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The quasi-isotropic solution of the Einstein equa-
tions near a cosmological singularity was first found by
Lifshitz and Khalatnikov [1] for the Universe filled by
radiation with the equation of state p = ε/3 in the early
1960th. In the paper [2], we presented its generaliza-
tion to the case of an arbitrary one-fluid cosmological
model. Then this solution was further generalized to
the case of the Universe filled by two ideal barotropic
fluids [3].

As is well known, modern cosmology deals with
many very different types of matter. In comparison
with the old standard model of the hot radiation dom-
inated Universe (dubbed the Big Bang), the situation
has been dramatically changed, first, with the devel-
opment of inflationary cosmological models which con-
tain an inflaton effective scalar field or/and other ex-
otic types of matter as an important ingredient, and
second, with the understanding that the main part of
the non-relativistic matter in the present Universe is
non-baryonic — cold dark matter. Furthermore, the
appearance of brane and M-theory cosmological models
and the discovery of the cosmic acceleration suggests
that matter playing an essential role at different stages
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of cosmological evolution is multi-component generi-
cally, and these components may obey very different
equations of state. Moreover, the very notion of the
equation of state appears to be not fundamental; it has
only a limited range of validity as compared to a more
fundamental field-theoretical description. From this
general point of view, the generalization of the quasi-
isotropic solution to the case of two ideal barotropic
fluids with constant but different p/ε ratios seems to
be a natural and important next logical step.

To explain the physical sense of the quasi-isotropic
solution, let us remind that it represents the most
generic spatially inhomogeneous generalization of
the Friedmann–Lemaître–Robertson–Walker (FLRW)
model in which the space-time is locally FLRW-like
near the cosmological singularity t = 0 (in particular,
its Weyl tensor is much less than its Riemann tensor).
On the other hand, generically it is very inhomo-
geneous globally and may have a very complicated
spatial topology. As was shown in [2, 4], such a
solution contains three arbitrary functions of spatial
coordinates. From the FLRW point of view, these
degrees of freedom represent the growing (non-de-
creasing in terms of metric perturbations) mode of
adiabatic perturbations and the non-decreasing mode
of gravitational waves (with two polarizations) in the
case when deviations of a space-time metric from
the FLRW one are not small. So, the quasi-isotropic
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solution is not a generic solution of the Einstein
equations with a barotropic fluid. Therefore, one
should not expect this solution to arise in the course
of generic gravitational collapse (in particular, inside
a black hole event horizon). The generic solution near
a space-like curvature singularity (for p < ε) has a
completely different structure consisting of the infinite
sequence of anisotropic vacuum Kasner-like eras with
space-dependent Kasner exponents [5–7].

For this reason, the quasi-isotropic solution had not
attracted much interest for about twenty years. Its new
life began after the development of successful inflation-
ary models (i.e., with “graceful exit” from inflation) and
the theory of generation of perturbations during in-
flation, because it had immediately become clear that
generically (without fine tuning of initial conditions)
scalar metric perturbations after the end of inflation re-
main small in a finite (though still very large compared
to the presently observable part of the Universe) region
of space which is much less than the whole causally
connected space volume produced by inflation. It ap-
pears that the quasi-isotropic solution can be used for
a global description of a part of space-time after infla-
tion which belongs to “one post-inflationary universe”.
The latter is defined as a connected part of space-time
where the hyper-surface t = tf (r) describing the mo-
ment when inflation ends is space-like and, therefore,
can be made the surface of constant (zero) synchronous
time t by a coordinate transformation. This directly
follows from the derivation of perturbations generated
during inflation given in [8] which is valid in case of
large perturbations, too. Thus, when used in this con-
text, the quasi-isotropic solution represents an interme-
diate asymptotic regime during expansion of the Uni-
verse after inflation. The synchronous time t appearing
in it is the proper time since the end of inflation, and
the region of validity of the solution is from t = 0 up to
a moment in future when spatial gradients become im-
portant. For sufficiently large scales, the latter moment
may be rather late, even of the order or larger than the
present age of the Universe. Note also analogues of the
quasi-isotropic solution related to the Universe behav-
ior before the end of inflation which are produced by
generic globally inhomogeneous late-time asymptotic
solutions of the Einstein equations either with a cos-
mological constant [9] or with a scalar field having the
exponential potential (power-law inflation) [10]. These
solutions can be smoothly matched across the hyper-
surface of the end of inflation to a post-inflationary
quasi-isotropic solution of the type we are studying (of
course, the matter content has to be changed beyond
this hypersurface, too).

A slightly different versions of the quasi-isotropic
expansion were independently developed during last
decades which are known under the names of long-wave
expansion, gradient expansion, or the separate universe
approach. However, the specific of our approach is that
we consider only solutions having the local FLRW be-
havior near singularity at t = 0.

Originally the quasi-isotropic expansion was devel-
oped as a technique of generation of some kind of per-
turbative expansion in the vicinity of cosmological sin-
gularity at t = 0, where the synchronous time t serves
as a small parameter. However, the more general treat-
ment of the quasi-isotropic expansion is possible if one
notices that the next order of the quasi-isotropic ex-
pansion contains higher orders of spatial derivatives of
metric coefficients. Thus, it is possible to construct a
natural generalization of the quasi-isotropic solution of
the Einstein equations which would be valid not only
in the vicinity of cosmological singularity, but in the
full time range. In this case simple algebraic equa-
tions, which one resolves to find higher orders of the
quasi-isotropic approximation in the vicinity of singu-
larity are substituted by differential equations, where
the time dependence of the space-time metric can be
rather complicated in contrast to the power-law be-
havior of its coefficients of the original quasi-isotropic
expansion.

In the present paper we construct this expansion for
a relatively simple two-fluid cosmological model con-
taining radiation and the cosmic string gas (see e.g.
[11]). Such a model has a technical advantage: the
corresponding Friedmann equation is exactly solvable
in terms of the synchronous time t and, hence, t is a
natural parameter for constructing the quasi-isotropic
solution. In the second section of the paper (full text)
we explicitly construct next order terms of the quasi-
isotropic expansion for the metric tensor in the syn-
chronous reference frame, energy densities and veloci-
ties of two fluids, and determine their asymptotic be-
havior at early and late times. The last section contains
some concluding remarks. In the Appendix we apply
the developed formalism to the case of a one-fluid cos-
mological model. In this case the solutions valid in the
full time range coincide with those valid in the vicinity
of singularity [2].

Summing up, we can say that we have calculated
explicitly the next order terms in the quasi-isotropic
solution for the metric tensor,

ds2 = dt2 − γαβdx
αdxβ , (1)

γαβ = aαβ(x)(t + b(x)t2) + cαβ(x, t), (2)
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and velocities
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of two fluids. Also we have found their asymptotic
behavior for small and large values of the cosmic syn-
chronous time t. As was easily predictable, the struc-
ture of the solution for small t is determined only by the
radiation component, and it coincides with that found
in the original paper [1]. However, the late time behav-
ior of the metric tensor reveals an unusual feature: the
anisotropic part of the metric grows essentially faster
than the isotropic one and their ratio is ∝ ln bt. It
seems that this effect is due to the two-fluid character
of the model considered in this paper and to the spe-
cific property of the string gas equation of state which
leads to the singular character of the quasi-isotropic
expansion for the string gas alone.

It is not clear if the appearance of terms ha-
ving non-power-law behavior is present in two-fluid
quasi-isotropic models with other equations of state.
To answer this question it is necessary to develop the
formalism of building the quasi-isotropic expansion
valid for the full range of time for arbitrary two-fluid
models that is much more complicated technically.

The full text of this paper is published in the English
version of JETP.

REFERENCES

1. E. M. Lifshitz and I. M. Khalatnikov, Zh. Eksp. Teor.
Fiz. 39, 149 (1960).

2. I. M. Khalatnikov, A. Yu. Kamenshchik, and
A. A. Starobinsky, Class. Quant. Grav. 19, 3845
(2002).

3. I. M. Khalatnikov, A. Yu. Kamenshchik, M. Martel-
lini, and A. A. Starobinsky, JCAP 0303, 001 (2003).

4. E. M. Lifshitz and I. M. Khalatnikov, Sov. Phys. Usp.
6, 495 (1964).

5. V. A. Belinsky, I. M. Khalatnikov, and E. M. Lifshitz,
Adv. Phys. 19, 525 (1970).

6. V. A. Belinsky, I. M. Khalatnikov, and E. M. Lifshitz,
Adv. Phys. 31, 639 (1982).

7. C. W. Misner, Phys. Rev. Lett. 22, 1071 (1969).

8. A. A. Starobinsky, Phys. Lett. B 117, 175 (1982).

9. A. A. Starobinsky, JETP Lett. 37, 66 (1983).

10. V. Müller, H.-J. Schmidt, and A. A. Starobinsky,
Class. Quant. Grav. 7, 1163 (1990).

11. A. Y. Kamenshchik and I. M. Khalatnikov, Int. J.
Mod. Phys. D 21, 1250004 (2012).

584



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


