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fr om the WMAP t eam

our fr amework...

In the  context  of the  presentl y established 
cosmological pictu re, we assume the  dark energy 
being given by a quintessence scalar Þeld:

! de =
1
2

ú" 2 + V (" )

ú! b + 3H ! b = 0

[C. Wet ter ich, 1988]

¬! + 3H ú! +
dV(! )

d!
= !" (#)$m

! !" (#)$m
ú#ú! m + 3H ! m =

and we intr oduce a coupling between the  dark energy and the  dark 
mat ter in the  for m:

[C. Wet ter ich, 1995]
[L. Amendola, 2004]

[P. J. E. Peebles and B. Rhatr a, 1988]



Int eract ing Dark Energy - main f eatu res

fr om the modiÞed background equat ions it is p ossible t o der ive:

�q modiÞed background evolut ion: H (a) → H (a, ! (" ))

�q var iable dark mat ter mass:

m(! ) = m0exp
!
"

" ! 0

! #(! !)d! !
#

= m0! mc(! )
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extr a-fr ict ion t er m modiÞed gravitat ional
int eract ion

varying DM
part icle mass

For w hat c oncerns linear density ßuc tuat ions, the e volut ion equat ion is 
modiÞed as f ollows:

¬! c + (2H ! 2"
ú#

M
) ú! c !

3
2

H 2 !
(1 + 2" 2) ! c! c + ! b! b

"
= 0

We implement the se new f eatu res in GADGET [V. Spr ingel, 2005]



Implementat ion of da rk int eract ions in GADGET

1) The Hubble fu nct ion and the ma ss var iat ion are computed with a 
linear p er tu rbat ion code (CMBEasy) and updated in the N -body code at 

each t imestep;

2) An addit ional accelerat ion due t o the c osmological extr a fr ict ion is 
impr inted t o all par t icles at ea ch t imestep; 
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3) The gravitat ional in t eract ion is computed separately f or CDM part icles 
and f or b aryons, both in the tr ee algor ithm an d in the PM a lgor ithm 

according t o the in teract ion scheme:

÷Gij = GN (1 + 2! i ! j )÷Gbb

÷Gbc

÷Gcc

m = m0

m = m0

m = m0! mc

m = m0! mc

[L. Amendola, 2004]



The parameters of o ur models

We consider a se r ies of quintessence models with in verse power p otent ial:

V (! ) =
! 4+ !

! !

with c onstant c oupling t o CDM and no coupling t o baryons, and with the 
cosmological parameters set a ccording t o the WMAP5 results:

Model Slope ! Coupling t o CDM " c

#CDM 0 0

RP1 0.143 0.04

RP2 0.143 0.08

RP3 0.143 0.12

RP4 0.143 0.16

RP5 0.143 0.2

RP6 2.0 0.12

ModelÕs parameters

The same models as in Macci˜ e t a l (20 04)

0.213

0.743

0.044

 71.9 

0.769

0.963

Cosmological parameters

! C D M

! DE

! b

H0 km s! 1 Mpc! 1

σ8

n
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Numer ical t ests - the Gr owth Fact or

With  a set  of  low resolut ion simulat ions we t est  the linear  growth 
of  density  ßuctuat ions by comput ing the  evolut ion of the  mat ter 
power spectr um amplitu de at  dif f erent  redshif ts.
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Growth function for different interacting dark energy models
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mb ! 1.9 á1011h! 1M "

mc(z = 0) ! 9.2 á1011h! 1M "

N = 2 ! 1283

L box = 320h! 1M pc

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

In addit ion, we run othe r tw o simulat ions with  the  same numer ical set t ings 
but  swit ching off  the  hydrodynamic forces act ing on baryons (#CDM NO 
SPH, RP5 NO SPH).

Finally, we ran a last  simulat ion with  the  largest  coupling value but  with  the 
same init ial condit ions as the  #CDM one (RP5 NO GF).

All the  simulat ions ran on 64 processors on the  OPA cluster  @RZG

ALL the simulat ions have the sam e random phases.

N = 2 ! 5123

Lbox = 80h! 1Mpc

! g = 3.5h! 1kpc

mc(z = 0) ! 2 á108 h−1M"

mb ! 5 á107 h! 1M"

zi = 60

For  four of the  models discussed before (#CDM, RP1, RP2, RP5) we run high 
resolut ion hydrodynamical simulat ions including all the  modiÞcat ions 
descr ibed above, nor malizing density  ßuctuat ions with  the  same     t oday.! 8



Results : Ba ryon-CDM bias [M.Baldi et a l., in p rep.]

Int egrated bias (as deÞned in Macci˜  et  al. [2004]):

B (< R) !
! b(< R) " ø! b

ø! b
· ø! c

! c(< R) " ø! c

-At  large radii the  linear  bias 
is recovered

-The bias is enhanced in the 
inner r egion bot h by 
hydrodynamic ef f ects  and by 
the  extr a scalar int eract ion

-The scalar  Þeld ef f ect  is 
clear ly visible in case of 
purely collisionless simulat ions
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Results : Ha lo density p roÞles [M.Baldi et a l., in p rep.]
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We compare density  proÞles of baryons and CDM for those halos in our 
group catalogue that  can be ident iÞed as being the  same object  in the  four 
dif f erent  simulat ions.

-  The inner density  of both 
baryons and CDM decreases 
with  increasing coupling;

-  This result  is in contr ast 
with  Macci˜  et  al [2004] 

-  The same tr end appears in 
the  vast  major ity  of the 
halos in our sample (more 
than 150 halos);



th is work Macci˜ e t a l., 2004
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Results : Ha lo concentr at ions [M.Baldi et a l., in p rep.]

The decrease of concentr at ion 
wit h coupling DOES NOT 
depend on t he i nit ial 
ßuctuat ion amplitu de!!
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We Þt  our density  proÞles with 
an NFW shape:

and we comput e hal o 
concentr at ions for  the  200 
most  massive halos in our group 
catalogue

(
ρ(r)
ρcrit

)

NFW

=
δ!

r
rs

(1 + r
rs

)2

c =
r vi r

r s

Deser ves  fu r the r in vest igat ion!!
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Concluding...
We tested coupled dark energy cosmologies with  constant  coupling funct ion 
t o CDM part icles for a range of possible coupling values by means of 
cosmological  N-body simulat ions of str uctu re for mat ion, improving stat ist ics 
with  respect  t o previous works.

We Þnd that  the  coupling impr ints  a universal linear  bias between the 
amplitu de of baryon and CDM density  ßuctuat ions, and that  th is bias is 
enhanced inside nonlinear  str uctu res.

We also Þnd, contr ar y t o previous works, that  halo density  proÞles get 
shallower in the  inner par t  of massive halos with  increasing value of the 
coupling.

As a consequence, halo concentr at ions at  z=0 are signiÞcantl y reduced in 
coupled dark energy models with  respect  t o #CDM, proport ionally t o the 
value of  the  coupling.
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a bit of p ropaganda...

Our  modiÞed version of GADGET can handle:

-  SpeciÞc expansion hist or y for any parametr izat ion of dark energy;

-  Var iat ion in t ime of the gravitat ional int eract ion of baryons and CDM 
separately;

-  Var iat ion in t ime of par t iclesÕ mass separately for  baryons and CDM;

New f eatu res wil l k eep being added...

So, if  you have any interest ing dark energy model with  one, some, or  all of 
the se featu res, and you are interested in t est ing its ef f ect  on cosmic 
str uctu re for mat ion...

mbaldi@mpa-garching.mpg.de



mbaldi@mpa-garching.mpg.de



th is work Macci˜ e t a l., 2004
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Mass correction for different CQ models
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intr oducing dark energy...

what is the fu ndamental natu re of DE and DM?

what ma kes the DE density t oday so small (b ut n ot z ero)?

why DE and DM density a re comparable exactl y now?

fr om the WMAP t eam
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Models of da rk energy

dark energy must ha ve: 

! D E ,0 = ! obs
D E ,0 ! 10! 10erg/ cm3

wD E !
pD E

! D E
< "

1
3

Cosmological c onstant: w! = ! 1

cosmological t er m (classical)

Vacuum energy (quantu m)

120 orders of magnitu de off!!

! ! ! 10110erg/ cm3

! vac ! 10110erg/ cm3



Marco Baldi - In t eract ing Dark Energy - 22 / 01/ 2008

Models of da rk energy

Scalar Þelds w! != " 1

Generalized Lagrangian: p(! , " )

k-e ssence: p(! , " ) = K (! ) ÷p(" )
C. Armendar iz-Picon, V. Mukhanov, P. J. St einhardt (20 00)

kinet ic phant om: p(! , " ) = ! " + V (! )

R. R. Caldwell (20 02)

quintessence: p(! , " ) = " + V (! )
C. Wet ter ich (1988)

Quintessence equat ion of mot ion: ¬! + 3H ú! +
dV
d!

= 0
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Quintessence - s caling solut ions

a scaling solut ion is a scalar Þeld tr aje ct or y on which the  
equat ion of s tate is constant: w! =const.

2 potent ials r ealize a scaling:

exponent ial Ratr a-Peebles

V (! ) = M 4e! µφ/ M V (! ) = M ! +4! ! !

w! = wB !
! !

! B
=const. w! =

! wB ! 2
! + 2

"
" !

" B
# a2/ (" +2)

Scaling solut ions are at tr act ors!!

�• Solves the Þn e tu ning
�• Natu ral fr om ST

�* Why ever ?

�• Solves the Þn e tu ning
�• Late DE dominat ion

�* Why now?
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Int eract ing Dark Energy - M ot ivat ions

Why speculat ing about a p ossible int eract ion between Dark Energy and 
Dark Mat ter ?

No symmetr y pr inciple r equires DE and DM being uncoupled (coupling t o 
baryons t ightl y constr ained by EP t ests, coupling t o DM constr ained by 
CMB to "  < 0.15)

�q  Why not?

�q  Fundamental p roblems: why now?

Dynamical DE eases the Þn e tu ning problem but do esnÕt a ddress the 
coincidence problem. Coupling might help!

�q  Discrepancies between theo ry and obser vat ions for LCDM

Satellit e problem and Òcusp-coreÓ problem could disappear ( or g et 
worse!) in presence of c oupling.  
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Int eract ing Dark Energy - b asic equat ions

General Covar iance r equires: ! µ Gµ
ν = 0 " ! µ Tµ

ν = 0

Gµ! = ! 2 Tµ!Einstein Þeld equat ions:

BUT...

Tµ ! =
∑

i

T ( i )
µ ! is allowed! " µ Tµ (i )

! = #" µ Tµ (j )
!

modiÞed conser vat ion equat ions
=

modiÞed dynamics of the ßui ds

so we can have a coupling between the DE s calar Þeld an d 
the DM ßui d in the f or m:

L. Amendola, PRD 62 (2000)

! µ Tµ( ! )
" =

!
2
3

!" (#)T# (m )
# ! " #

! µ Tµ(m )
! = "

!
2
3

!" (#)T" (m )
" ! ! #



Marco Baldi - In t eract ing Dark Energy - 22 / 01/ 2008

Int eract ing Dark Energy - b asic equat ions II

...with a l it tl e algebra we g et the ( coupled!) dynamic equat ions for the 
scalar Þeld an d the mat ter ßui d:

�q modiÞed background evolut ion thr ough a phase-space analysis

¬! + 3H ú! +
dV(! )

d!
=

!
2
3

!" (#)$m

ú! m + 3H ! m = !

√
2
3

!" (#)$m
ú#

fr om the se equat ions it is p ossible t o der ive:

�q var iable dark mat ter mass:

m(! ) = m0exp
! "

2
3 "

# ! 0

! #(! !)d! !
$

= m0FM (! )
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var iat ion of pa r t iclesÕ mass

FM (! ) = exp
! "

2
3 "

# ! 0

! #(! !)d! !
$
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ModiÞed background evolut ion

The fu ll set of d ynamic equat ions + the F r iedmann equat ion can be 
analyzed in phase space t o Þnd the cr it ical p oints of the sys tem.

This shows the e xist ence of tw o dist inct r egimes:

weak coupling r egime (            )

�q late-t ime accelerated DE at tr act or

�q $ -MDE epoch (Ear ly DE,                  )

|! | < 3/ 2

! ear l y
φ = 4! 2/ 9
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ModiÞed background evolut ion

str ong coupling r egime (           )

! �q late-t ime scaling 
      ( solves the Òwhy now?Ó problem)

! �q coupling t oo str ong!!

! �q no MDE = no str uctu re f or mat ion!!

|! | > 3/ 2

str ong coupling: "  = 4.02 ( t op)
                        "  = 2 .37 (bot t om)
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weak coupling r egime: the !- MDE epoch
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weak coupling r egime: the e f f ect o n equivalence
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weak coupling r egime: the e volut ion of the Hub ble fu nct ion

Hubble function for different CQ models
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Per tu rbat ions in CDE - main f eatu res

if we n ow pertu rb t o the Þr st o rder in a ll the quan t it ies the c oupled 
dynamic equat ions:

extr a-fr ict ion t er m
(ant i- fr ict ion)

¬! c + (2H ! 2H " x) ú! c !
3
2

H 2

!
(1 +

4
3

" 2) ! c! c + ! b! b

"
= 0

modiÞed gravitat ional
int eract ion

varying DM
part icle mass

!
!
! µ Tµ( i )

! = f i (" m , ! ! #, $)
"

af t er some algebra and intr oducing we get the per tu rbat ions eq. f or 
the mat ter ßui d (now including also uncoupled baryons):
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Per tu rbat ions in CDE - the g rowth f act or
Density p er tu rbat ions wil l g row in a di f f erent wa y in a c oupled dark 

energy cosmology:

GF! 1
a

! + (a)
! 0

= f (a, ! i , ! i )

In it ial c ondit ions for N -body simulat ions wil l ha ve t o be modiÞed

Evolution of the GF for different CQ models
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Int eract ion scheme in a CDE cosmology

N-body codes of s tr uctu re f or mat ion must be mo diÞed in order t o 
account f or th is new physics in the da rk sect or, implement ing:

�q var iable DM part icle mass

�q dif f erent g ravitat ional str ength 
for b aryons and DM

�q modiÞed background 
evolut ion

�q extr a-fr ict ion

÷Gij = GN (1 +
4
3

! i ! j )÷Gbb

÷Gbc

÷Gcc

m = m0

m = m0

m = m0FM

m = m0FM
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implementat ion of C DE in GADGET: 4 main steps

I - the r elevant quant it es (Hubble fu nct ion, coupling, mass cor rect ion, 
DE kinet ic t er m, growth f act or) as a fu nct ion of z a re computed with 
a l inear p er tu rbat ion code (CMBEasy, M.Doran & G.Robbers) and given 
as an input t o GADGET

III - the p ropert ies of tr ee nodes and the g ravitat ional p otent ial 
on the g r id (for the PM pa rt ) are evaluated separately f or the DM 
and baryon distr ibut ions

II - the in it ial c ondit ions are r escaled according t o the di f f erent 
growth f act ors and cosmological e volut ion (nor malizing t o the same  
t oday). Also velocit ies have t o be r escaled accordingly.

σ8

IV - The gravitat ional accelerat ion is computed f or each par t icle 
according t o the n ew Òspecies- dependent g ravityÓ



the Ma ss Funct ion of da rk mat t er ha los 
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The coupling bias: Power Spectr um

The baryon bias due t o the c oupling af f ects 
all scales
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growing mat ter - a c oupled neutr ino scenar io
L. Amendola, M.B., C. Wet ter ich (2007) [ astr o-ph/ 0706.3064]  - subm it t ed t o PRL

if we ha ve 2 dist inct DM f amilies, one of them c an also 
be str ongly coupled 
late t ime scaling at tr act or �Ü solut ion of the Òwhy now?Ó 
problem [Huey & Wandelt, PRD 74 (2006)]

...however:
�* the c oupling and the p otent ial 
slope have t o be tu ned (both! ) in 
order t o get the ob ser ved 
cosmological parameters
�* an addit ional (unknown) DM 
part icle has t o be intr oduced
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growing mat ter - a c oupled neutr ino scenar io II
L. Amendola, M.B., C. Wet ter ich (2007) [ astr o-ph/ 0706.3064]  - subm it t ed t o PRL

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

�q  no new unknown part icle has t o be intr oduced
�q  neutr ino mass increases (cosmological bo unds on neutr ino mass do 
not a pply) 
�q  the f eatu res of the Þna l scaling at tr act or c an be r elated t o the 
measured neutr ino (average) mass

Dur ing the ma t ter dominated scaling:

! g ! a3( ! ! 1) , " " #
#
$

> 0

tr iggers the Þna l scaling at tr act or:ρg

¬! + 3H ú! = !
dV
d!

+
"
M

#g
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growing mat ter - a c oupled neutr ino scenar io III
L. Amendola, M.B., C. Wet ter ich (2007) [ astr o-ph/ 0706.3064]  - subm it t ed t o PRL

! g(t0) =
m! (t0)
16eV

! h (t0) !
! mν(t0)

16eV

w = ! 1 +
m! (t0)
12eV

⇒ mν < 2.4eV for w < ! 0.8

! [! h (t0)]1/ 4 = 1.07
!

" m! (t0)
eV

" 1/ 4

10! 3eV

for a l arge value of    we g et f or the Þnal scaling solut ion:                        !

! D E = 1 ! ! g = 1 !
1

! + 1
+

3
" 2(! + 1)2

w = ! 1 +
1

(γ + 1)



Summary:

- The natu re and the phen omenological behavior of da rk energy 
const itut e a puzzl e f or c osmology tha t a simpl e cosmological c onstant 
doesnÕt a ddress in a fu lly sat isfact or y way;

- St andard scalar Þeld mo dels of d ynamic dark energy can ease the Þn e 
tu ning of the da rk energy density b ut do nÕt sol ve the c oincidence 
problem;

- The intr oduct ion of a c oupling f or the s calar Þeld c ould be a sol ut ion;

- The Þf th- force ar ising fr om the c oupling would l ikely af f ect bo th the 
linear an d nonlinear r egimes of s tr uctu re f or mat ion, the refore r equiring 
an appropr iate tr eat ment in N -body codes;

- A possible coupling t o neutr inos would r ealize the o pt imum scenar io of 
tw o subsequent s caling r egimes, and would r elate the p ropert ies of the 
Þnal at tr act or t o the n eutr ino mass, then sol ving the c oincidence problem.
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implementat ion of C DE in GADGET

open issues:

the e f f ect of the c oupling on the tr ansfer fu nct ion of the p ower 
spectr um might be r elevant [Mainini & Bonomet t o (2007)] and ICs might 

have t o be modiÞed accordingly
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Intr oducing dark energy...

95% of the Un iverse is made of da rk components!!!
fr om the WMAP t eam


