Outline

accelerating Universe from Geometry
modified Newtonian dynamics

Anomalies: merging rate, giant galaxies,
reionization epoch, voids, etc

Remedy: scalar interaction in the dark sector



Matter & Energy in the
Universe
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For dark-enerqy or vacuum enerqgy or cosmological
constant.

P, = const il

density

dark energy
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neral relativity:
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Cosmological backgrounds in_f(R) gravity
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Tokareva & Nusser 06

y(a) = (aa)’

Ingm a

The usual thermal history can be obtained for a wide range of
maitter content



Modification of Newtonian Gravity: MOND



Observed curve
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Testing Modified Newtonian Dynamics with Low Surface Brightness
Galaxies Rotation curve fits

W_I1.G. de Blok' and S5, MeGaugh?
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MOND rotation curves compared to observed H 1 rotation curves for the four galaxies with Cepheid-based
distances. The dotted, long-dashed, and short-dashed lines are the Newtonian rotation curves of the stellar
disc, bulge, and gaseous components respectively.
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A lot more work needs to be done.

We still do not know how to form structure in MOND.

Bekenstein’s relativistic TeVes is hard!



Back to Dark Matter

There is a strong case for the LCDM, but there are some
annoying anomalies!

Can a simple modification of the physics in the dark sector
resolve these anomalies?



'0¢0°0 + Le0'T
¢t0'0 +99L°0
¢00°0 + ¢¥0°0
0 T 10 e

1¢0

===}l
&=

1007 ¥ 12 [WaAldda]

-

11y TR
T.W._...._—”. tell B
By bl A S
¥ LAY F iy

+ODZ 1® 19 2/03 - SYDIPE .

=
ol (P01 R

10 <0 0
<) VIR

[P E I8 51
SAPT DUL) TOISRL UM L PURIAING [[TAy C.UOSIOIA] Y S0NSE C-NDimEpEY
BN | "._...HQE:&._.“ BRELS ..m.,_zﬂiﬂ.:.._ LEE © SLadT HR] L ARYRT SH() "“n:_..._aﬁ_
U | SN0k D]00) " HOORIZRIE) B ST '8 PAt] L hOT e a ooy
L AOALIET o monang csnadon [ ] 01I0y] AT A L UON[R] TARSy C #E0I)
TY[SH[AIN gy Wl eay SO o0y S0 R ) AR e, ) (]assing]
FLEOADLIE] ATIAT, “...:,H_”_.,:...Em-ﬁ.z.mﬁ S n_._.,.HEm.m_ UBAT qURL] g EO[IE)) fUAneg
TN Iy .M_mh...u._ﬁ_.:,..é AT LN Y MEOL CLJEALLDT [T (LAY Ca0)) uneug

suoryedduur [o130[0UISOd puR J2Selep [euy ay) Jo
sisf[eue wniydads-1amoJ (Aaaang PYyspay Axeen Jpz 9yl

L L
]
o
=1 1=
=]
I
—
=
=i
4 [
=
[ B =
L
R
wn



[OpoW IN(DV oY} JO selewiouy



[ > 7z je SuldIawl yonu 00} asnpord o} spual JNADV



SaIXE[en) JUErN) i) jo Juidiayy a)eT pue UOIJEULIO] A[Ted

sjun (Suraowod jou) easAyd ut apis v uo ody,_y¢ ST 9FeW YPRY “HOR[Q UT UMOYS

aIe I} S} 18 120 ofer] jo ody , YOI UN[Itm a1 yarym SapIIed () = 2 18 Iauad ofey jo
{ UMM 1] YaTysm safoiyred asot) Afuo smotfs jo[d yowf “sO[el] sseul Ja1snjd Jo AJquiosse

a1 Jo SUONB[NUIIE § IO Ul § PUB ') = 2z 1@ UONNUIISIp ssewl a1} Jo safewi] —'g "8




"AIISTIDND
Ul SIMDIALIP JO 28082dQ UFS 10 DT M1 AL Axeed Jiesmp Sseuwl-ydu] e Jo 1ou ‘Axeled jesp (qdep) ssew
-0 © WO SIUBLWAT 3} JO pasudiiod 3q Jouued J[asi ¥SIp Y2yl s AXE[RO 2y} “I2Adm0Y N0 pa[nd jou os[e
51 J2ZI0W B GULINp YSIP Wyl pie ue Jo Junedy Aq YSIp Yoiy) s AXe[RD O} JO UOHBULIOJ "SIE)S O[BY JMIB[BD) 21)
Jo Aluofe ;] WO 1DUNSIR A[[EIUIDYD 0S[e oI AXE[Rd Jiemp 135 JU) JO SIUBUILDI JII PUB DT Yl 18Y) 210U
am yanoyre ‘saixeed ssewr 10yduy yiia FUdisg Jno d[n1 10U 0D 05|18 244 “SIBIS O[BY DDB[RD) 1AM JUMUDNIISR
I UL 2JB JBU) SOLSIUAYD dAary (81— > [H/24 ) sivis Jood-|iow tsow oy} Jo Jjey-auo o) dn aouls ‘soixe[ed
JBMD SSEIU-Ma] [0 WS AJTed A3 INC J[NI 10U Op 24 “I3admol CAWE[ED 911 J0 UQIBUMO] 2 Suunp
SHI[PIES YdSp 2521 01 JR[UUIS SHXB[ED SSEU-MO] JO JuWSIDul snONuUijuoD o sIIU JInsal Suj] CAXE[ED) 21))
JO S1uduoduwrod JBWAUTY Y] JO YILD UL SIR)S HY] WOTJ 12UnSIP 218 SIls ydgp 2y) JO JSOUL JO SAINJRUTLS [RIILIYD
A 'snyL

&1 APV AQAT PANIAIAE (4 WLAENLD S pRT POUAAIY
[T aapsE m s s
EPUEIYAY, (EARUILDICY AY OOL6- T D08 Sngisog "usiouairy jo Ansmaiesy fannpsu) uiadey
AQIETOL, K11

{iwy
Lrwdsqol | I SRS I2URLY TUCPNAY CAITA TSUND TT1ES WY PUR [0 'SUE] P 2N0IEAISO()
TTIH wHSaMV A
AU OB LUEXTSE e
N OCWVHO YD STpLaue ) Cproy A0FUpEfy R pUQLEE Y FO A1S1ART EIOUaE Y J0 JIRILEL0)
LAG L "y HTHHOLSIHA )
TIP3 BT SR QISR WOUOHIYE (T E i He XL TUUSTLY "IHISTLY 18 SEXD] J0 AUSISAT0 T AI0lEALIS ) PEUOC]I [y
AROHEAHS (0 sTHLIV]A]
I IR 158 2 L
M OCWVHO S0 SOpUOue ) Cpeoy AFUpEy AR pUQLEE T B0 A1S1RALTY EIOU01EY J0 JIRILEL)
WIME] AHI[A
N Insaperewrsaeiyd-a0e) s
TCOISS A e LIRS INUIAN PURIC (WRR] C3E) (00 SN RIRLy OISy Pk sasAL g fo juaeedag
2 (NNIA TV WY

NOLLVINYO4 AXVIVO TVOIHXEVYHAIH ANV STHNIVNDIS TYIINIHD ¥VTTALS



Kinematics of stars a few kpc above the midplane of the
disk:
DECIPHERING THE LAST MAJOR INVASION OF THE MILKY WAY

GERARD GILMORE
Institute of Astronomy, Madingley Road, Cambridge CB3 OHA, England, UK; gil@ast.cam.ac.uk

RosEMARY F. G. WYSE'~
Johns Hopkins University, Department of Physics and Astronomy, 3400 North Charles Street, Baltimore, MD 21218; wyse@ pha.jhu.edu
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Joun E. NoORris

Research School of Astronomy and Astrophysics, Australian National University, Mount Stromlo Observatory,
Cotter Road, Weston Creek, Canberra, ACT 2611, Australia; jen@mso.anu.edu.au
Received 2002 May 10; accepted 2002 June 14; published 2002 June 25

ABSTRACT

We present first results from a spectroscopic survey of ~2000 F/G stars 0.5-5 kpc from the Galactic plane,
obtained with the Two Degree Field facility on the Anglo-Australian Telescope. These data show the mean rotation
velocity of the thick disk about the Galactic center a few kiloparsecs from the plane is very different than expected,
being ~100 km s~ ' rather than the predicted ~180 km s™'. We propose that our sample is dominated by stars
from a disrupted satellite that merged with the disk of the Milky Way some 10-12 Gyr ago.|We do not find

evidence for the many substantial mergers expected in hierarchical clustering theories. We find yet more evidence
that the stellar halo retains kinematic substructure, indicative of minor mergers.

if LCDM



Pieces of the puzzle: Ancient substructure in the Galactic
disk

Amina Helmi=!, 1. I Navarrot®, B Noedstrdm ™, 1 Holmboera®,
M. G, Abadi®i and M. Steinmet:*§

extra-Galactic provenance. It is possible to identify three coherent Groups among
these stars. that. in all likelihood, correspond to the remains of disrupted satellites.
The most metal-rich gronn { Fe/H > —0.45 dex) has 120 stars distributed into two
stellar populations of ~ 8 Gyr (33%) and ~ 12 Gyr (67%) of age. The second Group
with ([Fe/Hl} ~ =0 6 dex has R6 stare and shows evidence of three populations of 8
Gyr (156%), 12 Gyr {36%) and 16 Gyr (49%) of age. Finally, the third Croup has 68
stars, with typical metallicity around —0.8 dex. and a single age of ~ 14 Gyr. The
identification of substantial amounts of debris in the Galactic disk whose origin can

be traced back to more than one satellite galaxy. provides undisputable evidence of
the hierarchical formation of the Milky Way.

probably not LCDM
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Long RHange Interactions in the Dark Scctor

Colluborators: firm Peebles & Sieve Gubser

Assume two species of dark matter particles of masses M_($} and
M_{(®) that depend on a scalar field . Consider the action

Lorentz factor
. factor

S:/da:::dtlil!ilb‘-‘:— /[ (@) dty/1 (@) dty/1 — v ]
AN Il partiles A/_j \'_'\~/"'_"/

/ relatlwstlc

kinetic term of Lagrangian of a
the field particle

Text book: Landau & Lifshitz, mechanics
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Mass function at high z (simulation by R. Cen)

Scalar LCDM
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