (2023) 303

* universe @@

Opinion
Seven Hints that Early-Time New Physics Alone Is Not
Sufficient to Solve the Hubble Tension

Sunny Vagnozzi *

! Department of Physics, University of Trento, Via Sommarive 14, 38123 Povo, TN, Italy;
sunr ozzi@unitn.it
onale di Fisica Nucleare (INFN)—Trento Institute for Fundamental Physics and Applications
Sommarive 14, 38123 Povo, TN, Italy
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Negative dark energy density?

International Journal of Modern Physics D | Vol. 27, No. 12, 1830007 (2018) | Review Paper
What if string theory has no de Sitter vacua?

UIf H. Danielsson and Thomas Van Riet

https://doi.org/10.1142/50218271818300070 | Cited by: 238

A
Energy

Quantum Gravity
(Stnng Theory)

>

Consistent with
Quantum Gravity

Not consistent with
Quantum Gravity

Theory space

Credits: Delaram Mirfendereski
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Negative cosmological constant is consistent with data

symmetry m\l’y

Article
Revisiting a Negative Cosmological Constant from
Low-Redshift Data

Luca Visinelli "**, Sunny Vagnozzi >***© and Ulf Danielsson "*

H(z) = HO\/anc + Qoeo(1 + 2)304w) + Qpo(1 + 2)3 + Q. (2)
Qucc <0, Qpeo >0, Qncc+ Qpeo~0.7

This is in principle perfectly consistent with late-time cosmological data:

‘and < 0(10) [BAO+SNeIa]
Qcc] < O(1) [(geometrical) CMB+BAO+SNela]

g

Luca Visinelli (Shanghai)

1

Ulf Danlelsson (Uppsala) 13/30



-
Early JWST observations: a challenge to ACDM?

Too many galaxies which are too massive at too high redshift!

A population of red candidate massive galaxies
~600 Myr after the Big Bang

Ivo Labbé ), Pieter van Dokkum, Erica Nelson, Rachel Bezanson, Katherine A. Suess, Joel Leja

Gabriel Brammer, Katherine Whitaker, Elijah Mathews, Mauro Stefanon & Bingjie Wang

Nature 616, 266-269 (2023) | Cite this article

[CEERS JWST/NIRCam  [F115W [Fi50W [F200W |F277Wi |FSS6W |F4i0Wl Fazawi

Credits: NASA/STScl/CEERS/TACC/S. Finkelstein/M. Bagley/R. Larson/Z. Levay
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Negative cosmological constant to the rescue

Can a negative CC help with the "JWST tension”?

10

Dark energy in light of the early

) 107 €=0.32,z=09.1
JWST observations: case for a
. I . I 2 a0
negative cosmological constant? 3
H
)
20
i
’ ) 2100 5\
Shahnawaz A. Adil,* Upala Mukhopadhyay,” Anjan A. Sen,’ and \
Sunny Vagnozzi®! \
10° \
“Department of Physics, Jamia Millia Islamia, New Delhi-110025, India Y
"Centre for Theoretical Physics, Jamia Millia Islamia, New Delhi-110025, India
“Department of Physics, University of Trento, Via Sommarive 14, 38122 Povo (TN), Italy W ™ oo
“Tvento Institute for Fundamental Physics and Applications (TIFPA)-INFN, Via Sommarive
14, 38122 Povo (TN), Italy
E-mail: shahnawaz183483

10 102
M, [Mg]
jmi.ac.in, rs.umukhopadhyay@jmi.ac.in,
aasen@jmi.ac.in, sunny.vagnozzi@unitn.it

Adil et al. (incl. SV), arXiv:2307.12763 (submitted to JCAP)
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Part Il

(terrestrial and cosmological)
direct detection of dark energy
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Are gravitational signatures all there is?

What about dark energy?

-'.9

P
Collider Production
44—
Indirect Detection

uol0818(] Jo8ll(]
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< >
Early Universe Annihilation

Credits: (adapted from) Matt Buckley 1730



Can dark energy and visible matter talk to each other?

Quintessence and the Rest of the World: Suppressing Long-Range
Interactions

Sean M. Carroll
Phys. Rev. Lett. 81, 3067 — Published 12 October 1998

If DE due to a new particle, this typically will:
e be very light [m ~ Hy ~ O(10733) eV]

@ have gravitational-strength coupling to matter

Result/immediate obstacle: long-range fifth forces!

1 mimo _
Fo= 12 % Mo~ Mp, Ag~m L~ H!
) ) 0

Mg r2
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Screening

How to satisfy fifth-force tests?
@ Tune the coupling to be extremely weak [M > Mp|]
@ Tune the range to be extremely short [A < O(mm)]

@ Tune the dynamics so the force weakens based on its environment
— screening!

(At least) 3 ways to screen

. 1 my1msy —r/
— 5, ~ 5 €
M2(x) 2700

° — chameleon screening (short range in dense environments)
@ Ms(x) — symmetron screening (weak coupling in dense environments)

@ n(x) — Vainshtein (force drops faster than 1/r? around objects)
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Chameleon screening

Fifth force range A(x) becomes short in dense environments, scalar field

minimizes effective potential determined by coupling to matter
5

Ve eff (Cb) — + M pmatter

Ver = V(@) + dpm/M ‘

Vg
mgﬁ = 7d¢)g |¢:¢min X pn , n >0
A~ 1/meffo<p_"/2 A
d)lmin ¢
On Earth: :

Credits: Ben Elder [
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Direct detection of dark energy

Can we detect (screened) DE in DM direct detection experiments?

PHYSICAL REVIEW D 104, 063023 (2021)

Direct detection of dark energy: The XENONIT excess and future prospects
**51 philippe Brax,** Anne-Christine Davis,”"* and Jeremy Sakstein®

Sunny Vagnozzi®,"*"" Luca Visinelli
'Kavii Institute for Cosmology (KICC), University of Cambridge, Madingley Road,

Cambridge CB3 OHA, United Kingdom
2Institute of Astronomy (loA), University of Cambridge, Madingley Road,
Cambridge CB3 OHA, United Kingdom
*Istituto Nazionale di Fisica Nucleare (INFN), Laboratori Nazionali di Frascati,
C.P. I3, I-100044 Frascati, Italy
“Tsung-Dao Lee Institute (TDLI), Shanghai Jiao Tong University, 200240 Shanghai, China
*Gravitation Asiroparticle Physics Amsterdam (GRAPPA), University of Amsterdam,

Science Park 904, 1098 XH Amsterdam, Netherlands
), Université Paris-Saclay, CNRS, CEA, F-91191,

“Institute de Physique Theérique (IPh1
Gif-sur-Yvette Cedex, France
"Department of Applied Mathematics and Theoretical Physics (DAMTP),
Center for Mathematical Sciences, University of Cambridge, CB3 OWA, United Kingdom
‘Depariment of Physics & Astronomy, University of Hawai'i, Watanabe Hall,
505 Correa Road, Honolulu, Hawaii, 96822, USA

® (Received 7 April 2021; accepted 20 August 2021; published 15 September 2021)

& VA u !
Anne Davis (Cambridge) Jeremy Sakstein (Hawaii)
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Direct detection of dark energy

) Detection
Production
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Direct detection of (chameleon-screened) dark energy
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SV et al., PRD 104 (2021) 063023 Image editing credits: Cristina Ghirardini
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Cosmological direct detection of dark energy

Wouldn't scattering between DE and baryons mess up cosmology?

Monthly Notices

MNRAS 493, 1139-1152 (2020) doi:10.1093/mnras/staa3 11
Advance Access publication 2020 February 3

Do we have any hope of detecting scattering between dark energy and
baryons through cosmology?

i01 s 2 3 : 4
Sunny Vagnozzi “,'*+ Luca Visinelli,> Olga Mena® and David F. Mota

! Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK

2Gravitation Astroparticle Physics Amsterdam (GRAPPA), University of Amsterdam, Science Park 904, NL-1098 XH Amsterdam, the Netherlands
Slnstituto de Fisica Corpuscular (IFIC), University of Valencia-CSIC, E-46980 Valencia, Spain

Anstitute of Theoretical Astrophysics, University of Osio, P.O. Box 1029 Blindern, N-0315 Osio, Norway

Accepted 2020 January 27. Received 2020 January 23; in original form 2019 December 3

Luca Visinelli (Shanghai) Olga Mena (Valencia) David Mota (Oslo)
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Cosmological direct detection of dark energy?
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O

Ox

—H(1 —3c2)0x +

c2k?

14+ wy

6000 F=
50004 —

1000

G = 00w = 08

3000

i % DT [uK?)

2000

&

T;

0.015

10?

10°

0.010

(

Q
~ 0005

(

~0.005

SV et al.,

107
&

MNRAS 493 (2020) 1139

107

10°

o)
2, 10t
E
I — 0 =00,w=-08
=0t — o =01,w = 08
= — 0 =05w=-08
E; —_— =10, w=-08

102

10+ 10 10°% 107! 100

0.0005

= 0.0000

~

AP(k)/P

0.0005

Ox + a”eo'xb(eb - GX)

4 x
—HO, + 2K, + ;%aneﬁ(ow — 0p)+(1 + WX)Z—aneaxb(@X — )
b b

CMB and linear matter power spectrum (o = oxp/07T)

I [hMpe ™)

—_——

o] — an=01w=-08
00009 o= 05,w =08
0.0015 4 —— an =10,w=-08
10 109 10-* 10! 100

k [hMpe ™)

25/30



-
N-body simulations of DE-baryon scattering

What about the non-linear regime?

Monthly Notices

MNRAS 512, 1885-1905 (2022) https://doi.org/10.1093/mnras/stac649
Advance Access publication 2022 March 10

Cosmological direct detection of dark energy: Non-linear structure
formation signatures of dark energy scattering with visible matter

Fulvio Ferlito,'2* Sunny Vagnozzi © ** David F. Mota* and Marco Baldi ©256
"Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Strafie 1, D-85740 Garching bei Miinchen, Germany

*Dipartimenta di Fisica e Astronomia, Alma Mater Studionum Universita di Bologna, Via Piero Gobenii 93/2, 140129 Bologna, haly
3Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK

“Institute of Theoretical Astraphysics, University of Oslo, PO Bax 1029 Blindern, N-0315 Oslo, Norway

SINAF  Osservatorio di Astrofisica e Scienza dello Spazio di Belogna, Via Piero Gobetti 93/3, 1-40129 Bologna, Haly

SINFN - Sezione di Bologna, viale Berii Pichat 672, 1-40127 Bologna, hialy

Accepted 2022 March 5. Received 2022 March 3; in original form 2022 January 17

Fulvio Ferlito (MPA Garching) David Mota (Oslo) Marco Baldi (Bologna)
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N-body simulations of DE-baryon scattering

Baryon power spectrum relative to Matter power spectrum relative to

ACDM (left) and no-scattering ACDM (left) and no-scattering
wCDM (right) wCDM (right)
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Ferlito, SV, Mota, Baldi, MNRAS 512 (2022) 1885
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-
N-body simulations of DE-baryon scattering

Simulation snapshots:
e 0 = 10007
o w=-09-1-11

Ferlito, SV, Mota, Baldi, MNRAS 512 (2022) 1885

50h~1 Mpe 10h~1 Mpc %
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-
N-body simulations of DE-baryon scattering

Stacked density profile of 100 halos at z = 0
Mass bin n. 4

—— Dark Matter —— ACDM
—— Baryons agy =0

Other observables: .
gy =1

g, =10
gy = 100

@ (Cumulative) halo mass function

104

(Stacked) halo density profiles »

10° 4
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°
@ Baryon fraction profiles
°

Future work: Bullet-like O 10 M < Moo < 5% 1045712,
systems, higher-order ‘

. 10 — w,
correlators, galaxy bias

—0.9
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107! 10°
R/ Ra
Ferlito, SV, Mota, Baldi, MNRAS 512 (2022) 1885

Baryon profiles most promising observable to probe DE-baryon scattering
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Conclusions
Direct detection of dark energy: lots My cosmological take: A will
of unharvested potential in dark eventually be broken by high-

matter direct detection experiments  (z 2 2) and not low-z data

€=032,2=91

(> M.) [Mg Mpe™]

0 2 4 6 s 10 12 14 16 10 ot i
Wpr [k(‘\v] M, [Mg]

SV et al, PRD 104 (2021) 063023 Adil et al. (incl. SV), arXiv:2307.12763 (submitted to JCAP)

o1t Tor2

Much to be learned about dark energy beyond standard

cosmological searches for its gravitational interactions
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