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ABSTRACT. Zeldovich Local Pancake is a two-
dimensional system of 15 giant galaxies nearest to
us. Two of the galaxies, the Milky Way and the
Andromeda Galaxy, move to each other in the Local
Group, while the rest of the galaxies are located
around the group at the distances up to 10 Mpc
from the group barycenter and move away from it
forming a local expansion outflow. We use recent
Hubble Space Telescope data on local giants and their
numerous fainter companions to study the dynamical
structure and evolutionary trends of the expanding
system. N-body computer model, which reproduces
the observed kinematics of the flow, is constructed
under the assumption that the system as a whole is
embedded in the universal dark energy background.
In the model, the motions of the flow bodies are
controlled by their mutual attraction force and the
repulsion force produced by the dark energy. It is
found that the repulsion dominates the force field of
the system. Because of this, the the system expands
with acceleration. = The dark energy domination
increases with time and introduces to the expansion
flow an asymptotically linear velocity-distance relation
with the universal time-rate (the Hubble constant)
that depends on the dark energy density only.
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ABCTPAKT. JIokagbHuii MJAWHENb 3€JbJOBAYL, —
JMBOBUMIpDHA CUCTEMA, SKa yTBOpeHa 15 HalOmKaInMu
M0 HAC TiraHTCHLKUMH rajaktukamu. [IBi 3 Hwux,
YUymansknii Ilagx 1 ranakruka B AHIpowesi,
pyxaroThbcda Ha3ycTpid oanna ogaomy B Micuesiit I'pymi
TQJIAKTUK, TOMI fAK IHII TaJaKTHUKU 3HAXOMATHC
HaBKOJO TPynu Ha Biacranax g0 10 Mmnc Bim it
OapuieHTpa i PyXalThCsd TeTh Bif Hel, yTBODIOWUYH
MicreBuit TOTiK po3biramng. Mwn cnmpaeMocs Ha
CBiKi maHi cmocTepekeHb KOCMIYHOTO KeJIecKoma
Xab6s 7 juig MiCHeBUX TIIMaHTCHKUX TlaJlaKTHK 1 IX
YHUCEIFHUX 1 MEHIUX 33 PO3MipaMu KOMTIAHLHOHIB,

O  BUBYEHHS CYyYacHOI JWHAMIYHOI CTPYKTYpH
MOTOKY po3biranns i TeHjeHiil #ioro esosromii. Mu
OyayeEMO TAaKOXK YUHCEIbHY MOJETb 337349l HeKiTbKOX
TeJ, $KA BIATBOPIOE CIIOCTEPEXKYBAHY KHHEMATUKY
i nmuHAMIKYy TOTOKY B TPHWIYINEHHI, IO CHCTEMa SK
1iJie 3aHypeHa B yHiBepcasbHUil (hoH TeMHOI eHeprii.
Y miif Mozem pyX Tea MOTOKY YIPABISETHCS CHJIOO
X B3aEMHOIO TSXKiHHA 1 CHJIOIO BiJIITOBXYBaHHSH,
K& CTBOPIOETHCH TEMHOIO eHeprien. Bcraxosieno,
IO CHJIA, BIAIITOBXYBAHHS JOMIHY€ B CHJIOBOMY TIOJI
cucreMu. 3 1€l TPUIWHU POIIMUPEHHS CHCTEMU
BiZOyBaeThCd 3 TIPUCKOPEHHSIM. HominyBanus
TEMHOI eHepril MOCUJIIOETHCI 3 YACOM 1 aCUMITOTUYHO
[IPUBHOCUTH B CHCTEMY JIHIAIHY 3aJI€2KHICTh IITBUIKOCTI
Bl Bigcrani 3 ynisepcaabuum koediuienrom (nocrifinol
Xab6aa), M0 3a1eKaTh TIABKU Bif MIIBHOCTI T€MHOL
eHeprii.

Karouosi TaJIAKTUKH, TPYyOU TaJaKTHK,
KiHEMATHUKA i JUHAMIKA MaJaKTHK, TEMHA €Hepris.

cJioBa:

1. Introduction

A half century ago, the notion of cosmic pancakes
was introduced by Ya. B. Zeldovich in his famous the-
ory of galaxy formation (Zeldovich, 1970). Initially,
pancakes were considered as flattened clouds of proto-
galactic gas produced by gravitational instability in the
early Universe. Now the pancake concept is treated in
a wider context with not only gasdynamical processes,
but also motions of two-dimensional (2D) cosmic N-
body systems which is applicable to nonlinear stages
of gravitational instability (Chernin et al., 2015 and
references therein). It is important that such 2D sys-
tems are really observed in the Cosmic Web on the spa-
tial scales from several to hundreds megaparsec (Mpc).
The nearest to the Milky Way 2D system is the N-body
ensemble of 15 giant galaxies observed at distances up
to 10 Mpc from the barycentre of the Local Group.
Following the suggestion by one of us (L.K.), we refer
to this system as Zeldovich Local Pancake (ZLP). The
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ZLP galaxies and their numerous fainter companions
have recently been observed (Karachentsev & Kudrya,
2013; Karachentsev et al., 2013, 2014) with the Hub-
ble Space Telescope (HST). Two of the local giants of
the ensemble, which are the Milky Way and the An-
dromeda Nebula, are moving towards each other inside
the Local Group, while a dozen others are moving away
from the group with radial velocities from 100 to 900
km/s. Each of the ZLP members contributes more or
less equally to the system’s total matter mass which is
estimated as 10** solar masses.

The physics behind the observed properties of the
systems is also enriched now compared to the original
pancake dynamics: it includes both gravity of mat-
ter and anti-gravity produced by universal dark en-
ergy. All the cosmic systems and the Cosmic Web as
a whole are embedded in the dark energy background.
We adopt that the dark energy is represented by Ein-
stein’s cosmological constant A, as in the currently
standard ACDM cosmology. The constant is positive,
which implies that the dark energy produces a repul-
sive force of anti-gravity. The cosmic repulsion acts
not only on the global cosmological distances where
it was originally discovered in observations (Riess et
al., 1998; Perlmutter et al., 1999), but actually every-
where in space. We will use the works on the local
dark energy effects (Chernin, 2001) to show below that
in the volume of the observed Local Group (R1 Mpc),
the dark energy anti-gravity is weaker than the grav-
ity produced by the matter mass of the group; but
the anti-gravity repulsion (described in the reference
frame of the group barycentre) dominates at distances
> 13 Mpc from group’s barycentre. The anti-gravity
domination makes the ZLP expand with acceleration.
Because of this, the ZLP is cooling with time and its
time-rate (“the Hubble constant”) H(t) tends to the
current cosmological value Hy = 70km/(sMpc).

We describe the motions of the ZLP giants with the
use of the N-body computer model in combination
with the HST data (Karachentsev et al., 2013, 2014;
Karachentsev, Kaisina & Makarov, 2014). The anti-
gravity of dark energy effects at the present epoch, as
well as in the future, are in the focus of our discussion
here. We do not discuss, however, the origin and
early evolution of the ZLP in its past. The observed
present-day velocities and distances of the giants are
used as initial conditions in our model.

2. ZLP: Basic HST data

The observation data on the local giant galaxies and
their companions are presented in the recently pub-
lished Updated Nearby Galaxy Catalogue (UNGC) by
Karachentsev et al. (2013); see also Karachentsev &
Kudrya (2014) and Karachentsev et al. (2014). The
catalogue contains systematic and homogeneous data

on coordinates, distances, radial velocities and other
basic physical parameters of about 800 galaxies at dis-
tances up to 10 Mpc. More than 300 UNGC galaxies
at these distances have been observed with the HST
for about 330 HST orbits. The unique resolution avail-
able in the HST observations allowed us to use the Tip
of the Red Giant Branch (TRGB) method for precise
measurements of distances to more than 300 nearby
galaxies with an accuracy from 10 to 30 per cent. Pre-
cise data on the radial velocities of the galaxies have
also been compiled in the UNGC.

According to Karachentsev et al. (2013, 2014), there
are 15 nearby giant galaxies at distances up to 10 Mpc:
they are the Milky Way and the Andromeda Nebula
(gravitationally bound in the Local Group), and galax-
ies M81, NGC 5128, IC342, NGC 253, NGC 4736, NGC
5236, NGC 6946, M101, NGC 4258, NGC 4594, NGC
3115, NGC 3627 and NGC 3368. Each of the giants of
the ZLP is actually the main galaxy of a group (similar
to the Local Group), which includes the galaxy itself
and its extended dark matter halo together with com-
panion galaxies therein. The mass M of the system is
the total orbital mass of the group. The UNGC data
are used to estimate the masses of the groups via mo-
tions of their 351 less-massive companions (Karachent-
sev & Kudrya, 2014). The distance R of a giant and its
radial velocity V are calculated relative to the barycen-
tre of the Local Group.

The nearest to the Local Group is M81 galaxy with
a distance of 3.6 Mpc. Its recession velocity (relative
to the Local Group barycentre) is about 100 km/s,
the lowest in the ZLP. The mass of the galaxy is
5 x 10'2 solar masses (we give here rounded numbers,
the exact figures with error bars may be found in the
paper by Karachentsev & Kudrya, 2014). The most
distant from us is the galaxy NGC 3368 at 10.4 Mpc
with the radial velocity 740 km/s which is the second
largest velocity in the ZLP. Its mass is 2 x 10! solar
masses, which is the second largest mass in the ZLP.
The most massive galaxy is probably NGC 4594 at
9.3 Mpc; its mass is 3 x 10'3 solar masses, but with
an error of 2 x 103 solar masses, the largest error in
the data. The major gross parameter of the ZLP is its
total mass Mo = 8 x 103 solar masses, which is the
sum of the matter (dark matter and baryons) masses
of the ZLP member. 2014).

3. ZLP: N-body model

The structure and evolution of the ZLP may be stud-
ied with a computer model which treats it as a two-
dimensional (2D) gravitational N-body system embed-
ded in the dark energy background. This is a non-
relativistic isolated conservative system of point-like
masses interacting with each other via Newton’s mu-
tual gravity and undergoing Einstein’s anti-gravity pro-
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duced by the universal - dark energy background. Dark
energy is considered as continuous medium with the
density pp = ¢?A/(87G), which is positive and con-
stant in space and time in any reference frame (here
G is the Newtonian gravitational constant and c is the
speed of light). The currently adopted value of the uni-
versal dark energy density is pp = 0.7 x 10%° g/cm?.
The dynamical effects of dark energy in the model are
described by relations that come from General Rela-
tivity with Einstein non-zero cosmological constant A
and the currently standard ACDM cosmology (see for
detailes Chernin, 2001; Byrd et al., 2012). As macro-
scopic medium, dark energy is characterized by the
equation of state

(1)

where pp is the dark energy pressure. Dark energy
cannot serve as a reference frame, and it is co-moving
to any like trivial emptiness.

In General Relativity, the effective gravitating den-
sity is determined by both density and pressure of any

medium:
pers = pa+3pac’. (2)

For dark energy, the effective density, perr =
—2pp < 0, is negative, and because of this dark en-
ergy produces the repulsion, or anti-gravity. General
Relativity indicates also that the passive gravitational
density is the sum ppqss = p + p/c? for any fluid. The
value ppqss is zero for dark energy. According to the
equivalence principle, the passive gravitational mass is
equal to the inertial density. Thus, the inertial den-
sity of dark energy is also zero. This implies that dark
energy is affected neither by the external gravity of
matter nor by its own anti-gravity.

In the ZLP, the local dynamical effects of dark en-
ergy are treated in terms of Newtonian mechanics; this
is possible because the velocities of the local galax-
ies are small compared to the speed of light, and the
spatial differences in both gravity and anti-gravity po-
tentials are much smaller (in absolute value) compared
to the speed of light squared. According to this weak
field approximation, Einstein’s law of anti-gravitation
states that any body in the Universe is affected by the
repulsive force, which is proportional to the dark en-
ergy density pp and to the distance R of the body from
the origin of the adopted reference frame:

pA = 7pA627

Fp =87 /3GpAR. (3)

This force acts along the direction from the origin,
and it gives the force per unit mass of the body (i.e. ac-
celeration) in the projection on the body radius-vector.
This relation can be rewritten in the form

where Hy = (87/3Gpp)"Y/? = 61km/(sMpc) is the cos-
mic universal Hubble constant, which is valid on both

global and local spatial scales everywhere in space and
at any moment of time.

The equations of motion for the ZLP bodies are
based on the relations (3) and (4) with the initial con-
ditions specified at the present moment of cosmic time
t = to = 13.7 Myr. These are the observed positions
of the flow bodies and their measured radial veloci-
ties recalculated to the barycentre of the Local Group.
The model has strong limitations: (i) it is valid only
when and where the distances between the system bod-
ies (glant galaxies with their dark matter haloes) are
large enough compared to the sizes of the bodies; (ii) it
does not describe the origin and early evolution of the
flow. As it may be seen from the data above, the first
limitation is well satisfied for the observed present-day
state of the flow; it is clearly satisfied as well in the fu-
ture states of the system. The second limitation comes
from the first one and also from the account of com-
plex physical processes responsible for the formation
and evolution of the local systems in their early his-
tory. Observations provide us with the radial velocities
of the galaxies, but say nothing about their tangential
(transverse) velocities. This is an obvious flaw in any
dynamical model of extragalactic astronomy where the
full velocity vector is needed for correct formulation
of initial conditions. Fortunately, the coordinate ori-
gin of our model is located close to the barycentre of
the ZLP, so that most measured velocities are actu-
ally radial. Having this in mind, we assume that the
transversal velocities are zero in the initial conditions
for the model.

The numerical integration of equations of motions
for the ZLP bodies are made with the use of the stan-
dard computer method with the automatic choice of
the integration step.The result reproduces the motions
of the ZLP bodies from the Local Group barycentre as
functions of time from ¢t = 13 Gyr to ¢t = 25 Gyr. The
major features of the state and evolution of the system
are proving to be as follows:

1) the ZLP bodies are moving away from the initial
position, so that the system as a whole is expanding
with time;

2) the recession velocities of the ZLP bodies are
growing with time, which indicates that the expansion
of the system proceeds with acceleration;

3) the accelerating expansion means that the dark
energy anti-gravity is stronger than the mutual gravity
attraction of the ZLP bodies;

4) the domination of the dark energy anti-gravity in
the ZLP dynamics is similar to the cosmological effect
of the global accelerating expansion at the present-day
state of the whole Universe.

5) with their growth with time, the ZLP trajectories
converge to the straight line V= Hj R going from the
coordinate origin in the (V to R) phase space;

6) accordingly, the mean radial velocity dispersion
decreases in ZLP with the trajectories growth, and the
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system becomes increasingly regular and “cold”.

As we may see now, the dark energy domination
is the major factor of the ZLP state and dynamical
evolution at ¢ > to. The dark energy anti-gravity
becomes stronger, while the mutual gravity of the
galaxies vanishes with the system expansion. These
findings have become possible due to a recent combi-
nation of the HST observational data (Karachentsev
et al., 2013, 2014; Karachentsev & Kudrya, 2014) with
a computer model for the ZLP.

4. Conclusions

The ZLP and some other known local expanding sys-
tems and flows are observed at advanced stages of their
evolution when they have already reached a certain de-
gree of regularity. At these stages, the anti-gravity
domination became the key factor of the system evolu-
tion. Earlier in the cosmic times, the dynamical effects
of the dark energy were insignificantly weak and the
cosmic structures of various spatial scales formed due
to gravitational collapse driven mostly by dark mat-
ter. These evolutionary stages were studied by Zel-
dovich in 1970. It would be interesting to study also
the transition epoch when the dark energy anti-gravity
becomes strong enough to terminate collapse. That
kind of gravity vs. anti-gravity interplay may be one
of the important aspects of general theory of cosmic
structure formation.
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