COMPUTATIONAL COSMOLOGY

DR. ALEXANDER KNEBE, ASTROPHYSIKALISCHES INSTITUT POTSDAM

THE UNIVERSE IN A COMPUTER

AIP




MOND OUTLINE

= MOND = MOdified Newtonian Dynamics

e why MOND?

e what is MOND?

e MOND in cosmology
e MOND in AMIGA

= MONDian Cosmological Simulations

* large-scale clustering patterns

e integral and internal properties galactic haloes
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MOND WHY MOND?

» gvidence for dark matter — rotation curves
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WHY MOND?

» gvidence for dark matter — rotation curves
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MOND WHY MOND?

» gvidence for dark matter — rotation curves

schematic model of a spiral galaxy...

Front View Side View

We are here !
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MOND WHY MOND?

» gvidence for dark matter — rotation curves
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MOND WHY MOND?

= gvidence for dark matter — CMB, ...

CMB temperature map A COBE
e OQMAP

decomposition of AT/T

into spherical harmonics... _%£_§ E ET_}—/

10 100 1000
Multipole !
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e Newton’s Second Law of Motion

—

F =ma,

e Modified Newtonian Dynamics

F = md,, u(a,, /a,)

will this give a flat rotation curve?
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e MONDian accelerations

—

dy =a,ua, la,)

e Milgrom’s interpolation function

(u(x)—=x ;x—0
X

u(x) = -
1-x

L‘u()g)el ;X —>
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e MONDian accelerations

—

dy =a,ua, la,)

e Milgrom’s interpolation function

(u(x)—=x ;x—0
X

u(x) = -
1-x

L‘u()g)el ;X —>

e limiting behaviour

x —> 0:weak acceleration limit aw =+Vav%

x —> oo gtrong acceleration limit «,, =a,
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WHAT Is MOND?

= MOND = MOdified Newtonian Dynamics

e MONDian accelerations — strong limit

all is well ;-)
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e MONDian accelerations — weak limit

dy =/ Adydy

V2 N
a, =—
r
- => v'=GMa, => flat rotation curve...
GM(<r)
a, = -
r Y,
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e MONDian accelerations — weak limit

dy =/ Adydy

v’ )
a,, =—
' M
>~ => v'=GMa, =Ga,— L
GM(<r) L
ay = >
r J
=> Vi [
Tully-Fisher law!
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics
e re-interpretation as modified gravity

V- w(a, /ay)a, =-4aGp(r)

* relation between a,; and ay

i, =wa, la))d, +V xh
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics
e re-interpretation as modified gravity

V- w(a, /ay)a, =-4aGp(r)

* relation between a,; and ay

i, =wa, la))d, +V xh

\

vanishes for spherical, planar or cylindrical symmetry
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MOND

WHAT Is MOND?

= MOND = MOdified Newtonian Dynamics

e re-interpretation as modified gravity

—

dy =a,ua, la,)
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MOND WHAT IS MOND?

= MOND = MOdified Newtonian Dynamics

e re-interpretation as modified gravity

—

dy =a,ua, la,)

e Milgrom’s interpolation function

u(x) = ———
1

11/2
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MOND MOND IN COSMOLOGY?

= gssumptions
o the term V x i can be neglected

e MOND only affects peculiar accelerations
r =Rx Vea,.. = -4nG (p(x) - <p>)

r’=Rx"+2R’x’+R"x Rx’+2R’x’ = a . /R*

(R: cosmic expansion factor)
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MOND MOND IN COSMOLOGY?

= gssumptions
o the term V x i can be neglected

e MOND only affects peculiar accelerations
r =Rx Vea,.. = -4nG (p(x) - <p>)

r’=Rx"+2R’x’+R"x Rx’+2R’x’ = a . /R*
(R: cosmic expansion factor)

combine with 2nd Friedmann equation

o Gpec _47rG<,0>x

R’ 3 R’
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MOND MOND IN COSMOLOGY?

= gssumptions
o the term V x i can be neglected

e MOND only affects peculiar accelerations
r =Rx Vea,.. = -4nG (p(x) - <p>)
r’=Rx"+2R’x’+R"x Rx’+2R’x’ = a . /R*

(R: cosmic expansion factor)

combine with 2nd Friedmann equation

o a 4aG < p >

_ pec
. p2 2 X
R 3 R
peculiar acceleration
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MOND IN AMIGA

= implementation in N-body code AMIGA' umia = sucsessor of mraem)

AMIGA —> a

pec, N

Thttp://www.aip.de/People/aknebe/AMIGA
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MONDIAN COSMOLOGICAL SIMULATIONS

= the competing cosmological models
= the large-scale structure
= galactic haloes:

e gbundance in raw numbers

e rotational properties

e internal structures

e density profiles

" SUMMAary

* any consensus?

COMPUTATIONAL COSMOLOGY

AIP




MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= the competitors

OCBMond

T

Gt = 0.40

Q,= 0.04
Q, = 0.04
;.

e other parameters:

—128°% particles
— 32 h''Mpe box
— force resolution 11 A-'kpe

O0CBM

0, =0.88

ACDM

Q,=0.3
Q, = 0.04
b, 07

o, =0.88
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= ]arge scale clustering pattern
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= ]arge scale clustering pattern

ACDM
Q,=0.3
Q, = 0.04
L0
o, =0.88

o it = 0.40

Q,= 0.04
Q, = 0.04
e

o, =0.88
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MOND MONDIAN COSMOLOGICAL SIMULATIONS

= ]arge scale clustering pattern

dark matter power spectrum

1000.000

e MOND features:
100.000 1
— ahead on large scales
— behind on small scales _
— no “non-linear break” S oo

10.000

k [h Mpc™']
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= ]arge scale clustering pattern

e MOND features:

— ahead on large scales
— behind on small scales

<< no “non-linear break” >
\

indicating late evolution

dark matter power spectrum

1000.000 —

100.000 —

10.000 —

1.000

0,100 =  =emimimam- 0OCBMond

0.010—  ====== 0OCBM

0.001 I Lol I I I I 1 L Ll

k [h Mpc™']

COMPUTATIONAL COSMOLOGY

AIP




MOND MONDIAN COSMOLOGICAL SIMULATIONS

= ]arge scale clustering pattern

2-point correlation of virialized objects

e MOND features:

— stronger correlation
on small scales
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= dalactic haloes

e MOND features:

— very late evolution
— hardly any objects
beyond z = 3

abundance of objects with M > 1011M

0 1 2 .
redshift z
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= dalactic haloes

e MOND features:
— veryiste-evelution
— hardly any objects

beyond z = 3

serious trouble for MOND?!

abundance of objects with M > 1011M

(M>10" M,,,) [h*/Mpc’]
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MONDIAN COSMOLOGICAL SIMULATIONS

MOND

= dalactic haloes

spin parameter distribution

e MOND features:

— hardly any differences

P(X)

0.05
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MOND MONDIAN COSMOLOGICAL SIMULATIONS

= galactic halo of mass M = 1013M

ACzDZM OCBl\iIgnd OCI?IBI/I
e MOND features:
— less substructure
— ...but remember z., = 1/€2;- 1 %!
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

= galactic halo of mass M = 1013M

e MOND features:

— lower central density
— lower concentration
— ... but sill NFW shape!

ACDM Capw = 8.7
OCBMond | cypw = 2.1
OCBM capw = 14.1

density profile of the most massive object
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MOND

MONDIAN COSMOLOGICAL SIMULATIONS

" SUMMAary

KNEBE & GIBSON, 2004, MNRAS 347, 1055

e similar LSS clustering patterns yet indicating late evolution
e stronger correlation of objects on small scales

* less substructure
e same Spin parameter distribution

e hardly any objects beyond z = 5

e still NFW density profiles
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MONDIAN COSMOLOGICAL SIMULATIONS

" SUMMAary

KNEBE & GIBSON, 2004, MNRAS 347, 1055

e similar LSS clustering patterns yet indicating late evolution
e stronger correlation of objects on small scales

* less substructure
e same Spin parameter distribution

e hardly any objects beyond z = 5

e still NFW density profiles

B

howling at the moon?!
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