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Interacting dark energy (IDE) model and the large-scale
Instability

» A Dbrief review of cosmology perturbation theory [Ma & Bertschinger 1995]

When consider the background evolution

1 -
G,ur/ = B-,Luz - §R-9,Lw — SWGITUU

FRW matrix stress-energy tensor



Interacting dark energy (IDE) model and the large-scale
Instability

» A Dbrief review of cosmology perturbation theory [Ma & Bertschinger 1995]
When consider the background evolution

1 -
G,LW — B-,Lu/ — §R-Q,ur/ — 87TG]:LH/

FRW matrix stress-energy tensor

Then we have the Friedmann equations which describe the evolution of scale
factor (a flat universe),

({1)2 SWGJ

o — 5 P>

R —  +3H(p+P)=0
(

Three variables and only two independent equations. We need another equation

w=P/p
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Interacting dark energy (IDE) model and the large-scale
Instability

» A brief review of cosmology perturbation theory

The same as background evolution, cosmology perturbation evolution equations
have the same process but more complex.

We focus on scalar perturbation in the IDE model. The perturbed metric can be
expressed as

6g01 — _azB,ia
6gij = az(ZHL(S,-j + 2D;Hr),
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Interacting dark energy (IDE) model and the large-scale
Instability

» A brief review of cosmology perturbation theory

The same as background evolution, cosmology perturbation evolution equations

have the same process but more complex.
We focus on scalar perturbation in the IDE model. The perturbed metric can be

expressed as

08y = —a’B,,
6gij — az(ZHL(S,-j + 2D;;Hr),
The perturbation of the stress-energy tensor can be expressed by another four
variables. 5TO — _op.
5Ty = —(p + p)oW,
5T} = épd' + TI.
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Interacting dark energy (IDE) model and the large-scale
Instability

» A brief review of cosmology perturbation theory 6G,, = 87G6T,,

Then we should be careful to take the above perturbations into perturbed Einstein
equation,

o) l ; ] 7 -
V?H; + 3H(HA - H}) - HV’B - Ezaja’D-;'HT = —4nGa*ép .

o) o) l ; [ o)
HV’A = V’H] + 50 j0'D/HY + 4nGa*(P + p) (@ —kB) =0,
. | , o
—0'0;[H.+ A=2H(B+ H})— (B+ Hy)'] + EVED}HT = 87Ga’ll; .

HA" + QH' + HHA + %Vz(A + Hyp) —2HH,

2 l o) l i [ 2 -
~H - E‘HVEB -~ 5v—B*’ —~ Eo‘a_jD{HL = 4nGa 6P .

2019/8/16 Cosmology 2019 session of the Rencontres du Vietnam 5



Interacting dark energy (IDE) model and the large-scale
Instability

> A brief review of cosmology perturbation theory

We can also derive the perturbation evolutions using conservation law Y/ “Tﬁj — 0
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Interacting dark energy (IDE) model and the large-scale
Instability

> A brief review of cosmology perturbation theory
We can also derive the perturbation evolutions using conservation law Y/ #Tﬁj — 0

When v=0, we have continuity equation

op" +3H(6p + 6P) + (p+ PYBH; +kv) =0
When v=I, we have Euler equation

[(0+ P)v—DB)| +4H(p + P)(v — B) — koP + %kl’[ —(p+ PkA =0.




Interacting dark energy (IDE) model and the large-scale
Instability

> A brief review of cosmology perturbation theory
We can also derive the perturbation evolutions using conservation law Y/ “Tﬁj — 0

When v=0, we have continuity equation

op" +3H(6p + 6P) + (p+ PYBH; +kv) =0
When v=I, we have Euler equation

[(0+ P)v—DB)| +4H(p + P)(v — B) — koP + %kl’[ —(p+ PkA =0.

A, B, H;. Hr two of them are independent _

} 6 variables
(Spa oP, v, II
four Einstein equations and the above two equations } 4 ’
but only four of them are independent equations

2019/8/16 Cosmology 2019 session of the Rencontres du Vietnam 6



Interacting dark energy (IDE) model and the large-scale
Instability

» Interacting dark energy model
Why Interacting? Cosmic coincidence problem

How to consider interaction? transfer rate: Q v, 7/ = QF, ¥,0/ =0



Interacting dark energy (IDE) model and the large-scale
Instability

» Interacting dark energy model

Why Interacting? Cosmic coincidence problem

How to consider interaction? transfer rate: Q v, 7/ = QF, ¥,0/ =0

A general form Qi =a(—Qi(1 +A) — 801, [f; + Q1(v — B)],)| [Kodama & Sasaki 1984]

The energy and momentum perturbation equations are modified.

610:’ + 37‘((5,0; + (SP;) + (p; + P;)(SH;_ + 9;) = {I((SQ; + AQ;) ,

[(o; + P1)(vi — B)]" + 4H(p; + P;)(v; — B)

—k[oP; + (p; + Pp)A] + %kH =a(fi+ Q;(vi—B)) .

Einstein equations are unchanged.

2” I 9,8, | B Cosmo|ogy EUIg session OI Hie ﬂenconfres au Ulefnam ’



Interacting dark energy (IDE) model and the large-scale
Instability

» How to complete the equations? Traditional method

1. Fordarkenergy, I1,=0



Interacting dark energy (IDE) model and the large-scale
Instability

» How to complete the equations? Traditional method

1. Fordarkenergy, I1,=0
2. Sound speed and adiabatic sound speed

T, ' W
2 _ 0P 2_U —y

C._ﬁp f
ST ‘

" } — B
5p = ¢gép + (¢ — f‘f)(% — 7 )




Interacting dark energy (IDE) model and the large-scale
Instability

» How to complete the equations? Traditional method

1. Fordarkenergy, I1,=0
2. Sound speed and adiabatic sound speed

T, ' H}”
% 2V

C._ﬁp f
ST ‘

o) v — B
o= oo+ (@ - oo - )

k
Then the energy and momentum equations become

1B
L3+ wpH,

87 + 3H (2, — wpdp + (1 +wpkvy + 9H (2, — 2 (1 + wy)

aQy Caqy2 2 Vvi—Bloa
= o lA —0r + 3}‘{({““.‘, — ('HJ} 2 l + E(!J'Q.f
c?
(vi — BY + H(1 =32 ) (v — B)) — ——ksy — kA
’ | + Wy

afi

aQy n_ -2 )y —
Ix B —(1+cip0 B}I N (1 +wppr

1+ wr)pr

W



Interacting dark energy (IDE) model and the large-scale
Instability

» Large-scale instability [valiviita et al. 2008]

In Newtonian gauge and early radiation era, with a phenomenological model
Q! = —QF = —36Hp.u’
Non-adiabatic initial conditions
= Ag(kn)"s, U = Ay (kn)"e,
or = By(kn)", kv = Ci(kn)*.
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Instability

» Large-scale instability [valiviita et al. 2008]

Interacting dark energy (IDE) model and the large-scale

In Newtonian gauge and early radiation era, with a phenomenological model

Q)= _Q&; = —306Hp.u;

Non-adiabatic initial conditions

® = Ag(kn)"=, U = Ag (kn)".
51= By(kn)", kvy = Cy(kn)".

Take them into the former equations, we get

—(1 +2w) £+ J3w2 =2

ng = when —1 < w < _\f%’ ng >0

| +w
Coupling O = Fp, with T/H, = -5e-7 and w_=-0.87
16 = o
10 k = 7e-5 Mpc™ \ 10
ot |7 k= 1503 Mpc™ of 10™
—k =5 Mpc™' 10"
10° 10* |
. 10* |
7 10 = |
10° 107}
_lc_“"J i
-4
10 10
]
107" or
107"

Coupling O = 'I'pc with 'I'."H“:I =-0.1 and w_ = —0.87

k= 7e-5 Mpc ™'
- - =k = 1.5e-3 Mpc™
—k=5Npc™

L |'r:1u:|- ation—matter elguality

| Valiviita et al. 2008



Parameterized Post-Friedmann (PPF) framework for IDE
Scenario

A parallel treatment of parameterized dark energy.
» How to complete the equations? M PPF approach [Hu 2008]

Under comoving gauge pA = ép, and the subscript T is used to refer to all the
components without dark energy

larger scales: Parameterization of effective dark energy
. 4?6(?2 1’,:}'9 - VT
s g Pie TP T

smaller scales: Poisson-like equation

|
= —?ﬁ; (a)ky V7

¢ = dnGa* prAr/I°
Use a dynamical variable I" to meet the two conditions.

O+ 1 = 4.1(;({- Pr AT
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Parameterized Post-Friedmann (PPF) framework for IDE
Scenario

» How to obtain the differential equation of I'?

1. kgy>1 T —=0

41Ga?

2. ky < 1 take the derivative of both sidesof © + T =

imI”" =S —HT
k<1 [Hu 2008, Li et al. 2014]

3
{ (Pde + Pae) — Je(pr + Pr)]kVy + é[Qc(V - Vr) + fel + a(AQ, + é?Q.:-)}

prAr

4nGa?
k2

S =



Parameterized Post-Friedmann (PPF) framework for IDE
Scenario

» How to obtain the differential equation of I'?

1. ky>1 T —0

47Ga?
){.'2

2. ky < 1 take the derivative of both sidesof © + T =

imI" =S —HT
k<] [Hu 2008, Li et al. 2014]
B dnGa?

3
S = 2 {[(Pde + Pge) — fopr + Pp)]kVr + k—;[Qc(V - V) + fel + a(AQ. + é?Q.:-)}

So we can obtain the differential equation of I

prAr

(1 + k)T + HT + EkfHT] = S

The energy density and velocity perturbations of dark energy are
Vae—=Vr kT
ki AnGa?

PdeDie = =3(Pge + Pge)

—k 4nGa*(pge + Pae)

Vie = Vr = S—T"—HT+
T 4Ga(pge + Pao)F HE+ [ k

Vr
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Scenario

Parameterized Post-Friedmann (PPF) framework for IDE

PPF framework can avoid the large-scale instability mentioned above.
QF = —0% =—306Hp.u’

10° ¢ ' ‘ ' ' 3
[ =+=-=dark energy
e clark matter E
102;— — - —baryon ; 3
[ ====photon ks ]
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[Lietal. 2014]



Parameterized Post-Friedmann (PPF) framework for IDE
Scenario
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System divergence when w closes to —1 in PPF framework

Now consider the perturbation equations of dark energy again

Ve — Vi k2T

PdelAde = =3(pde + Pge)

ky  4nGa>
—k 4nGa*(pge + Pae)
Vie = Vr = S —T"—HT ' 2V,
T 4G A (pge + Pae) F { HE+ 1. k !
pee(1+w) 111 Diverge when w closes to -1



System divergence when w closes to —1 in PPF framework

Now consider the perturbation equations of dark energy again

Vde - VT /\ZF

PdeAde = —=3(Pde + Pae)

ky  4nGa>
—k 4nGa*(pge + Pae)
Vie = Vr = S —T"—HT ' 2V
T 4G A (pge + Pae) F [ HE+ 1. k !
pee(1+w) 111 Diverge when w closes to -1

Dose this divergence really matters?

lim I" =S —HT , SO itis safe when &k, < 1

k<l
In our analysis, /- = 0 and I' — 0 when &y > 1

S—-T"—HI'=S

4nGa?

S =
k2

3
{ (Pde + Pae) = fr(pr + Pr)kVr + ﬁ[Qc(V - V) + fel +a(AQ, + (‘EQ.:-)}

W



ky >
Non-interacting case

S

perburbation variables
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System divergence when w closes to —1 in PPF framework

47TGf12(Pde + Pd(’) :|
k vr

{([(pge + Pa) — f-(pr + pp)1kVy}  proportional to pge(1 +w)
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System divergence when w closes to —1 in PPF framework

S—1"—HI'=0
47TG£12(Pde + Pde’)
k

—k
4JTGQ2(pdy + Pde)F

Vae = Vr =

[s-r’—f}{rﬂg VT]

ky>1 S—T/—HD =S

Interacting case May cause divergence

47Ga?
S = B

3
{[(Pde + Pyo) — fepr + Pr)1kVr + é[Qc(V = Vr) + fel + a(AQ. + €Q. }

Qﬁe = 3BHp.u!
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—
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<
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System divergence when w closes to —1 in PPF framework

» The effects of divergence of v,

When consider a interacting model Q/, = 35Hp.u!
perturbed continuity and Euler equations of dark matter are

8.+ kv. + 3H], = —3aHpA,

But for another model Q). = 38Hp.u),

8l +kve|+ 3H, = —3aHj3A,
(. = B) + H(v — B) — kA = 3aHB (v, —|vac]

The divergence of v, may affect the evolution of dark matter, which may cause
the divergence of density perturbation of dark matter

This condition occurs when Q is proportional to uy,
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System divergence when w closes to —1 in PPF framework

e = 30Hp.uj,

w=—0.9 ] 10MF = ez = 10 e, w=—-09 |

perburbation variables
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System divergence when w closes to —1 in PPF framework

» How to avoid this divergence?

First check the widely used IDE model

0! = =0y, = ~36Hp.u; Q= a(=0Qi(1 + A) — 601 [fy + Q1(v — B)];)
the energy and momentum transfer perturbation are
Qe = —0. = 30Hp..
§Q4e = —6Q, = 33Hp, ..
fie = = = 30Hp[] = ).
The main reason of diverging



System divergence when w closes to —1 in PPF framework

» How to avoid this divergence?

First check the widely used IDE model

Q) = —04 = -36Hpu/ Q4 = a(=Q(1 +A) — 60;. fy + Q1(v — B)i)

the energy and momentum transfer perturbation are

Qée = —Qc = 3'3Hpc.
0Qge = —00, = 338Hp. 6.
f;ff’ — _fc — 3‘3H-Oc — 1_:).

The main reason of diverging

Can we construct a model that momentum transfer perturbation is proportional to
(1+w)v?
If w closes to —1, (1+w)v will not diverge.
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System divergence when w closes to —1 in PPF framework

» How to avoid this divergence? | 0! = a(—Q;(1 + A) — §0;. [f; + Qi1(v — B)1,)

energy transfer perturbation is proportional to p;0; , which is s77 ,
OIA + 0Q; < pyo; + pA
momentum transfer perturbation is proportional to (o, + p;)v , which is 6T,

f:f + OQ;(v — B) x (PJ + p;))(vyy — B)



System divergence when w closes to —1 in PPF framework

» How to avoid this divergence? | 0/ = a(—Q;(1 + A) — 801 [f; + Qi1(v — B)])

energy transfer perturbation is proportional to ps0; , which is 679 ,
QA + 0Qr o pso; + psA
momentum transfer perturbation is proportional to (o, + p;)v , which is 6T,
fi + O1(v = B) < (p; + p;)(vy — B)

The final formats are

Qde = _QC = thHf)r
0Q4. = —0Q, = 3fo5[&
Qde(“ - B) + fd.e — _Qc(i" — B) _ }(0 — BiH(pr + p;rr)(“:f - B)

If x=c, the above results are same as the widely used case.
If x=de, the only difference is momentum transfer perturbation, which is
proportional to (1+w)v,, rather than v,
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» How to avoid this divergence?

If x=de, the perturbed continuity and Euler equations will be

System divergence when w closes to —1 in PPF framework

{Si —|— !’\'V(- —|— 3H£ — —¢ F New parameterization _ ]00
P 4l w = ~0.9999 — ]
c 10 ? gt ""--..ﬁ.. - - = 10
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3aBH (1 NaGH
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» How to avoid this divergence?

If x=de, the perturbed continuity and Euler equations will be

3aBHp,;,A

Pe
(v —B) + H( — B) — kA

S+ kve + 3H, = —

il

3aBH R NasH
_~a }Oa'e(v B) — E“ Pde B)

e —

Pe )

A general parameterization

Qde = —0c = Gp. + C2 e
SQdE = —6QC = D]{S,O(. -+ Dgﬁpdg,
Que(v — B) + fgo = —0c(v — B) — f,

=Ei(p. + p.)ve — B) 4+ E2(py. + Pye) Vae — B)

System divergence when w closes to —1 in PPF framework

at w = —0.9999

- -
—————

102;, "‘-n

New parameterization
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H, tension? |DE With Planck 2018 data  1908.04281

Interacting dark energy after the latest Planck, DES, and H, measurements: an
excellent solution to the H; and cosmic shear tensions

Eleonora Di Valentino,!' * Alessandro Melchiorri,>3 T Olga Mena,*'* and Sunny Vagnozzi® % 7%

80 I Planck I DES
I Planck+R19 I Flanck
0.4 A BN Planck+DES
76 1
0.3 -
S 72 1 g
I
G 0.2 -
.
68 -
~— 0.1 -
64 ] T T T T D-O T 1 T I ]
-1.0 -0.8 -0.6 —-0.4 -0.2 0.0 0.0 1.5 3.0 4.5 6.0
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Conclusion

As the dominant components of the universe, dark energy may interact with
cold dark matter in a direct, non-gravitational way, which can help overcome
several theoretical problems.

Dark energy is usually considered as a non-adiabatic fluid. The perturbation
equations are completed by defining the sound speed and adiabatic sound
speed. However this may cause the early time large-scale instability.

Under PPF framework, there is no need to calculate the density and velocity
perturbations, which can avoid the instability successfully.

However under PPF framework, when Q is proportional to ug, the system
may be diverging when w close to -1. We propose a general parameterization
which can be used safely. The interaction between dark matter and dark
energy may be further explored by using the general parameterization in
future work.

2019/8/16 Cosmology 2019 session of the Rencontres du Vietnam 23



"\ Thank you!

2019/8/16 Cosmology 2019 session of the Rencontres du Vietnam 24



References

* Hu, W. 2008, PhRvD, 77, 103524

« Ma, C. P., & Bertschinger, E. 1995, ApJ, 455, 7

« Viliviita, J., Majerotto, E., & Maartens, R. 2008, JCAP, 07, 020
 Li,Y.H., Zhang, J. F., & Zhang, X. 2014, PhRvD, 90, 063005

 Costa, A. A., etal. 2014, PhRvD, 89, 103531

2019/8/16 Cosmology 2019 session of the Rencontres du Vietnam

29



