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Wait a minute...

« Is dark matter even real? (Like yeti?)
¢ Is even a thing? (Like ?)
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« Is dark matter even real? (Like yeti?)

¢ Is even a thing? (Like 7)

 |nteractions between dark matter and =
love between yeti and ?

lets look at the argurent




1. FIVE REASONS FOR DARK
INTERACTIONS BEYOND ACDM




1. COSMOLOGICAL CONSTANT PROBLEM

« Cosmological constant predicted from QM as energy of empty space
« E+0 - AE =0 (Violates Heisenberg’s uncertainty principle)

E Planck
I/vPlanck

P(Apredicted) = ~ 101* Joule.m™?
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1. COSMOLOGICAL CONSTANT PROBLEM

« Cosmological constant predicted from QM as energy of empty space
« E+0 - AE =0 (Violates Heisenberg’s uncertainty principle)

4.

EPlanck
4/ P(Apredicted) = ~ 10114 ]oule.m_3
lplanck

I/vPlanck

« Comparing the two values gives the worst prediction in all of physics..

v

Papredicted) _ 101 Joule.m3 ~ 1012+ |Motivates research for dark energy
beyond the cosmological constant.




2. COINCIDENCE PROBLEM

* Consider expanding volume with dark energy and dark matter

Pam _ 2

TaAcoM =—— =7 =2
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2. COINCIDENCE PROBLEM

* Consider expanding volume with dark energy and dark matter

P(dm,Planck) _ P(amFuture)
_ ’ ~ 95 i — ~ )
Tpignck = ~ 10 Distant Future
|
®
|
®
®
®
Pam _ 2 _ Pam _ 2
TacoM = —— =77 2 Tacom = — =7 =025

- DM dilutes fast, pg,, x a™3 and

« Why are we alive when the density is approximately equal? (r, = 0.4)
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* Analogy: Imagine you fly past an island.

half the people are busy drinking away all their money,
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 |s this a coincidence?



2. COINCIDENCE PROBLEM

 Analogy: Imagine you fly past an island.
half the people are busy drinking away all their money,

You hear this has always been the case for the last 1 000 generations.

You happen to fly past at a time when both groups have the same
amount of money.

 |Is this a coincidence? Theft? Taxes?



DARK INTERACTIONS: THE BASIC IDEA

 What happens if dark matter and dark energy decay into each other?

DE - DM
(Taxing the rich)

.'. > -

Pd Pdm _

2
MwM=_——I=2 ancbm = =—-=2

TS

« |If DE decays into DM (iDEDM regime) we alleviate Coincidence Problem



DARK INTERACTIONS: THE BASIC IDEA

 What happens if dark matter and dark energy decay into each other?

DE — DM DM - DE
(Taxing the rich) (Taxing the poor)
® )
TACDszd_m:%=2 TACDszd_m=%=2 TACDszd_mz%ZZ 7”ACDM=/Od—m=%=0-2

« |If DE decays into DM (iDEDM regime) we alleviate Coincidence Problem
« |f DM decays into DE (iDMDE regime) we worsen Coincidence Problem



3.&4.THE H, and S, TENSION

Early (CMB) and late time (SN, LSS) measurements of the expansion
H, and clustering Sg rates differ by 3 — 5 o, depending on the source

CMB with Planck
7.4

Py(k) + CMB lensing

Cepheids — SNia
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Lensing related, mass
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3.&4.THE H, and S, TENSION

« Early (CMB) and late time (SN, LSS) measurements of the expansion
H, and clustering Sg rates differ by 3 — 5 o, depending on the source

{ CMB measurements

{  Local distance ladder

2000 2005 2010 2015 2020 _ 0.8
Publication year

S8 = 03g\ Qm/0-3



3.&4.THE H, and S, TENSION

Introduce to address either one or both of
these issues. For example Interacting dark energy in the early 2020s: a promising

) ) o solution to the Hy and cosmic shear tensions
Can interacting dark energy solve the H; tension?

) i . Y/ i nd < . s b aC s Vaonazzid
Eleonora Di Valentino,':?:* Alessandro Melchiorri,** 7 and Olga Mena*: * Eleonora Di Valentino®, Alessandro Melchiorri”, Olga Mena®, Sunny Vagnozzi

Late time interacting cosmologies and the Hubble constant tension

v . g - - 1 ; (] . =
Stefano Gariazzo,!* Eleonora Di Valentino,?' T Olga Mena,® ¥ and Rafael C. Nunes® -8

Tale of stable interacting dark energy, observational signatures, and the H; tension

Can interacting dark energy with dynamical coupling resolve the Hubble tension

Yan-Hong Yao*

Dark energy-dark matter interactions as a solution to the S5 tension

Matteo Lucca




5. COSMOLOGICAL (NOT SO) CONSTANT

« 2025: DESI collaboration released
data on Baryonic acoustic oscillations

BAO with CMB, SN1a combined
prefers dynamical dark energy
(2.8 — 4.20)

Dark energy increasing in distant
past,

New data released next year..

IDE models provide a mechanism?



5. COSMOLOGICAL (NOT SO) CONSTANT

« 2025: DESI collaboration released
data on Barvonic acoustic oscillations Phantom crossing or dark

Interacting Dark Sectors in light of DESI DR2 interaction?
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| Interacting dark energy after DESI DR2: a challenge for ACDM paradigm?
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3. NEGATIVE ENERGIES



CONSERVING THE DARK SECTOR

* Ininteracting dark energy models, the total dark sector is conserved.
Energy lost Q by DM is gained by -, and vice versa.

p(im + 3 Pdm = O péle + 3 :[)de(1 T wde) =—Q

Q must have units: energy per volume

Ansatz: Q < 0 1 Py y/ae

0 > 0 Dark Energy — Dark Matter (iDEDM regime)
< 0 Dark Matter » Dark Energy (iDMDE regime)



ENERGY TRANSFER BRAKING MECHANISM

Consider a volume element for a model where Q is proportional to DE:
Present Universe expands (H > 0) Future >

Pae > 0; pgm >0
Q > 0 (DE - DM)

Q =30 dee ﬁ = volume element MW = P4, @® = Pam

="0 (iDEDM)
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Q = 0 (no transfer)

Pae > 0; pgm >0 Pae = 0; pgm >0
Q > 0 (DE - DM) Q = 0 (no transfer)

Q =30 dee ﬁ = volume element MW = P4, @® = Pam

="0 (iDEDM)
Since there is a braking mechanism, DE never becomes negative!



NO TRANSFER BRAKING MECHANISM

Consider a volume element for a model where Q is proportional to DE:
Present Universe expands (H > 0) Future >

E’
Pae > 0; pgm >0
Q <0 (DM - DE)

Q=39 Hpqe ﬁ = volume element W =+pse ®=+pum

<0 (iDMDE) w = —Pam
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NO TRANSFER BRAKING MECHANISM

Consider a volume element for a model where Q is proportional to DE:
Present Universe expands (H > 0) Future >

Pae > 0; pgm >0 Pae > 0; pgm =0 Pae > 0;
Q < 0 (DM - DE) Q <0 (DM - DE) Q < 0 (DM - DE)

Q = 3§dee
< 0 (iDMDE)
Since there is no braking mechanism, DM becomes negative!

B =+p5. ®=+pym
= —Pdm

@ = volume element




NO TRANSFER BRAKING MECHANISM

Consider a volume element for a model where Q is proportional to DM:
Present Universe contracts (H < 0) Past >

!’
Pae > 0; pgm >0
Q > 0 (DE - DM)

Q=39 Hpam @ — volume element T~ TPde ® = +pum

<0 (iDMDE) A = —pge

Similar arguments can show negative DE in the past for other models
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Consider a volume element for a model where Q is proportional to DM:
Present Universe contracts (H < 0) Past >
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NO TRANSFER BRAKING MECHANISM

Consider a volume element for a model where Q is proportional to DM:
Present Universe contracts (H < 0) Past >

Pae > 0; pgm >0 Pae =0;pgm >0

0 > 0 (DE - DM) Q > 0 (DE —» DM)

Q=3 é Hpgm @ = volume element -
Z’0 (iDMDE)

Similar arguments can show negative DE in the past for other models




NEGATIVE DARK ENERGY IN PAST...

We thus predict negative DE densities in the past if § < 0 (DM — DE)

For IDE model Q = 36Hp,,,,, In past



Qde

NEGATIVE DARK ENERGY IN PAST...

We thus predict negative DE densities in the past if § < 0 (DM — DE)

For IDE model Q = 36Hp,,,,, In past

Dynamical system analysis Plotting analytical solutions
1.2 .
Negative energy crossings ----= QO (iDMDE)
#*  Piam+de) (Saddle Point) | — Q; (NCDM)
1.0 = B Py (Future Attractor) _ ' R R A SRR N W " U N N (PPN Q, (iDEDM)
Physically viable area @) .
0.8! ! Positive energy trajectories - $ Qdm +bm (IDMDE)
-I(IJJ Qdm+bm (ACDM}
0.6 il [iDMDE regime (6<O)} % Qdm—i—.bm (iDEDM)
= ---- Qqe (iDMDE)
0.4 > —— Qqe (ACDM)
| g S N/ N dv e Qge (iDEDM)
0.2\ 5 ® Ze=0) (iDMDE)
& Present
0.0
—-0.2 : ' ; : ! : 10° 10° 104 103 102 101 100 107! 1072

=0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 ;
O Redshift (1 + 2)



POSITIVE ENERGY CONDITIONS

Similar analysis was done for a total of 8 interactions

Interaction ()

Pdm/de > 0 domain

Example values

3H((5dnlpdnl + (5depde)

DE — DM

6{;111-1 2 U; c?de 2 U 61_'1111?"[] + 5de é wrQ

~ (1+ro)

3H5(Pdm + ,Ode)

DE — DM

_ wrp
0 g 5 S (1_{_?,0)2

0 <6 <0.201

SH(S(pdm - pde)

No viable domain

No viable domain

No viable domain

3H(5ﬁdm

DE — DM

0<9< ~mim

0<6<0.720

3Hpde

DE — DM

Ug(gg_ w

(1+2)

0<6<0.280

3H6 Pdm Pde

Pdm t+Pde

3H5 Pdm

Pdm + Pde

DE < DM
DE — DM

Yo
0 <6 <2575

3H6 p:(zic:

Pdm + Pde

DE — DM

0 <6< —wrg

0<46<0.388

FINDING OBSERVATIONAL POSTERIORS PREDICTS BEHAVIOUR




9. OBSERVATIONAL
CONSTRAINTS




LATE TIME BACKGROUND CONSTRAINTS

 We constrained 8 IDE models using public MCMC code MontePython
 Used analytical H(z) describing background expansion for all models
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2. DESI DR2 Baryon Acoustic Oscillation data.




LATE TIME BACKGROUND CONSTRAINTS

 We constrained 8 IDE models using public MCMC code MontePython
 Used analytical H(z) describing background expansion for all models

We used combinations of four datasets:

1. Pantheon+ Type la supernova data, calibrated with SHOES Cepheid data.
2. DESI DR2 Baryon Acoustic Oscillation data.

3. Cosmic Clock measurements.

4. Big Bang Nucleosynthesis as a prior on Q,h%* = 0.02218 + 0.00055
(same prior is used in the DESI DR2 papers to break degeneracy in Hyry)




LATE TIME BACKGROUND CONSTRAINTS

Our analysis resulted in the following corner plots for 8 IDE models
Check our paper for a closer look at these and posterior Tables

—— ACDM —— hcom
0 = 3H (B um P + BuaPu) i B Q=3HG6 (Pam + Pae)
= dm Pdm dePde {
IR mm Q=3H6 -
B Q=3Hb4m Pdm [ M aQ (Pdm = Dde)
B Q=3HbgePde ‘




6. STATISTICAL ANALYSIS AND
COSMOLOGICAL IMPLICATIONS



IDE HAS BETTER STATISTICAL FIT

In all cases, where possible:

Pantheon+ & DESI DR2|Pantheon+, DESI DR2, CC & BBN
Model / Kernel @ Ax? AAIC Ax? AAIC

ACDM

3H(5dn]pd1n _l_ 5depde) _21.96 _15.96 _17.76 —11.76
3HS(pam + pac) ~921.94 _17.94 1776 ~13.76
3H(pam — pae) —21.96 —17.96 _17.74 _13.74

3HJOpam —21.94 —17.94 —17.74 —13.74
3HOpde —7.52 —3.92 —2.34 +1.66

3H5(M) _16.14 —12.14 ~10.28 —6.28

PdmtPde

3HS (Pd—) _21.94 _17.94 _17.76 —13.76
Pdmjpde

&

—Pde —15.02 —11.02 —9.46 —5.46

Pdm tPde




IDE HAS BETTER STATISTICAL FIT

In all cases, where possible:
- For all eight IDE models, improved Ay? = Ayiyy — Axicpy fit (Ax? <0).

Pantheon+ & DESI DR2|Pantheon+, DESI DR2, CC & BBN

Model / Kernel @ Ax®

ACDM

3H(5dnlpd1n + 5depde)
3H5(pdn] + )Ode)
3H5(pdn] — )Ode)

3H510dm
3I_I(Spde

3H5(
3H6 (
3H6

Pdm Pde
PdmtPde

2
Pdm

Pdmjpde
Pde

)
)

Pdm tPde

—21.96
—21.94
—21.96
—21.94
—7.52

—16.14
—21.94
—15.02

AAIC

—15.96
—17.94
—17.96
—17.94
—3.92

—12.14
—17.94
—11.02

AXQ

—17.76
—17.76
—17.74
—17.74
—2.34

—10.28
—17.76
—9.46

AAIC

—11.76
—13.76
—13.74
—13.74
+1.66

—6.28
—13.76
—5.46




IDE HAS BETTER STATISTICAL FIT

In all cases, where possible:
- For all eight IDE models, improved Ay? = Ayiyy — Axicpy fit (Ax? <0).
* Improved fit in Akaike Information Criterion (AAIC < 0) in 7 of 8 cases.

(AIC = x* + 2 d.o.f., so it takes account of 2 or 3 extra parameters introduced)

Pantheon+ & DESI DR2|Pantheon+, DESI DR2, CC & BBN
Model / Kernel @ Ax? ~ AAIC Ax? AAIC
ACDM — =
3H (dampdm + ddepde) | —21.96 —15.96 —17.76 —11.76
3H(pam + pae) —21.94 —17.94 —17.76 —13.76
3HO(pdm — pde) —21.96 —17.96 —17.74 —13.74
3HOpdm —21.94 —17.94 —17.74 —13.74
3Hopae —7.52 —3.52 —2.34 +1.66

3H5(M) _16.14 —12.14 ~10.28 —6.28

PdmtPde

3HS (Pd—) _21.94 _17.94 _17.76 —13.76

Pdm ;hode

3HE (—Pde —15.02 ~11.02 —9.46 —5.46

Pdm tPde




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks
In all cases, where possible, a preference was found for:

Interaction () Preferred energy flow

3H (6ampdm + ddepde) DM — DE followed by DE —+ DM
H3(pum + pa)
3H(pam — pde) DM — DE followed by DE —+ DM

3HOpam DM — DE

fPdm,past Pdm. future fde,past Pde, future

"in‘Iﬂ e DE — DM

y DE
3ua( Pam DM — DE

 PdmtPde

BHG (Lde ) DE — DM




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks
In all cases, where possible, a preference was found for:
(in past for models without transfer braking mechanism)

Interaction ()

3H pam DM — DE

3Hdpge DE — DM
' y DE

DM — DE
DE — DM




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks
In all cases, where possible, a preference was found for:

(in past for models without transfer braking mechanism)
« Sign switching behaviour (DM to DE at high z, DE to DM at low z)

Interaction () Preferred energy flow Pdm future
3H (6ampdm + ddepde) DM — DE followed by DE —+ DM
3HO(pdm + pde) DM — DE

3H(pam — pde) DM — DE followed by DE —+ DM
3HOpam DM — DE

3Hdpge DE — DM
' DM — DE

DM — DE
DE — DM




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks
In all cases, where possible, a preference was found for:

(in past for models without transfer braking mechanism)
« Sign switching behaviour (DM to DE at high z, DE to DM at low z)

0.6 } — GP |
Interaction () Preferred energy flow 04 AN\ DE *l' ”\l('”l ';i;])‘\]
3H (6dmpdm + ddepde) DM — DE followed by DE — DM ~\\ (DE to DM?) o |
3HO(pdm + pde) DM — DE ,
3H(pam — pde) DM — DE followed by DE — DM = —

3Hopam DM — DE
3Hdpa. DE — DM
DM — DE
DM — DE

DE — DM




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks

In all cases, where possible, a preference was found for:

(in past for models without transfer braking mechanism)
« Sign switching behaviour (DM to DE at high z, DE to DM at low z)

—— Q=3H(8amPsm + OgePse) [Solid:Pantheon+ & DESI DR2; Dotted: Pantheon-+, DESI DR2, CC & BBN | 0.6 ¢ — P 1
Q: 3H5(pdm +pde} \ i : |
N wow, CDM |
0.6 o=3H5(pdm_}0de) ,’f" () \ \ DE \((j‘L),\l :
. — Q=3Hbpum . \\ ( ?) ...... ACD! |
8\, (DE to DM |
" Present (z=0) = {) '____-_‘_'_...:. ]
$ 0.44 —— No Energy Flow (Q=0) £ b ===
o <
c T b
o = 1.2}
m 8
c .
0.2 |
= 1.4}
) Q > 0 (Dark Energy —» Dark Matter) ‘
W —— = S == —1.6]
Q < 0 (Dark Matter —» Dark Energy) Past Future [
104 B 0 02 ' w0t w0 10! 0.0
Redshift (1 + 2)




BACKGROUND CONSTRAINTS = DE<0?

Constrained 8 IDE models with DESI DR2, PANTHEON+ and Cosmic Clocks
In all cases, where possible, a preference was found for:
(in past for models without transfer braking mechanism)

« Sign switching behaviour (DM to DE at high z, DE to DM at low z)

 Phantom crossing for w¢! observed when possible

Pantheon+ & DESI DR2 B~
—_— GP

[)[3 l' wow,CDM

ACDM

0.6+

Redshift z

Dark sector interaction mechanism for dynamical dark energy?




IDE PARAMETER SPACE

Be careful about the cost of new problems to solve old problems

Linear IDE Model 1: Q = 3H(64mOdm + BdePlde) Linear IDE Model 2: Q = 3H6(04m + Pae) Linear IDE Model 5: Q = 3H8pge Non-Linear IDE Model 1: Q = 3H¢5{;’“‘"f:fm]
150 Pantheon+, DESI DR2, Cosmic Clocks & BBN (w=-1.13, rp =0.502) 070 Pantheon+, DESI DR2, Cosmic Clocks & BBN (w=-0.92, rp =0.333) 0.0 Pantheon+, DESI DR2, Cosmic Clocks & BBN (w=-1.32, ry = 0.606) Pantheon+, DESI DR2, Cosmic Clocks & BBN (w=-0.73, ro = 0.095)
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TO ACCEPT OR NOTTO ACCEPT




TO ACCEPT OR NOTTO ACCEPT

Other negative energy
models gained attention:

. A,CDM models
e AdS-dS transition

Please feel free to share
your thoughts afterwards!



6. CONCLUSIONS



PROMISING BUT PROBLEMATIC

IDE models relevant for addressing key cosmological problems

Theoretical preference for small energy flow from DE to DM

Observational preference for sign-switching behaviour
(DM to DE at high z, DE to DM at low z)

May provide mechanism for dynamical dark energy
Improved Ay? and AAIC fit to ACDM background data

Often accompanied by negative energies,
perturbation instabilities or future singularities



FUTURE WORK

Combine background analysis with perturbation and stability analysis

These models need to be constrained with more cosmological data,
especially CMB. Can these address tensions?

These need a more developed microphysical description, so that we do
not only rely on phenomenological interactions.

Rule out IDE models and move on to more promising ideas?



THEEND



QUESTIONS?



PERTURBATIONS AND STABILITY

 Perturbations for IDE models often lead to instabilities, and need
for choice of DM or DE frame

« Common approach introduce doom factor d

d >1 —-Unstable regime

d

" 3H Pge(1+ w) d < 0 — apriori free of instabilities

Two safe regimes:
>0 (DE — DM) with w < —1 (Phantom DE)

< 0 (DM — DE) with w > —1 (Quintessence DE)

DETAILS CONSIDERED IN FUTURE WORK
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AVOIDING NEGATIVE ENERGIES

Set priors to avoid negative energies, I.e. — DM: 6 [0;0.3]

Only use models where DM and DE always positive .l.e. Q X pgmpPge
Allow that domain of applicability small, so pathologies will not occur
Non-fluid DE description i.e. scalar field or holographic principle
Conserved total dark sector i.e. Unified Dark Fluid or Chaplygin Gas
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