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FIGURE 2.19 » How the rainbow forms. Each water droplet, schematically represented
by a sphere, is penetrated by white light, which is dispersed, then partly refracted outside
the droplet, partly internally reflected.
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry
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HORIZONS (MIDDLE-TOP),

BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

observed by

source type
date

time

likely distance

redshift

signal-to-noise ratio

false alarm prob.

false alarm rate

Source Masses Mo

total mass
primary BH
secondary BH

remnant BH

mass ratio
primary BH spin

secondary BH spin

remnant BH spin

signal arrival time
delay

likely sky position
likely orientation
resolved to

black hole (BH) binary

LIGO L1, H1 duration from 30 Hz
# cycles from 30 Hz
14 Sept 2015
09:50:45 UTC

0.75 to 1.9 Gly
230 to 570 Mpc

0.054 to 0.136

peak GW strain

peak displacement of
interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs

p4 peak GW luminosity

< 1in 5 million radiated GW energy

<1 in 200,000 yr

60 to 70
32 to 41
25 to 33

58 to 67

remnant size, area
consistent with
general relativity?

graviton mass bound

0.6to 1
<0.7
<0.9

coalescence rate of
binary black holes

online trigger latency
0.57 to 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

CPU hours consumed

papers on Feb 11, 2016

face-on/off

~600 sq. deg. # researchers

remnant ringdown freq.

remnant damping time

~ 200 ms
~10

1x10%

+0.002 fm

150 Hz, 2000 km

~0.6¢c
3.6 x 10%¢ erg s
2.5-3.5 Mo

~ 250 Hz

~ 4 ms
180 km, 3.5 x 10° km?2

passes all tests
performed

<1.2x10%2eV
2 to 400 Gpc3yr!

~ 3 min

# offline analysis pipelines 5

~ 50 million (=20,000
PCs run for 100 days)
13

~1000, 80 institutions
in 15 countries

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 102 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10""> m, Mo=1 solar mass=2 x 103° kg
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GW241011&GW241110: 2t KHD S

GW241110’s spins are anti-aligned Possible hierarchical merger?

Two remarkably similar events... compared to the spin direction of the ,
orbit. The larger black hole is spinning at GW241110’s larger

21-94% of the maximum possible rate! black hole may
have formed from

The spinis high & anti-aligned! a previous merger
' of two black holes!

S.103}99319(

| GW241011's larger . ] )
'AM black hole may The spin is high & precisel!

o / have formed from GW241011's sbi . .
. pins are aligned with the
a previous merger spin direction of the orbit. The larger

of two black holes! : SR
- . . black hole is spinning at 69-87% of the . - -
Possible hierarchical merger? e e S e ..but each with a different spin.
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300fE H DENRIRL Z S

01+02+03 =90, O4a* =81, O04b* = 105, O4c* = 24, Total = 300

300 -
280 -
260 -
240 -
220 -
200 -

160 -
140 -
120 -
100 -

Cumulative Detections/Candidates

*0O4a, O4b, and O4c entries are preliminary candidates found online.

1801 O1 02 O3a 03b O0O4a

O4b O4dc

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

LIGO-G2302098(14646f55), updated on 4 July, 2025

Time (Days)

Credit: LIGO-Virgo-KAGRA Collaboration
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Masses in the Stellar Graveyard Masses In the Stellar Graveyard
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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ENROFAEADS105FE, FEICHERXIGW2501 14%Z2HS

A New Perspective on the Universe

B IRENIEUHTERASINDIE, 2015F9814HD Z & TUL L.
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Hubble Space Telescope (2017) James Webb Space Telescope (2022)
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LIGO-Virgo-KAGRA Science Summary (2021 £ 11 A 7 H)

https://www.ligo.org/science/outreach.php

GWTC-3, EHREARY FOAHAZOTE IR

XL ®HIC

GWTC-3 (ZE3EINE N X 1 27, Gravitational-Wave Transient Catalog-3) 1, 7 1 = (LIGO), 7 1 /L= (Virgo),
BLUEKAGRA (02<5) ottt h s, 3FBBHOERNEK A X0 7 TF. GWTC-31%, 20194F 11 A5 5 2020
3 HETRHROWESE 3 B 0% (03b) THHINZENEA RV b2 ZRETOI X0 I TERL
72 DTT. ZORRE LT, GWTC-3 1%, BEEFTRBMEINILARY P2 IR TEDLRRKOENR A X0l
T7.

T3, TNEFTOEHERIZa7OEEILSIITHEL £ 5.

e GWTC-11%, 1 H 2 HoBHIAR (01 & 02) THRI SNz 11 HOARY VEEAEAZv I TLT:
« GWTC-21%, 01,02, 25 3 i (03a) THLNLLHMTSOMDA R W 2EALE IR TL .

e GWTC-2.11%, O3aH Tl E N A Ry P OEHEZ RE L MR, Hizic 8o XY F 2z, GWTC-2
DIFDARY b ERWAZB I TLRE. 2 2TR, XEYEZHNRES THIERD 50% L D/NSkA R
Y MEREIRS 2 LE L (MUTo MENKOME) OHEZSRLTIZE W), MR LTt 55
DARY NEEARHZR WD F L.

e GWTC-3 (ZEIOAH A1) TiE, O3bHFICHH I35 DA XY M2EBML, HEZFTIRBRHEATY
2E8H0MHDARY VG Za IR ELE. (UTOR3IE, BRICHZTEEREARY FOE
EO0fMERLTVWET.)

03b D4 (2020 4E 4 F) 121, KAGRA 75 LIGO ¥ Virgo 2l D £ L7z, KAGRA I, K4 VIZH % GEO 600
rORFEBEE 2 EBEHBLE L. ZOBREOKERIIOWTIE, JICHELET.

INFETOMBDENFBREIEIART, F7SvIR—ILhEFENORIZEROAREZRIEE T2550DTY.
INBEIAVNI MREFLEY, fi7zbiE, ZALPERREDOERETHL LHEELTVET. EAFEDOA RV b
Wik, BRI v IR—ILOGEK, EERFEFEDOARE, MEFE-TS5vIFR—ILOGHROMAGHLEND D £F
=B OBHBROREN LD ER T 21200 T, EAFEAXRY FOFRRIIAMCKEZINTEZ L. 20154F
WKROIDBEEToTHr oD, RVEDH DRRTT.

ZOFENCIE, T ROWEHE, ML, EEAKRA XY P OREROHEEHIE, GWTC3DANA 74+, B&
CFERETEH X TV BB OWTELATVET.

B EE LB IDELDEBEZMRBTE S0, LHEZ L OBHD

HAFTE £ 3. 0312 03a & 03b D 2 DDEAHARIIC
REZOLIMEBOUR F—2DHDM |, ZL ShTEY, ZOM®D 2019 4E 10 A2 1 22HDKIE
TR FEOREDHAEDEICKD, LIGO & Virgo W2 HH L. 201 » Aok HIC, £<
DR ELTEE L, ENBHREROKEZH D7 v 7L — FeEHMTONE L. ZOHITI,
EFTBHEINL 02D EF. 1 20F, Kitisss LIGO DV ¥ 1 > 7 A b ¥ (Livingston) BH#F TDEHID

e ERTRETFREOGRERTE 288X 20 7)) —=>7, LIGO D> 7 #— I (Hanford) # s
HizHE S 2 2T, MHATRERHREA R EWIEY, TOEZELEFE DI, Virgo TD L — 1 — LD Lz

FHR

2o (VIR KAGRA

LIGO-Virgo-KAGRA Science Summary (2021 FI11HTH)

https://www.ligo.org/science/outreach.php

(C T 7=

LIGO & Virgo DFE 3HABKD T 5 v o h— )L e hiEFEDBERDFE

Introduction

TS5y IR—ISHhEFED LS4, AVYNI X
ETHRINZ2EEDOEHRIC X 2l 42 DEHFEA R
b5, EEOENFFEORELZIALIICTE
HTEFET. L2L, Zho0HEERPFHEERTY
DES IR SINWEL L TER2rEHLLICT S22
W2, L OBESEARY N R2EELCREAOKE
ZHOLPICT 2 ZEPRETT. ar 7 PRIKOHE
B ZAEYO5HENET 2 Z vk, HEROEEM
BEHSPICTBIICORM L2, Wbk, R
WHEHLTVWET.

BEERBIE, a7 P RIFOBERIFH TH
RENBZATREM Y LT 200 FEICEAR Y TTEE
L7z, IFTE2200 IFv ) BIERZ2IZL
9. ML LIEEELET v V2T, ERRER
Mo ZHENHIHEILL, ZhZPNDREIICES
LT, FHTEZRE T Iy 7 R— NIk olza v
7 NBEENER SN, EEZET. BINERT v
YANVTR, ERIREMRPRH DL FID X 5 REE L
BET, PHTEST I v 7 R—ABEE L TGERESR
BRI 3,  EXET. TOSDBHF v ¥ 3L
ChH5dh, BEHETHRHENS a7 M RIEOEH
ATRELBRICHB DR ZR L £9. LIGO I & o T
HRTRELE N RIE, KGEE (GlS Mo THRLUED)
D 11555 100 fEOHFZ L A N—F e FREIH
F3. LaL, RUEWHEHEN o AnBRLe, Z
DEBOHHEERT, 75 v 7 R—AHEETEIR
H R WEEBE T AR H D £3. 728 2,
X§i e B X B EEDa v 7 P RIEOBHRITIE,
3~5 My, O#EIFICIBVWEEX v v TOEEL, &DE
BORZFVHETELRIERD/NIWVWT T v VR —
NOBIZZEARDH 5 Z e DRBEINTVWET. ZD%E
FiE, EAED Y O X 51206 % KRS 2 PYFERY X
A=A > THIHINZARENELH D 5. T/,
NREH A2 E AR T 2 OB X T, 7T v I k—
T, #9950 225 120 Mo, OHFIPHT, ELVESEF v v

ThH2ZZeNTHERTVET. ZOEE, WIED
EoNEPHHE N, BEONSWT T v 7K=L
20, BENE-7-EDEHA. LEdHoT, Zh
LDX vy DL S ERFMABFET UL, FA
7B, BRBENEDIS—4EE2KbLEEDIC
ODWTHERZENTEET.

@
3
&
a
&

=

5
[=3

(2
P
2

Secondar

Primary Mass (Solar Masses)

1: fA7z B O THEGHENT X 7B RO REE. R
WREWHOREDOEE, HHEN/NSIWTOREOHEREZ R
T BALESIKELDARY b= LTV, Fi, HE
OBEILLREROMRD/RT. (Credit: LIGO-Virgo-KAGRA
Collaboration / IGFAE / Thomas Dent.)

AV MEEROEHEZES S5 1 DOEER
R, BERRIRD BEE (R YY) B A BRES
TRHETY. 22 2E, HERD, KEBORE D ONEE
BN L T, BESEE DT TN S Z kS, Z=fi
DEFEEICHE > TWES. L TEREIza vy
MEE T, B BHEHSPEO N R e [ U %
W TW2 DI L, BIICIER X 7z 82 1 EH R
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HPETRANRZ e TE S 3 EHHOEE BRI EER




B REVA DA IER
O4a (2023/5/24 - 2024/1/16)

https://ligo.org/science-summaries/

LIGO
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Science Summaries

Foreach of ournew research articles, we feature a summary of the
paper’s key points written for the general public. Simply click on any
of the ‘[PDF]’ links fora downloadable file in PDF format. Translations

into several languages are also available for some of these summaries.

Most recent papers, and their summaries, are written together by the
LIGO Scientific Collaboration (LSC), the Virgo Collaboration and the
KAGRA Collaboration, forming the LVK collaboration.

Translations are a volunteer effort and different sets of languages are
available for each summary. Formost summaries, we list any available
translations by theirISO 639-1/1S0O 639-2 keys, as listed here. YOU
CAN FIND TRANSLATIONS BY CLICKING ON THE BLACK TRIANGLE
NEXT TO EACH SCIENCE SUMMARY ENTRY.

Jump to: 202520242023 |2022|2021] 2020|2019 |2018 2017 |
2016|2015 | 2014|2013 | 2012 | 2011

Translations

You cansearch for the key of your
language, in square brackets - for
instance [fr] for French - on this
page to find all science summaries
that have been translatedintoit.

e [bla]: Blackfoot

e [bn]: Bengali(Bangla /i)

e [ca]: Catalan(Catala)

e [de]: German (Deutsch)

e [el]: Greek (Ellinika /
EAANV (L ka)

e [es]: Spanish (Espanol/
Castellano)

B W\ZAEY YU TEE, SEERTORBY Y U hENz

GWTC4 (2025/8/26 released)

2025

@earching for elusive ultralight dark matter
25-11-07 PDF:[en][ja] ja = Ezlggg

Qrobing the Universe for persistent gravitational waves
o)

25-10-29 PDF:[en][ja] ja = HA&:E

W241011 and GW241110: A pair of rapidly spinning, unequal mass black
hole mergers detected with gravitational waves
2025-10-28 PDF:[en][ja] ja — EZI:EE

an we detect gravitational waves from vector boson clouds?
2025-09-10 PDF:[en][it][ja] [pt] ja — Ezlggani

v Black hole spectroscopy and tests of general relativity with GW250114
2025-09-10 PDF:[en][ca][es][all[it][ja] [pt]

v GW250114: Cosmic carillon of chaos
2025-09-10 PDF:[en][da]l[el]l[es][all[it] [ia] [pt] [zh-Hant]

v GW230814: A loud gravitational-wave signal detected by LIGO Livingston

2025-09-09 PDF:[en][es][hi][it][ja]l[ta]

¥ New constraints on the cosmic expansion and general relativity with

gravitational waves
2025-09-08 PDF:[en][ca][ja] [pt]
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EROEREE —RAETEERC XAUE, REETa v 87 P RRAEDIIEEEE)
TAHIEIZED, BEHEIRET S, EHREE L TCOEEDSRSEH 28T, JEERNFR
RBEOERRBEEPC, FHOHIERZ Q OENRPIFHEMEERHR L TWS eEZI 61 5.
INBHDIH, F—2 OMBE@BITZREICST 2 IRETHINTE 2D, HESIK»SDE
HETH 2. FIEERINE= 2 — b Y ZRCHEHMNRHEEZ A2 RA S « =2 —+ VER
WE&D, BERETRIEEES S 21— a ik, 8RR T I v 7 R—IDET 25512
759 7 R—NFEOEEFNC L > TCHIREETAIEONS, ZTHHDETIIEENKTH
HACEONAESOMHBERZ 2T, HET I v Z7k— (DU BBH) SHEEFMETE
(BNS), BXUHMHETE - 77 v 7 Rk—)LiEE (NSBH) OEERHRIC X 2 E DM,
BIU, 5 X —XHEED 2015 FELLKRATREIC 72 - 7.

FHEOEA i FTIZ, KERDO L —¥ —FPBET LIGO, Virgo 12X - T, O3b & X
N2 EHEARE T £ T2, BBH BIEOE 1D 85 #il, BNS IKIEAS 2 5], NSBH HiFEDS 2
B, RG22 BH THAEXTIHZS D 16 & 90 flmE I Tnws. HAD KAGRA
(7 <5) B 03b ORBICHFERNCA o 72, O4 BRI, 2023 F 5 H2 5 2 FEEDOTET
fibhitwnwa.

BHHRARY M, BN -FEAHZHWT, GW150914 O T dns. 03a ik

FOETTEERDEHHP R ON, r-ffE TR ERDEERTF ¥ VAR >TWE I ER
L TW\Ws. GWI190412 FHS MTEEILD K =7 BBH 226 DENIT, EHHEDOERE—
RO A SNz, GW190425 2 FHICHE R X472 BNS. GW190521 #2E &L RAD
BBH T, &G8ZOHEED 150Ms BEEZ5NE. WhY 2 EE & BH OEE D
KIKDFIDFER 72 o57-. BBH OERDEFE2HROER L EZ SN TWVWS., GW190814

BERDOTF VA TIEARA[REL ¥ 3 2-5M, OBEEMHEE (EEX vy v ) 0arv,r b
KEPSDENPF L EZ SN S, GW200115: #1H TEWREE T NSBH &1k L THlE X
N7=A4 XY b. GW230529.181500 LIGO Livingston TD &AM X 417223, 1.2-2.0Ms &
2.5-4.5Mq DFEEERT, —HIE NS OHEHEZZ MM FITEEX ¥ v THETH S Z & H
5, Oda oA Ry b e LTHEHIEINT.

\ WG SN BHRENIK (2024 4 6 HBIE)
HEOHERE M, My ¥ LIz ED, Fv—THE M. = (M1 M>)%5 /(M + M2)'/°, &

g (hIYED L) Mo /My, BNAE Y Xerr, BN Z N7z BH DE® Mana (NS %
BULAREER My = M+ M), B, BIRRERE (P (A0)°, > 7))
4 XLt (SNR) 277, BODH 5EIX 90% OEHEXME. (HEI LI CHMIE. BBH IZ2W
Tix, GW190521 & SNR 23173 X Hh KEWVWH DDA, )

. N . = . . N . 4~} (BBH) Mc(M~) B o Meinal(Ma) ¥t (Mpc) (A6)2 SNR
D, W EMATBMPIERE o7z, EHFEA XY MIEEBAHIDEI SN, ZREER GwW 150914 28.6+?; 056 _0.01+§-£ : 63-11+§§ 440+ff7>8 50 26
BOEBIHIDSATREIC /R o TW A 23, ZHE CIRIEEDFRE S N/2DIiE GW1T70817 DATH 5. CW170814 241t1d  gg;  go7t012 53,0132 600+130 02 177
GW190412 13.37}0{5 0.32 0 21%8{1?) 35.6%4{8 720%338 240  19.8
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Wheeler®Dgl-> &
o

John Wheeler believed that the names given to concepts or
to descriptions of an idea strongly influence how we think

about concepts and ideas, even how we work on them and Sum Over hlStorleS
build on them. In short, the word inspires the deed. Accordingly, 2
Wheeler spent many hours (often soaking in a warm bathtub)

searching for the most apt terms. Here, in rough chronologica Plaan Iength,

order, a | C aqes:

order, are some of his coinages: Angular momentum st Gravitational and
S-Matrix the scattering operator in quantum mechanics Pla n Ck ti me Mass Charge Baryons  Leptons “h’mfi?’dl
Sum over histories Richard Feynman’s path-integral method )

Moderator the material that slows neutrons in a nuclear

reactor | WOrthIQ,

Stellarator a plasma magnetic confinement device

Planck length, Planck time the scales at which quantum grav
ty dominates Black Hole
Geon an object made from waves bound together by their )
energy’s gravity G

Mass without mass gravitating object containing no massive eon y
particles

Charge without charge wormholes as sources and sinks of Q f
electric field lines uantum Oam!

Figure 1. Agur

e . ) - . hole in action. /
Wormhole a topological "handle” in the geometry of curved . 200 wached out
space A BH h h ; lieved to be uni
Quantum foam quantum fluctuations in the geometry of as no alr’ Charge tric charge, and

spacetime Angular momentum

Black hole* the object formed by implosion of a sufficiently Iaw WithOUt Iaw,

massive star

A black hole has no hair a classical black hole’s properties are = =

determined by only its mass, spin angular momentum, and It from blt, Emn

charge Figure 3. John Wheeler’s
Space tells matter how to move and matter tells space how diagram of the universe as

to curve the summarized content of general relativity a s.gl* excited circuit: Start

Law without law™** emergence of law from random processes ing small (thin part of *U*

It from bit** a physical world built of information units at upper right), the universe P —1
Mutability** susceptibility of physical law to evolution and grows (loop of “U”) and in
change time gives rise to observer
Observer-participancy™” influence of the observer on reality participancy (upper left), which
The universe as a self-excited circuit*” shaping the past from in turn imparts “tangible reality”

the present to even the earliest moments

A single quantum cannot be cloned a theorem that puts a of the universe. Compare this

imit on quantum amplifiers notion with the delayed-choice
experiment of figure 2.

* The phrase *black hole” appears to have been used first, for
the object formed by stellar implosion, by one or more non

physicists shortly after the 1963 discovery of quasars, but it did
not stick. Wheeler recalls adopting it in 1968 after somebody at
a lecture he was giving shouted it out as a suggestion, and in

his hands it was quickly adopted worldwide. .
**An influential, speculative idea due to Wheeler. PhySICS TOd ay, 2009—4




our universe

throat of
wormhole

other
universe

(b) , region near earth
our universe —reg

region near
the star

| Vega
r sin
r cose ®

Fig. 1. (a) Embedding diagram for a wormhole that connects two differ-
ent universes. (b) Embedding diagram for a wormhole that connects two
distant regions of our own universe. Each diagram depicts the geometry of
an equatorial (6 = 7/2) slice through space at a specific moment of time
(t = const). These embedding diagrams are derived quickly in item (b) of
Box 2, and—in a more leisurely fashion—in Sec. 111 C, where they are also.
discussed. This figure is adapted from Ref. 1, Fig. 31.5.
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Wormbholes in spacetime and their use for interstellar travel: A tool for

teaching general relativity

Michael S. Morris and Kip S. Thorne
Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125

(Received 16 March 1987; accepted for publication 17 July 1987)

Rapid interstellar travel by means of spacetime wormholes is described in a way that is useful for
teaching elementary general relativity. The description touches base with Carl Sagan’s novel
Contact, which, unlike most science fiction novels, treats such travel in a manner that accords
with the best 1986 knowledge of the laws of physics. Many objections are given against the use of
black holes or Schwarzschild wormholes for rapid interstellar travel. A new class of solutions of
the Einstein field equations is presented, which describe wormholes that, in principle, could be

traversed by human beings. It is essential in these solutions that the wormhole possess a throat at
which there is no horizon; and this property, together with the Einstein field equations, places an
extreme constraint on the material that generates the wormhole’s spacetime curvature: In the
wormhole’s throat that material must possess a radial tension 7, with the enormous magnitude
7o~ (pressure at the center of the most massive of neutron stars) X (20 km)?*/(circumference of
throat)?. Moreover, this tension must exceed the material’s density of mass-energy, p,c’. No
known material has this 7,> p,c® property, and such material would violate all the “energy
conditions” that underlie some deeply cherished theorems in general relativity. However, it is not
possible today to rule out firmly the existence of such material; and quantum field theory gives
tantalizing hints that such material might, in fact, be possible.

Am. J. Phys. 56 (5), May 1988 © 1988 American Association of Physics Teachers
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Wormholes, Time Machines, and the Weak Energy Condition
Michael S. Morris, Kip S. Thorne, and Ulvi Yurtsever

Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
(Received 21 June 1988)

It is argued that, if the laws of physics permit an advanced civilization to create and maintain a

wormhole in space for interstellar travel, then that wormhole can be converted into a time machine with
which causality might be violatable. Whether wormholes can be created and maintained entails deep,
ill-understood issues about cosmic censorship, quantum gravity, and quantum field theory, including the
question of whether field theory enforces an averaged version of the weak energy condition.

Morris, Thorne, Yurtserver, PRL 61 (1988) 3182
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PHYSICAL REVIEW D 66, 044005 (2002)

Fate of the first traversible wormhole: Black-hole collapse or inflationary expansion

Hisa-aki Shinkai*
Computational Science Division, Institute of Physical & Chemical Research (RIKEN), Hirosawa 2-1, Wako, Saitama, 351-0198, Japan

Sean A. Hayward'
Department of Science Education, Ewha Womans University, Seoul 120-750, Korea

(Received 10 May 2002; published 16 August 2002)

We study numerically the stability of the first Morris-Thorne traversible wormhole, shown previously by
Ellis to be a solution for a massless ghost Klein-Gordon field. Our code uses a dual-null formulation for
spherically symmetric space-time integration, and the numerical range covers both universes connected by the
wormhole. We observe that the wormhole is unstable against Gaussian pulses in either exotic or normal
massless Klein-Gordon fields. The wormhole throat suffers a bifurcation of horizons and either explodes to
form an inflationary universe or collapses to a black hole if the total input energy, is, respectively, negative or
positive. As the perturbations become small in total energy, there is evidence for critical solutions with a certain
black-hole mass or Hubble constant. The collapse time is related to the initial energy with an apparently
universal critical exponent. For normal matter, such as a traveller traversing the wormhole, collapse to a black
hole always results. However, carefully balanced additional ghost radiation can maintain the wormhole for a
limited time. The black-hole formation from a traversible wormhole confirms the recently proposed duality
between them. The inflationary case provides a mechanism for inflating, to macroscopic size, a Planck-sized
wormhole formed in space-time foam.
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Bifurcation of the horizons — go to a Black Hole or Inflationary expansion

Black Hole

or
Inflationary
expansion
- amplitude = +0.10
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Figure 4: Partial Penrose diagram of the evolved space-time.
Figure 6: Areal radius r of the “throat” =%+ = x~, plotted as a function of proper time. Additional negative energy causes
inflationary expansion, while reduced negative energy causes collapse to a black hole and central singularity.
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Travel through a Wormhole
-- with Maintenance Operations!

Figure 11: A trial of wormhole maintenance. After a normal scalar pulse, we signalled a ghost scalar pulse to extend the life
of wormhole throat. The travellers pulse are commonly expressed with a normal scalar field pulse, (¢,, &, ¢.) = (+0.1,6.0,2.0).
Horizon locations ¥, = 0 are plotted for three cases:

(A) no maintenance case (results in a black hole),

(B) with maintenance pulse of (¢c,, ¢, ¢.) = (0.02390, 6.0, 3.0) (results in an inflationary expansion),

(C) with maintenance pulse of (c,, ¢, ¢.) = (0.02385, 6.0, 3.0) (keep stationary structure upto the end of this range).
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8 A. ) A.3 ROEDHE 2EE p206
KBS RICH BT D

B DEHH
HTefBr e bzt &, RUBRORBEZER A (K
X [m]) &), EOBNLEEZREHLOLLH -7 %
#ig A (B2 [m]) &),
o HALAYGIHTTIEEF o THMEL 2L &, —ERH Z & IZ[F URDOIR
Bzt Rs., CoORMZERR T (BAL[s]) &), 1/H
(ZATEIRE) B & v ) mE HRENEL f (HALIE [Hz]) &),

1 , 1
f = T IREIEL [Hz| = A

o WDELHES vm/s| FKDL I IZHid D,

=

o H5b

(A.18)

v=fA &S [m/s| = REE [Hz] x k& [m| (A.19)
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fF8x A. ) A3 BOEDOMHEE ZRE p207

ReRIVES

(@) B t=2 THERDAFYvTIYayvhk

(b) i z = 0 TCHIEDREZEIL [AHE T'[s]
Y < >

0.0 " 0.0

Y AL EZEDOEDLLEET. AR TEELYH->TD, 1 2T TCILE o CTHRMELZEH LTS, FHHNLE

BChb. () NEz=0 THEFH L TVLEELS, z BOIEDOM X ICIEZBEDORDLIEETF %, 1/4 J&
L OWRELERTRLE. (A) (a)z FANSESIRIE A, R A =1[m] OFEZEL t =2 TRz,
(b) 1, COWZMNMEz=0TEHHALZD D, FAH T =1[s] THLAZ LDPDOLPLDT, ZOEDES v
X, v=A/T=1[m/s] Th5.

66



BOEHDODYBHIGHEE @ — K-F -k

Wire coil \

—
® (M

Sine-wave
generator

Diaphragm

figure 15.15 An oscillating current applied to the coil of
wire attached to the diaphragm of a speaker makes the diaphragm
oscillate as it is attracted to or repulsed by the magnet, generating

a sound wave.

Puddle Interference The concept of interference shows up in
everyday life in bodies of water, from puddles to oceans.

FIGURE 2.19 » How the rainbow forms. Each water droplet, schematically represented
by a sphere, is penetrated by white light, which is dispersed, then partly refracted outside
the droplet, partly internally reflected.
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figure 16.12 Light from the source passes through a single slit before striking the
double slit in Young's experiment. Interference fringes are observed on the screen. (The
spacings of the double slit and the fringes are exaggerated in this drawing.)

Single Double
slit slit

Light \ Path difference = ~ A
source 2

figure 16.13 When the path difference between the two waves is equal to half a

2E X)W KB FHHEERR

52w KT
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(LD Bl
Aok ° |

BRA)Y NTHT=ED

‘ Dark line in the
- diffraction pattern

Observat_ion/.
screen

figure 16.18 When the path difference between light
coming from the top half of the slit and that coming from the

bottom half is 3 A, a dark line appears in the single-slit diffraction

wavelength, the two waves arrive at the screen half a cycle out of phase, producing destructive vattern

interference.
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