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our fr ameworK...

In the context of the presenly established
.. cosmobgical picture, we assume the dark energy
74% Dark Energy being given by a quintessenc scalar Peld:

q.2
e = éluz+ V(")

4% Atoms

fr om the WMAP team

and we Intr oduce a coupling between the dark energy and the dark
mater in the form:

; I
M+ 3H U+ d\;l(.) = 1" (#)%n
0 RSHT = P OAG &
I+ 3H! =0
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Interacting Dark Energy - main f eatures

fr om the modiPed background equations it is p ossible t o derive:

variable dark matter mass

m(1) = moexp " [ C#(Hdl! = mo! me(!)
maodibed background evolut ion: H(a) — H(a,! ("))

For w hat ¢ oncerns linear density 3uc tuations, the e volution equat ion is
modiPed as follows:

A | ¢
2+ (2 T 32 (1+ 2"2)!b!b oy

2 .
varying DM
particle mass

We implement the se new features in GADGET
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Implementat ion of dark interactions in GADGET

1) The Hubble fu nction and the ma ss variat ion are compued with a
linear p erturbation code (CMBE&y) and updated in the N -body code at
each t imestep;

2) An additional acceleration due t o the c osmobgical e xtr a fr iction Is
Imprinted to all particles at each t imestep;

3) The gravitat ional interaction is compu ed separately f or CDM particles
and for b aryons, both in the tr ee algorithm and in the PM a Igorithm
according t o the In teract ion scheme:

m = mgp! M, G:bc m = Mg
L
Gi =Gy(@+ 21!)
: : J N o k]
Gcc be
m = mg! m, m = Mg
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The parameters of o ur models

We consider a series of quintessene models with in verse power p otential:
| 4+ !

with c ongant ¢ oupling t o CDM and no coupling t o baryons, and with the
cosmobgical parameters set a ccording t o the WMAPS results:

Model | Slope ! Cauplingto CDM "¢ l cowm 0.213
il e : : ! DE 0.743
RP1 0.143 0.04
RP2 | 0.143 0.08 b 0.044
RP3 0.143 0.12 Ho 719 km s ! Mpc' ?
RP4 0.143 0.16
RP5 0.143 0.2 g Sl
RP6 2.0 0.12 i 0.963
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Numerical t ests - the Gr owth Factor

With a set of low resolution simulations we test the linear growth

of densty [Ructuations by compuing the evolution of the mater
power spectr um amplitude at different redshifts.

Growth function for different interacting dark energy models

Lpox = 320h' 1M pc

N =2! 128

mp! 1.9410'h" *M.
me(z= 0)! 9.2410'*h M.

the accuracy Is at the
percent level for all
the values of the
coupling.
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The Simulat ions

For four of the models discussed before (#CDM, RP1,RP2, RP5) we run high
resolution hydrodynamical simulations including all the modibcations
described above, nor malizing densty f3uctuations with the same ! gtoday.

Lbox = 80h' 'Mpc | me(z= 0)! 2410 h Mg

Nests O 5158 my,! 5410’ h' M.

1, = 3.5h" 'kpc zi = 60

In addition, we run other two simulations with the same numerical settings
but switching off the hydrodynamic forces acting on baryons (#CDM NO

SPH RP5 NO SPH).

Findly, we ran a last simulation with the largest coupling value but with the
sane initial conditions as the #CDM one (RP5NO GB.

ALL the simulat ions have the sam e random phases.
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Results : Baryon-CDM bias

Integrated bias (as debned In ).

b(<R)" & %
%, (< R)" &

B(< R) !

Integrated Bias for Group nr. 1

-At large radii the linear bias
IS recovered

-The bias I1s enhanced in the
iInner region both Dby
hydrodynamic effects and by
the extr a scalar interaction

ACDM NO SPH

77 DR -The scalar beld effect is

° clearly visible In case of
purely collisionless simulat ions

M,oo(ACDM) = 1.57836e+14 h™' M

2000 3000 4000 5000 6000
R (h™' kpc)
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Results : Halo densty p roPles

We compae densty probles of baryons and CDM for those halos in our
group catalogue that can be identiPed as being the same object in the four
different simulations

- The Inner densty of both
baryons and CDM decreases
with increasing coupling;

Halo Density profiles for CDM and baryons for Group nr. O

- The sanme trend appears In
the vast mgority of the
halos In our sampk (mae
than 150 halos);

- This result I1s In contr ast
with Macci™ et al [2004]
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Halo Density profiles for CDM and baryons for Group nr. O
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Results : Ha lo concentr at ions

I CDM

RP1

RP2

RP5

RP5 NO GF

We bt our densty proPles with
an NFW shape:

(p(r)) £ 0
Pcrit /] NFW %(14_ % £

and we compute halo
concentr ations for the 200
most massive halos in our group
catalogue

r -
C b VIT

[s
The decrease of concentr ation
with coupling DOES NOT
depend on the initial

[Buctuat ion amplitu de!!
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Caoncluding...

We tested coupled dark energy cosmobgies with congant coupling function
to CDM particles for a range of possible coupling values by means of

cosmobgical N-body simulations of str ucture formaion, improving statistics
with respect to previous worKks.

We bnd that the coupling imprints a universal linear bias between the
amplitu de of baryon and CDM densty Ructuations, and that this bias is
enhancaed inside nonlinear str uctures.

We also Pnd, contrary to previous works, that halo densty proPles get

shallower In the inner part of masswve halos with increasing value of the
coupling.

As a conseqguen®, halo concentrations at z=0 are signiPcantly reduced In

coupled dark energy models with respect to #CDM, proportionally to the
value of the coupling.
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a bit of p ropaganda...

Our modibed version of GADGETcan handle:

- Specibc expansian history for any parametr ization of dark energy;

- Variation in time of the gravitational interaction of baryons and CDM
separat ely;

- Variation in time of particlesOmass separately for baryons and CDM;

New features will keep being added...

Sq If you have any Iinteresting dark energy model with one, some, or all of
these features, and you are interested In testing its effect on cosmc
str ucture formaion...
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Integrated Bias for Group nr. 1
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Mass correction for different CQ models Hubble function for different CQ models
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Intr oducing dark energy...

74% Dark Energy

fr om the WMAP team

what Is the fu ndamental nature of DE and DM?
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Models of dark energy

3jpf=p A

dark energy must have: Wpg! — <" 2

IpE 3

ettt = | DR AF10 ergicm?

Wi =l
cosmobgical t er m (classical) 1, 1 10" %rg/ cm®
Vacuum energy (quartu m) lvac ! 10M%erg/ cmd
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Models of dark energy
w E "1
Gereralized Lagrangian:  p(!,")

k-essene: p(!,")=K()p(")

Kinetic phantom: p(!,")=1" + V(!)

guintessene: p(!,") ="+ V(!)

M+ 3HIU+ d_v_ 0

d!

Marco Baldi - In teracting Dark Energy - 22 /012008



Quintessene - s caling solut ions

a scaling solution is a scalar Peld tr ajectory on which the
equaion of state Is congant:. w; =const.

Scaling solutions are attr actors!!

2 potentials realize a scaling:

exponent ial Rar a-Peebles
V()= Mg Kol V()= Mt
| | | ! .
Wi =wg ! — =const. | w = B L e )
' B ' =+ 2 "B
« Sovesthe Pnetuning| e Solves the Pn e tu ning
 Natural fr om ST e Late DE dominat ion
*Why ever ? *Why now?
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Interact ing Dark Energy - M ot ivat ions

Why speculating about a p ossible interaction between Dark Energy and
Dark Matter?

g Why not?
No symmetr y principle requires DE and DM being uncoupled (

)

g Fundamental problems why now?

Dynarmical DE eases the bn e tu ning problem but do esnDa ddress the
coincidence problem.

g Discrepancies between theo ry and obser vat ions for L CDM

Sa ellite problem and Ocisp-coreOproblem could disappear (or g et
worse!) in presence of ¢ oupling.
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Interact ing Dark Energy - b asic equat ions

Eingein Peld equations G, = 2T,
Gereral Covariance requires: ! GV =0" | ,TF =0

vV

T = D0 TS ERE RO = 4 il) s allowed
i

so we can have a coupling between the DE s calar peld an d
the DM 3ui d in the f orm:

2
| THE S E e

3 modiPed conser vat ion equat ions

! H'|'||1(m) - n g!" (#)T (M) # modibed dynami_cs of the Rui ds
¢ 3 -
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Interacting Dark Energy - b asic equat ions |

.with al ittl e algebra we get the ( coupled!) dynamic equat ions for the
scalar Peld an d the matter [3ui d:

1 N D

'Q + 3H!, = ' \/%'" (#)$m#

fr om the se equaions it is p ossible t o derive:

variable dark matter mass

FLseh i
m(') = meexp £" [ °#(Hd!' = moFm ()

modibed background evolut ion thr ough a phase-space analysis
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variat ion of particlesOnass

Wl |

. - d
Fu (1) =exp 24T )

Mass correction for different CQ models

M LIhA
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ModiPed background evolut ion

The full set of d ynamic equat ions + the Friedmann equdion can be
analyzed In phase space t o bnd the cr itical p oints of the sys tem.

This shows the e xistence of tw o distinct r egimes.

weak coupling regime ( |! | < 3) 2
g late-t ime accelerated DE attr actor

q$ -MDE epoch (Early DE,! §" = 41)/ 9
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ModiPed background evolut ion
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weak coupling regime: the - MDE epoch
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weak coupling regime: the e ffect o n equivalence

Equivalence in ACDM and RPS

Marco Baldi - In teracting Dark Energy - 22 /012008



weak coupling regime: the e volut ion of the Hub ble fu nct ion

Hubble function for different CQ models
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Perturbations in CDE - main f eatures

If we now perturbt othe Pr storder in all the quan tities the c oupled
dynamic equat ions

bl TR CA ) | 48

after some algebra and intr oducing we get the perturbations eq.for
the matter [3ui d (now including also uncoupled baryons).

3

; ' 4
2+ (2H ! 2H" x)IY ! EH2 (1+ §"2)+!b!b =0

varying DM
particle mass
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Perturbations in CDE - the g rowth f actor

Densty p erturbations will grow in a different wa y in a c oupled dark
energy cosmobgy:

Initial conditions for N-body simulat ions will have t o be modiPed
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Interaction scheme in a C DE cosmobgy

m = moFM G:bc 11 = ITlg
e
: : F. = 4'| |
Geo s Gj =Gn(1+ 3! i)
m = Mok M = I

N-body codes of str ucture f orma ion must be mo diPed in ordert o
account f or th Is new physics in the da rk sector, implement ing:

g variable DM particle mass
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Implementat ion of CDE in GADGET4 main steps

| -ther elevant quantites (Hubble fu nction, coupling, mass correction,
DE kinetic term, growth f actor) as a fu nction of z a re compu ed with

a linear perturbation code (CMBE®y, ) and given
as an inputt o GADGET

Il - the In Itial conditions are rescaled according t o the different
growth f actors and cosmobgical e volut ion (nor malizing t o the same og
today). Also velocities have t o be r escaled accordingly.

Il - the p roperties of tr ee nodes and the g ravitational p otent ial
on the g rid (for the PM pa rt) are evaluated separately f or the DM
and baryon distr ibut ions

IV - The gravitational acceleration is compued for each particle
according t o the n ew Gpecies- dependert g ravityO
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the Ma ss Function of dark matter halos

Box Size = (160 Mpe)”

z = 0.00000

i
=
£
=
s
=

ACDM
AP
RP2
FF3
RP4

RP&
—ieie= Jenkins et al.
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The coupling bias. Power Spectr um

Power Spectrum of ACDM Power Spectrum of RPS

100000 ' 100000
Z=0.00000 Z=0.00000

Dark Matter Dark Matter
Baryons Baryons

1.0 10.0 . 1.0 10.0
k[hMpc'] k[hMpc']

The baryon bias due to the ¢ oupling affects
all scales
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growing matter - a ¢ oupled neutr Ino scenario

If we ha ve 2 distinct DM f amilies, one of them ¢ an also
be str ongly coupled

late t ime scaling attr actor U solution of the Owy now?0
problem

...however:

* the c oupling and the p otential
slope have t o be tu ned (both!) In
ordert o get the ob served
cosmobgical parameters

* an additional (unknown) DM
particle has to be intr oduced
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growing matter - a ¢ oupled neutr ino scenario I

Idea: coupled neutr inos (with a n egat ive coupling)

1 During the matter dominated scaling:
0.8 : - H
L0615, - Vo L s ok T #e 3 0
S04
02,7 ™. , Pg tr iggers the Pnal scaling attr actor:
() |em==s e e L S sy dV %
~10 -8 -6 -4 -2 0 el W SRR
log a d! M 7

g no new unknown particle has to be intr oduced

g neutr ino mass increases (cosmobgical bo unds on neutr ino mass do
not a pply)

g the f eatures of the Pna | scaling attr actor can be related t o the
measured neutr ino (average) mass
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growing matter - a ¢ oupled neutr ino scenario Il

1 3
lpe =11 L 4= 11 !_|_1+"2(!_|_1)2
1
w=11+
(Ps1)
foral arge value of 1 we g etf or the
m, (to)
(o) =
o(to) = ey
' my (to) 1/ 4 ) 3
I hito) ! LR (t = 1.07 ' 10 “eV
h (to) 1657 [! h (to)] my.
w=11+ m: (o) =m, < 2.4eV for w< ! 0.8
12eV

Marco Baldi - In teracting Dark Energy - 22 /012008



Summary:

- The nature and the phen omenological behavior of da rk energy
cong itute a puzzl e for cosmobgy that a simpl e cosmobgical congant
doesnDa ddress in a fu lly satisfactory way;

- St andard scalar Peld mo dels of d ynamic dark energy can ease the bne
tu ning of the da rk energy density b ut do nDsol ve the ¢ oincidence
problent

- The intr oduct ion of a ¢ oupling f or the s calar Peld c ould be a sol ution;

- The bfth- force arising fr om the c oupling would | ikely affect bo th the
linear an d nonlinear r egimes of str ucture formetion, the refore requiring
an appropriate tr eat ment in N -body codes,

- A possible coupling t o neutr inos would r ealize the o ptimum scenario of
tw o0 subsequen s caling regimes, and would r elate the p roperties of the
Pnal attr actor t o the n eutr ino mass then sol ving the c oincidence problem.
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iImplementat ion of CDE in GADGET

the e ffect of the ¢ oupling on the tr ansfer fu nction of the p ower
spectr um might be r elevant and ICs might
have t 0 be modiPed accordingly
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Intr oducing dark energy...

74% Dark Energy

fr om the WMAP team

95% of the Un Iverse is made of dark components!!!
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