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-— Abstract. Solitons in space-time capable of transporting time-like observers at h

i
superluminal speeds have long been ted to violations of the weak, strong. and dominant

7Ty energy conditions of general relativity. The negative-energy sources required for these o
o solitons must be created through ene L

20;6000+202¢ | 5026 + p ) —2(8,0:0)° -2 (D.0:0)" -2 (9,0.9)".

intensive uncertainty principle processes as - -i ,.;'
10 such classical source is known in particle physics. This paper overcomes this barrier f\ IF'L 3§ .h‘

by constructing a class of soliton solutions that are capable of superluminal motion

he solitons are also shown to be

and sonrced by purely positive energy densities.

l capable of being sourced from the stress-enersy of a conducting plasma and classical
lff electromagnetic fields. This is the first example of hyper-fast solitons resulting from
o~ known and familiar sources, reopening the discussion of superluminal mechanisms 2
— in conventional physics. L (A.0.06)
~ e RLEFR
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g b¢] ABSTRACT: Three recent articles have claimed that it is possible fo, at least in theory,
c ° H OTO either set up positive energy warp drives satisfying the weak energy condition (WEC), or
& L 2 Z
i, 405 € Ha py aeTr ¢ at the very least, to minimize the WEC violations. These elaims are at best incomplete,
since the arguments as presented only assert but do not prove the existence of one
- sat of timelike observers, the co-moving Eulerian observers, who see relatively “nice”
270 ° H p 6y p U‘ M [Te) p pliysicn, While theee particular ohssrvers might; anguably see-e. positive ensngy deisity;
=, € Tpe €T oTpuuatesbHOU accbl NO 3aABNEHN aBToOpa the WEC requires alf timelike observers to se positive energy density. Therefore, one
- should carefully revisit this issue. A more careful analysis shows that the sitnation
- is actually much grimmer than advertised — within the framework adopted by those
e NOCYUTAHA INEeKT oAMHaMMKa' HUn4yero Henb3Aa CKa3aTb O three papers all physically reasonable warp drives will certainly violate the WEC, and
5 - both the strong and dominant. energy conditions. Under plausible subsidiary conditions

the mull energy condition is also violated. While warp drives are certainly interesting

B A S T YCTOMUYMBOCTU peLleHuna

7=z [R1 examples of speculative physics, the violation of the energy conditions, at least within

the framework of standard general relativity, is unavoidable. Even in modified gravity,
physically reasonable warp drives will still violate the purely geometrical null convergence
condition and the timelike convergence condition which, in turn, will place very strong

. o v e PR s * Tlocne NpoBepKU BbIACHUIOCb, YTO CYLLECTBYIOT CUCTEMbI ,
Figure 3. Projection of the local energy density of Eqn. 17 along (r. 0. z}. Propagation constraints on any modified-gravity warp drive.
direction of the soliton is from left to right along the 2-axis. The energy density is oTCcyeTa rAe OTpM Ll,aTEI'I bHaA Mmacca Hy)KHa ® DATE: Saturday 26 Febriasy 2028 BliK-ed March 1, 2023

dominated by those regions containing hyperbalic source p, but also extends weakly (Closely resembles final version accepted and in press at PRD.)

to the boundaries of the wavefronts. The energy density is everywhere positive and ° 14 - KEYWORDS: warp drives; energy conditions; convergence conditions;
s i ey p ABTOp He COrnaceH C KPUTUKOM. Pa%o6parbca KTO npas
TpyaoemKoe 3aHATUe. Yt0 e paenatb? 4/16
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Abstract. Figure 17. Energy density for the Lentz-inspired metric. The motion of the bubble

o . . . . . is in the +X direction. v, = 0.1 ¢. Units are in J/m?.
The field of warp research has been dominated by analytical methods to investigate ’

potential solutions. However, these approaches often favor simple metric forms that
facilitate analysis but ultimately limit the range of exploration of novel solutions. So far
the proposed solutions have been unphysical, requiring energy condition violations and
large energy requirements. To overcome the analytical limitations in warp research,
we introduce Warp Factory: a numerical toolkit designed for modeling warp drive
spacetimes. By leveraging numerical analysis, Warp Factory enables the examination of

general warp drive geometries by evaluating the Einstein field equations and computing

energy conditions. Furthermore, this comprehensive toolkit provides the determination

YncneHHbIN Koa (peannsoBaHHbIM Ha MATLAB) ans npoBepKu
of metric scalars and insightful visualizations in both 2D and 3D, offering a deeper (V)
understanding of metrics I-.:ul(l their t'urr(:ipuu(ling st 1'('5%-4'11('rg)'} tensors. f?1']1(' pal;wr Te H 30 p a 3 H e p rM M = M M n yﬂ bca 1} CO OTBeTCTBy I'O LL'|e rO H e KOTO pO M

delves into the methodology employed by Warp Factory in evaluating the physicality

of warp drive spacetimes and highlights its application in assessing commonly modeled MeTp nKe Ha BblinoiHeHNne d)M 3NYeCKU plo nyCTM MblIX

warp drive metries. By leveraging the capabilities of Warp Factory, we aim to further

e search " : bring us close: realizing rsically achievable 4
warp drive research and hopefully bring us closer to realizing physically achievable 3 H ep reTMLI eCKMX ycnOB VI VI

warp drives.

Keywords: Numerical Relativity, General Relativity, Numerical Methods, Energy
Conditions, Space Travel, Exotic Spacetimes, Warp Drives

https://github.com/NerdsWithAttitudes/WarpFactory

Submitted to: Class. Quantum Grav.
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JHepreTnyeckme ycaoBumA

Hynesoe (NEC) — nnoTHOCTb 3HeprMn Ao0nXKHA ObiTb
HeoTpuLUaTenbHa ans noboro HabntopaTens
ABUKYLLEroca CO CKOPOCTbIO CBEeTa

Sx(X)=T(X)E 20 ¥ k*

Cnaboe (WEC) — nnoTHOCTb 3HEpPrun [Ao0NXKHA ObiTb
HeoTpuuaTenbHa ANs noboro HabnopaTens
NBUXKYLLErocA CO CKOPOCTbIO MEHee CKOPOCTH cBeTa
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CunbHoe (SEC) — HeT aHTUrpaBuTaLmm

|
Ze(X) [:;, (X) = =T(X)ng )1'*-1' >0 ¥V

DomunHaHTHOe(DEC) — cKopoCcTb MaTepum MeHbLUe
CKOPOCTHM cBeTa

THX) ™.(X)n"

Sl X9 ; THXITYX)<(0 ¥ W

Solution Name m'," 2 NEC WEC DEC SEC
(pseudo-Cartesian)
Alcubierre 1] a®+ 5 B x X X X
9 e)-,-_,-
Van Den Broeck [16] o’ +418 B X X X X
5 -
Modifed Time [2] &+ B B X X X X
% dij
Lentz-Inspired [12] ( a’ + B 4 135:__2:) X X X X
J.J i J[.ui.

[JononHutenbHble “npaktnyeckue” ycnosua paa Bapn-
Asuratens (MM NPoOXoaAMMON KPOTOBOM HOPbI)

OTCyTCTBME Pa3pbIBOB B METPUKE UM ee MPOU3BOAHbIX

OTcyTCcTBME  HEMPEeOoAO/IMMbIX  FTOPU3OHTOB  MeEXKAay
BHYTPEHHMM U BHELUHUM NPOCTPAHCTBOM

He AonXHO 6biTb HapyLWEHNI NPUYUHHOCTH

Peanusyemble C WHXXEHEPHOM TOYKWU 3PEHUA MNNOTHOCTU
(xoTAa 6bl HeWTPOHHAA 3Be3da WAW bBenblh Kap/iuK, HO
Nnydywe — obblyHOe TBepAoe Teno), MaAcCCbl, BENYUHbI

INEKTPO-MaAarHUTHbIX nonewu
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Possible wormholes in a Friedmann universe
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We study the properties of evolving wormholes able to exist in a closed Friedmann dust-filleduniverse O O e []

and described by a particular branch of the well-known Lemaitre-Tolman- Bondi solution to the Einstein v I |

equations and its generalization with a nonzero cosmological constant and an electromagnetic field. Most of \‘ U O [«] resin” ( ﬁ )J

the results are obtained with pure dust solutions. It is shown, in particular, that the lifetime of wormhole

throats is much shorter than that of the whole wormhole region in the universe (which coincides with

the lifetime of the universe as a whole), and that the density of matter near the boundary of the wormhole

region is a few times smaller than the mean density of matter in the universe. Explicit examples of wormhole 1
solutions and the corresponding numerical estimates are presented. The traversability of the wormhole under h [ RJ = 0=
study is shown by a numerical analysis of radial null geodesics. | +r -

- I
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sions of the same universe or different universes. Such spatial geometries within solutions . 3 i
to the gravitational field equations were first discussed in [1-4], but those wormholes were not traversable [ Wy . _ 4 ot . : & . 4
for subluminal particles or even photons, which were lllli.hlﬂ]tﬂ travel from one “end of the tunnel” to _I\J' = Cﬂé(n) 3& + 3& (q&in(n) T CO&(”)) + & |: 2 o CO&(!‘]]I ]I
the other, to say nothing on the ability to return back. The first exact solutions describing traversable _,"\"7.-:, = —r0s |: FF:J + 2& = &2 |: oS I: j?j] + f]:‘)in |: FI)]
wormholes seems to have appeared in [5,6] in 1973 in general relativity (GR) with a massless phantom = . B
scalar field (a hypothetic field with a wrong sign of kinetic energy) as a source. An evolving version of rf - le: J. g RE:J K 2R N2 —Ny
such sealar-vacuum solutions was also found [7] as well as examples of higher-dimensional static wormhole = f_\lf 1—Aco .Q‘I::'J]l

solutions [8,9]. A large interest in these objects has been raised by the paper of Morris and Thorne [10]
(1988) who showed that a static wormhole throat considered in the framework of GR requires the existence
of so-called “exotic” matter, violating the Null Energy Condition (NEC). A phantom scalar field is a simple
example of such matter.
By now, wormholes have been considered in different theories of gravity and in the presence of different
kinds of matter. Thus, in [5] static, spherically symmetric wormhole solutions are presented both in GR
and a class of scalar-tensor theories, with or without an electromagnetic field. Wormholes in the Einstein-
Maxwell-dilaton theory have been described in [11-14]. Other sources in GR used for wormhole construction
include a Chaplygin gas [15], various versions of phantom energy and quintessence, in particular, those
with the stress-energy ter[iso]r (SET) of a perfect flnid [16-22]. It was shown [22] that static, spherically ° Bpe’\/‘ﬂ KU3HU KOHeY HOI HO MOXeT 6b|Tb 60“ bLWNM
symmetric wormholes with two flat or AdS asymptotic regions are impossible in GR with any source
possessing isotropic pressure, and. as a result, perfect-fluid wormholes can only contain their source in ° M aTepM a9 — MNblNb
a bounded region of space surrounded by vacuum, with a thin shell on the boundary. It should also be
mentioned that many authors consider wormhole models built using thin shells of exotic matter as the o o
only (or main) source, the first of them being probably [23, 24]. In [25. Q(i], examples of static traversable b Hy)‘KH O ﬂ pO Be pﬂTb. I_I pOCTe M LU M M Cn OC06 - Wa rp fa Cto ry?
wormbholes are given in Einstein-Dirac-Maxwell theory, being obtained without explicitly introducing exotic
matter, which means that the Dirac spinor fields themselves exhibit exotic properties [27].

te-mail: kb20@yandex.ru
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Figure B1. Flots of errors of Warp Factory's numerical evaluations for a Schwarzschild
salution. The error is computed by comparing the munerical T™ value to its troe value
which is zero. The low-resolution grid is 20 m, and the high-resclution grid is 1 m.
The center of the Schwarzschild metric is at 1000 meters and its radius is (L01 meters.

* HenpaBunbHbIN pesynbTart naxe ans

LBapuwwunbaa! T.e. Kogy Henb3s aosepATb (HO
CaM NoAaxoa, NpaBUAbHbIN)

* Yto penatb? KOHEYHO Ke HanucaTb CBOW KoA, C

aBTomatmyeckmm  anddepeHUMpoBaHMEM U
CUMBO/IbHbIMW BbIYNCNEHUAMU
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War 1 (BbluncneHne TeH3opa IHeprum-Mmnynbea) Rf s = 0,10, — 8,0, + I“‘;:,.,ﬁl‘ﬂﬂr e | Bl = = e

87
A

H R _p
a LL, KOIEL G = Ry — = Gy — TeH30P OnHwTerHa [y, — TEH30p Puyyn, Ry = Rlu,}.rz

PumaHoB TeH30P KPUBUZHLI

G + Agu = T,, R—ckanspHas kKpuBM3HA, R — " R,

m{ OZme 0gml 0gk
T axk  ax™ )

EGDEM NMPOU3BOJIbHYIO METPUKY, 3alMNCaHHYIO B aHAaTIUTUYECKOM BUAE

Mpu nomoumn 6ubnnoTekn asTomatmyeckoro audpdepeHumposaHua (jax, Ha GPU) cMMBO/IbHO BbIYUCASIOTCA YaCTHbIE NMPOU3BOAHbIE,
cumBonbl Kpuctodpdens, TeH30pbl U CKanApbl PUmaHa, N, B KOHEYHOM UTOre MOJIy4aeTCA aHa/IMTUYECKOE BblpaXKeHne AnA TeH3opa
3HEPrnn-mmMmnynbca B Touke (X)

LLar 2 (npoBepKa aHepreTUYecknx ycnoBui)

Bepem cnyyaliHble Habopbl KOOPAMHAT (X) U3 HEKOTOPOTO pacnpeaeneHus

Mepexoaum B NOKaNbHYK cUCTeMy KoopauHaT MUHKOBCKOro (gnA npocToTbl OAHOPOAHOM reHepaumm BekTopoB k), reHepupyem
cny4yaliHble cBeTonogobHble M BpemeHMnogobHble BekTopa k

Bbluncnaem sHepreTMyecKkmne yCioBMA B KaXKAOM TOUKe (X, K) = (X)) = T (X =0 v ke

Bepem MUHMMYM NO BCeM peanunsaumam BeKTopa k Ans Kaxkaon ToYKK (x)

LLiar 3 (npoBepKa CNOXKHbIX MECT C NPOU3BO/IbHON TOYHOCTbIO)

Bepem BeKktopa (X, k) ¢ npeabiayuwero wara. Ecam 3a cyeT ymcieHHbIX OWKMBOK cBeTonogobHocTb/BpemeHenoaobHoCTb BeKTopa k
HapYLIMHA — BOCCTaHaB/IMBAaEeM ee HOPMUPOBKOM OA4HOWN N3 ero KoopAnHar.

Mcnonb3ays 6UBAMOTEKN AAUHHOW apudmeTukn (sympy, umcna ¢ 2500+ 3Hakamu) noAactaBnsem HalaeHHble 3HavyeHua (x, k) B
aHanuTMyeckme Gpopmynbl AN SHEPreTUYECKUX YCA0BUNA.
9/16



KpoToBasa Hopa bpoHHmnKoBa-KawaprmHa-CywKosa (2023)

NEC

n

h=1, K =0 & <0,

W F
F=0, =0, =<0, =>0
r ¥

r(Rn) =b(1+ RY* (1 — Acosy),  7—m(R)=b(1+ R+ (5— Asinng)

BR(1 + RE)(2kN2 — V)

o R. —
(&, AL —Acosn)

with N2 defined in Eq. (19). The density p (6) and the quantity d?r /di® at R =0 then read

Ry = kA
PRI = e G + RE2F3(1 — Acosn)(2kN; — Ny’
ﬂ ~ A(1—Acosy)
diZ|, o B(ZEN2— N
B e F(R) =201+ %)%, = A= o g
L+ RY = ' _V P21 + R2)+1"
1 P(R)

- =  F(R)=8G / prir'dR

2N — N1 = 0 q=0.5

b=0.5

CywecTByeT obnactb napameTpos, rae NEC aenctButenbHo BbinoaHsAeTcs! k=0.5

(27)

(28)

(29)

(30)
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JHepreTnyecKkme ycaoBumaA
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O61acTb BpemeHu Koraa Be3fe BCe XOpOoLUo

100
75
50
25
i
00
3 25
-0
15
]
-100
o 1 2 3 o 1 2 3

[MnOXoM MOMEHT BPEMEHM

B KoopauHaTtax (r, t) ¢

(V) ﬁ‘w
* Cyu.I,eCTByeT AWnanasoH BpemMmeH, Korga KH Bo BpemA CBOENM 3BONMHOUUUN HE

HapyLlaeT sHepreTUYeckme ycnoBus

* KpoToBas Hopa B AaHHOW METPUKE CO343eTCA W3 CUHIyAapHocTu. Ho yTo
mewaeTt co3aatb KH apyrum mexaHnsamom? BarKHO nuvlib, co34aTb B MOMEHT
BpemeHu t1 Hy)XHOe pacnpeaenieHMe BELWEecTBa, a Aasiblue 3BOAUMSA A0NXKHA
NOWTM aCMMNTOTMYECKUN MO AaHHON METPUKeE.

XopoLwunit MOMEHT BPpEMEHWN 12/16



JBOIIOUMA BO BpEeMEHM M MPOXOANMOCTb

9=0.5 b=0.5 k=0.5

* KpacHbim — nyyn npoxoaAawime B apyryto BceneHHyto

* 3en1eHbIM — /Iy4u, yNnparLimeca B rOpU3oHT (419 3TOM YaCTU KapTUHKKM Mbl NOKa He

yBEpPEHbI B TOM, Kak byaeT BbirnaaeTb nsobpaxkeHne TeHu) 13/16



YTO MHTepecHO BbiNo Bbl MOCMOTPETL Aanblue?

MOXHO N1 co34aTb AaHHYIO METPUKY HE U3 CUHTYNAPHOCTU?

YncneHHo nocyuMTaTb  AMHAMMKY  BELLECTBA, OLUEHMUTb
CTabU/IbHOCTb

MocmoTpeTb MOryT /M ObiTb Y TaKUX KPOTOBbIX HOP
aKKpPEeLMOHHbIEe ANCKU

CpaBHUTb TEHM C YEPHbIMU AblPpaMU U OPYTMMU KPOTOBbIMMU
HOPaAMM C TOYKM 3peHuna obHapykumoctn B byaywmx PCOB
HabnogeHnax ¢ MunnMmeTpoHOM - B MepBYyHD o4vepenb
KapTMHY GOTOHHbIX KOJeL,

MonpoboBaTb caenaTb MOXOXYH METPUKY, HO C oboumu
BXO4aMM B Hallen BceneHHol (Bapn gBuratens?)

| >
>

>

\J

dust layers
forming a wormhole
are callapsing
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BbiBOAb

* PaboTta B 0bnactu rpaButaumm (gaxe B pamkax obbiyHoro OTO) aHaNMTUYECKUMW METOAaMU TAXKeNa, TAXKENOo
AaXe MPOCTO aKKypaTHO MPOBEPUTb YYXKOW, YXKe MNOJIyYeHHbIN pe3ynbTaT. YncneHHble MeToAabl NMO3BOMAKOT
NOAOWUTMN K NPOBEPKE C O4EHb MPOCTON CTOPOHbI, OAHAKO METOAbl OCHOBAHHbIE HA PA3HOCTHbIX CXEMaX MMEIOT
npobnembl ¢ TOYHOCTbIO (MHOraa ¢aTanbHbie). Mbl npeanaraem HOBbIM YUC/AEHHbIA NOAX0A, OCHOBAHHbIN
CMMBO/IbHbBIX BbIYMUC/IEHUAX, TOYHOCTb KOTOPOrO CYLLECTBEHHO MPEBbIWAET TOYHOCTb PA3HOCTHbIX CXEM, W,
baKTMYeCKH, B npeaene HNYEeM He OrpaHnYeHa.

* BbinonHEeHHaa Hamn He3aBUCMMan MNPOBEPKA MeTPUKKM bpoHHMKoBa (2023) nokasbiBaeT, YTO NPOXOAUMbIE
KPOTOBbIE€ HOPbI, CTPoro B pamkax OTO, 6e3 TpeboBaHMA KaKON-TMOO 3K30TMKM — BO3MOXKHbI!

* Pa3 y}X AMHAMWYECKNE KPOTOBblIE HOPbl BO3MOXHbI, TO, ObITb MOXET, HaNAYyTCA MoxoXKue (He HapylatoLlue
3HepreTMYecKkme ycaoBusl) METPUKM U Ana Bapn Asuratenein? Yto byaetr o3HayaTb, YTO YENOBEYECTBO, C
NPaKTUYECKOM CTOPOHbLI, HE OrPaHNYEHO Npeaenamm HeCKONbKMX BanKanwumx 3Be3a (a, MOXKeT, U npeaenamm
Habntogaemoit Yactn BceneHHoi?)

YncneHHble akcnepumeHTbl B pamkax OTO, 6e3 Kakux-Mbo pacluMpeHUin — HaxoasaTCA CeroaHA B YHWKa/bHOM
cuTyauuun. Ecnm 4YTO-TO NOKa3aHO B pPaMKax YMC/EHHOrO 3KCNepuMMeHTa — 3TO To4dyHo 6byaer paboTtath B
peanbHocTU. T.e. HacTOAWMUMU, GPUINUECKMU FKCNEPUMEHT ANA NOATBEPXKAEHUA TeoOpeTUYEeCKUX pe3ynbTaToB -
n36biTOYEH.
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Cnacmbo 3a BHMMaHue!



