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MpeaucnoBue

JlanHO€ MeToIM4YecKoe Mocodue Mo MPOCMOTPOBOMY, 03HAKOMUTEIILHOMY U IIOMCKOBOMY
YTCHUIO TEKCTOB HA AHTJIMICKOM sI3BIKE IMPEIHA3HAUEHO IS CTYACHTOB (akynbrera ONTHKO-
UH(POPMALMOHHBIX cucTeM U TexHojoruiit MUUT AuK.

[Tocobue co3maBasioch Ha OCHOBE OIbITa padOThl mpernonaBareneil  kadeapsl
MHOCTpaHHbIX A3bIk0B MUNT" AuK.

TeKCThl 3aMMCTBOBAHBI U3 MAaTEPUAJIOB COBPEMEHHOW AHTJIOA3BIYHON JINTEPATYPHI.

3amada mpernogaBateNs aHTIIMKUCKOTO s3bIKa — C()OPMHUPOBATH Y CTYIEHTOB 1-2 KypcoB
HABbIKM YTE€HUS W TMOHHMMAaHUS OPUTHMHAIBHOM JUTEpaTyphl MO CHEHHAIBHOCTH C ILENBI0 ee
JMAIbHEWIIEro HCIIOJIb30BaHUA B Oynymied mnpodeccur. YMEHHE H3BIEKaTb HEOOXOIMMYIO
HAyYHO-TEXHUYECKYI0 HH(POPMAIUI0 W3 HHOCTPAHHBIX WCTOYHHKOB — YCJIOBHE YCIICITHOU
npo¢eCCHOHATBHOMN e TETFHOCTH Oy/IyIIEeTo CHeIHaIiCTa.

B mocobue BkIIOUEHBI S TEKCTOB IO ONTHKE HA aHTJIMICKOM si3blke. Kaxkmomy TekcTy
MPEIIIeCTBYIOT MPEATEKCTOBbIE 3a/laHus, HAlleJIMBAIOUINE CTyJeHTa Ha IOUCK TpedyeMoil
uH(pOopMaLUH.

B koHIe kaxaoro tekcra umeercs pasnen “Discussion Questions”, KoTopblil cOIEpKUT
BONPOCHl JJIsl aHalIM3a W OLEHKM MOHUMAaHHUS H3JI0KEHHOro Marepuana. JlaHHbli paszien
HampaBlieH Ha (GOPMUPOBAHUA Yy CTYJACHTa HABBIKOB IIOMCKAa B TEKCT€ HEOOXOAMMOM
uH(OPMAIIUU U MCIIOJIH30BAHMS €€ B JAIbHEHIIIEM ITPU PEIICHUH HOBBIX 3a/1a4.

[Toce HEKOTOPBIX TEKCTOB MAYT 3aaaHus moj HasBanueMm “Self-check”, kotopsie mator
MPEToAaBaTeNo0 BO3MOKHOCTh OLIEHUTh CTETIeHb TOHUMAaHHUS TPOYUTAHHOTO TEKCTA.

B pasnene “Selected VVocabulary” naetcs ToikoBaHHe Ha aHTTTHICKOM SI3BIKE HEKOTOPBIX
CTCIHATBHBIX TEPMHHOB.

B xoHII€ TOCOOWSI TOMETIIEH CITUCOK HEMPABIIILHBIX IJ1aroJioB W aHTJIO-PYCCKUAN CIIOBAph
K TEKCTaM.

MpenopgaBaTtenio npeanaraloTcs crnenyowme Buabl paboTbl ¢ TEKCTaMU Nocoous:

MpocmoTpoBOE YTeHUe

[IpocMoTpoBOE uTeHHE MpenrnoaraeT NoJay4eHrue OOIIEero MPEACTaBIECHUS O YHTAEMOM
MaTepuaie.

B ynpakHeHusx mo mpocMOTPOBOMY YTEHUIO 11€JIeCO00pa3HO MPEIOKUTh CTYIEHTY IS
aHanmu3a 0oJiee KpPYIHBbIE CMBICIOBBIE KYCKU. 3a/lada YMTAIOIIEr0 — MOHATH, MPEJCTABIACT JIH
JAHHBIN TEKCT MHTEPEC, OTHOCUTCS JIM JAHHBI MaTepHajl K HHTEPECYIOIEH €ro TEME, CTOUT JIU
€ro YATaTh JAJBIIE.

Ecnu mocne Oersoro mpouTeHMsl CAENaH BbIBOJ, YTO TEKCT MHTEPECEH, €ro Ciexyer

YUTATh AAJIbUIC C MPUBJICYCHUCM JAPYIrUX BUJOB UTCHUSA: ITIOMCKOBOT'O, U3Yy4arOII€TO.
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CKOpOCTh MPOCMOTPOBOTO YTEHUS HE AOKHA ObITh HIKE 500 cIOB B MUHYTY. Y4ueOHBIC

3aJaHusl B JAaHHOM BHJI€ YTCHHUS HaNpaBieHbl Ha (OPMHUPOBAHHWE HABBIKOB M YMEHUH

OPHUEHTHUPOBATHCS B JIOTUKO-CMBICIIOBOH CTPYKTYpE TEKCTa, YMEHUM U3BIIEKATh U UCIIOJIb30BATh

MaT€pHrall TCKCTa UCTOYHHUKA B COOTBETCTBUU C KOHKPETHBIM KOMMYHUKATHBHBIM 3aJIaHUCM.

lNpenodasamento npu npogedeHuu 3aHIMul rno ebipabomke HagbIKO8 MPOCMOMPOBO20 YMEHUS

y cmydeHmoe8 pekoMeHOyemcs ucrosib3oeame criedyrouyue 8ulbl yrpaxxHeHUU:

1.

10.
11.

12.

13.

14.

15.

[IpounTaiiTe 3arojoBOK TEKCTa, MOCTapalTeCh BHUKHYTh B €r0 CMBICH, OIpPEIEIUTe
[JIaBHYIO MBICITb TEKCTA.

[TpounTaiite nepsbIii ad3am. ComocTaBbTe €ro CoAepKaHnue CO CBOMM IIPEICTaBICHUEM O
TJIABHOM MBICIIU TEKCTA.

[TpocMoTpuTe Bee ocTalibHbIE a03allbl, COMOCTABIIASL UX COACpKAHUE C MPEACTaBICHUEM
[JIaBHOM MBICIIM TeKcTa M oOpamas oco0oe BHHUMaHHWE Ha COACpKAHUE MEPBBIX
NpeUIOKEHUH a03arieB.

Cdopmynupyiite orBeT Ha Borpoc:” O yeM moBecTByeTcs B TeKcTe?”’

[lepeBenute 3arnaBue W oTBeThTe Ha Bompoc: “Ilo kakomy cnoBy 3aryaBusi (WU IO
KaKOMY CIIOBOCOYETaHHI0) MOKHO YCTAHOBUTD, YTO pe4b HJIET O ... ?”

[TpouruTte 3arnaBus TekcToB. [IpeanonaoxuTe, 0 KAKMX KOHKPETHBIX (PaKTax MOXKET UATH
peus B Tekcrax. [IpocmoTpure ux.

[IpoutnTte 3arnaBue CIEAYIOMIETO TEKCTa W IMOAyMaiiTe, ¢ 4eM OHO acCOLUHPYETCs B
BallleM NpejcTaBieHnu. Eciu 3arnaBue Bac HHTEpPECYET, UNTAWTE TEKCT AajbIle.
[IpocmoTtpuTe  Tekcr. Ompenenute  ero  xapakTep(OmMCaHWE,  pacCyXISHHE,
MOBECTBOBAHUE U T.1I.).

[TpocMOTpuUTE TEKCT U CKAXHTE, COJAEPKUT JIM OH C Balllel TOYKU 3PEHUSI UHTEPECHYIO
UH(OPMALIHUIO.

Brienure B TeKCTE BBOJIHYIO, OCHOBHYIO M 3aKITIOUUTEIHHYIO YaCTH.

CocraBpTe 00III€€ TpEACTaBIEHUE O COJCPKAHMM TEKCTa IO 3arjiaBuro(Tabiuie,
4epTexy, pUCYHKY (popMyIie, BBOJHON U 3aKITIOUUTEIBHON YacTsIM).

[Tpoutute mnepBble NpeanokeHHs ab3aleB MW HA30BUTE BOINPOCHL, KOTOpbIE OyayT
paccMaTpUBaThCS B TEKCTE.

[lpouruTe mocnmenHuit ab3all TEKCTa W CKaXWTE, KAaKOe COJCpKaHWE MOXKET
IPEIIEeCTBOBATh 3TOMY BBIBOY.

[TpocMOTpUTE TEKCT, O3HAKOMBTECH C YEPTEKOM (PUCYHKOM, rpadukoMm, TalnuieH,
OTICBIBAEMOW B TEKCTE), COCTaBbTE TUIAH OCHOBHOTO COJIEP)KaHUS TEKCTa.
O3HakoMbTECh C TpapUYECKUM H300PAKEHHEM B TEKCTE. 3aTeM MPOYUTANTE TEKCT U

CKaXXUTC, COOTBCTCTBYCT JIN 1/1306pa>1<eH1/1}0 COJACPIKAaHUEC TCKCTA.
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16. YcranoBuTe, kakas mpoodseMa 00CyKIaeTcsl B TEKCTE.

17. Ckaxute, kakas mpo0seMa BBITEKAET U3 COJIEPKAHUS TEKCTA.

18. IlocTaBbTe K TEKCTY HECKOJBKO BOMPOCOB M 3aJaiiTeé MX BalleMy TOBAapHILYy, 3aTeM
OTBETHTE HA €T0 BOIPOCHI.

19. IlonTBepauTe TOYKY 3PEHUS, U3JIOKEHHYIO B TEKCTE, MCIIOJb3Ysl COOTBETCTBYIOILUI
npuMep.

20. BeickaxxuTte Ballle MHEHHE O MPOYUTAHHOM, COOOIIMTE W3BECTHBIC BaM
JIONIOJIHUTENbHBIE cBeeHus. [IpuBenuTe npuMepsl, GakThl, MOAOOHBIE ONMUCHIBAEMBIM B
CTaThe.

21. TlomymaiiTe, KaK U TJ€ BBl MOKETE MCIIOJIb30BaTh U3BJICUEHHYIO U3 TEKCTa HH(POPMALIUH.

O3HakomuTenbHoe YTeHue

O3HaKOMUTEIBHOE YTEHUE MIPEACTABIISIET COOOM MO3HAIOIIee YTCHHE.

OcHoBHasi KOMMYHUKAaTHBHAasl 3aJladya COCTOMT B TOM, YTOOBI B pe3yJbTaTe OBICTPOTO
MPOYTEHUS] BCEro TEKCTa M3BIEYb COJEPKAIIYIOCS B HEM OCHOBHYIO HMH(OpMAIIHMIO, TO €CTh
BBISICHUTb, KaKH€ BOIPOCHI U KAKMM 00pa30M PEIIalTCs B TEKCTE, YTO UMEHHO TOBOPUTCS B HEM
[0 JIaHHBIM BompocaM M T.n. OHO TpeOyeT yMeHMs pa3jinyaTh IJaBHYIO M BTOPOCTEIEHHYIO
nHpopMaIuro.

Jlisg nocTuxeHus 1eleil 03HaKOMHUTENBHOTO 4YTEHHUs OBbIBae€T JOCTATOYHO MOHHUMAaHUS
75% Texcra. Temn 03HaKOMHUTEIBHOTO YTeHUs — He HIKe 180 ¢I0B B MUHYTY.

Lns sb/pa6omKu y cmyOeHmoe HaeblK0O8  O3HakKoMumesibHO2O 4YmeHuUsd  B803MOXHO

ucrionb3o8aHue criedywux eudo8 yrpaxHeHuUu:
1. Ilpouwraiite mnnaH(yTBEp>KIEHHE), O0OYCIOBbTE, COOTBETCTBYET JHU OH (OHO)
MOCJIEI0BATENbHOCTH U3JI0KEHHBIX B TEKCTE (DAKTOB
2. CocraBbTe IUIaH TEKCTA.
3. Haiinute OCHOBHYIO H/I€I0 CHayala, CepeinHe U KOHIIE TEKCTa.
4. TloguepkHuTe B KaxaoM ab3ane 1-2 mpemiokeHus , KOTOpPble MOXKHO ObLIO OBl
OITYCTHUTb KaK HECYIIECTBEHHBbIE.
ITpocMOTpHUTE TEKCT U 03araaBbTE €TO0.
[Tepeuncnure GakThl, KOTOPBIE BbI XKeJaIl Obl YSICHUTb.
CocTaBbTe aHHOTAIMIO (JJAKOHUYHBIHN pedepar) NpoUUTaHHOTO.

[lepenaiite comepkanne TeKCTa B yCTHOU (TUCEMEHHOMN) hopMme.

© © N o a

CocraBbTe BBIBOABI Ha 0a3e mpounTaHHoro. HazoBute Oosiee n0CTOiHBIE BHUMAaHUS
BOIIPOCHI (JJaHHbIE), HAXOJAIIMECS B TEKCTE. YKaXKHUTE, I7I€ MOKHO HMCIIOIb30BaTh 3TH
CBEICHHS.

10. BeickakuTe CBO€ MHPOBO33PEHHE O BO3MOXXHOCTH WCIOJIB30BaHUS HH(OpMAIHH,
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11.

12.

13.
14.

15.
16.
17.

18.

19.

20.
21.
22.
23.
24.
25.

26.

27.
28.

29.
30.
31.

coJiepKalieics B TeKCTe, B Baiel Oymyiieit npodeccun.

YuraiiTe ab3am 3a a03ameM, OTMedYas B KaXKJIOM W3 HUX MPEAJIOKEHUS, HECyIue
[JIaBHYI0O WHGPOpPMALNIO, M MPEUIOKEHUS, B KOTOPBIX COAEPXKUTCS TOTOJHSIONIAL,
BTOpPOCTETEHHAs HH(pOpMaIusl.

Omnpenenure cTeneHb BaXHOCTU a03alleB, OTMEThTE a03allbl, KOTOpPBIE coJiepkaT Oolee
Ba)XHYIO MH(OpMAINIO, U a03aIlbl, KOTOPBIE COAEPHKAT BTOPOCTEIICHHYIO IO 3HAUYECHUIO
UH(OPMALIHIO.

O6006muTe nHDOpMAIHIO, BRIPAXKCHHYIO B a03a11ax B CMBICIIOBOE (€IMHOE) IIeI0e.
[Ipoutute crneayroume NpeaioKeHNUs U HA30BUTE COIO3bI (COIO3HBIE CIIOBA), KOTOPHIE
UCIIOJIb3YIOTCS ISl CBSA3H NPOCTHIX MIPEIOKEHUM.

Pa3nenuTe TeKCT Ha CMBICIOBBIE YAaCTH U 03aIJIaBbTE KAXKIYIO YacTb.

[Tpoutute TekcT, 0OpaTUTE BHUMaHKUE Ha YePTEX (MILTIOCTPALIMIO) U €T0 3ariiaBue.
[IpouTtTe TEKCT U OMNpeneauTe TeMy TEKCTa, MCIONB3YyS B KaueCTBE OPHEHTHPOB
3arnaBue, ¢ororpaduu, TepMHUHBI, HHTEPHALMOHAIBHBIC CJIOBA, WJLTIOCTPAIMH K
YEPTEXKY.

[TpoutuTe 3arnaBue u MepBblil (MOCIeIHUI) ab3al] TEKCTa U CKaXHUTe, O YeM HJET peydb
B TEKCTE.

[TpouTHTE TEKCT U CKAXXKUTE, HA CKOJIBKO YacTell MOKHO YCJIIOBHO Pa3felIuTh €ro, 4eMy
NOCBSIIIEHA Ka)KJaasi OTJelbHasl 4acTh (BBEJIEHHUE) , IOCTAHOBKA IPOOJIEMBI, IyTH €€
pelieHus, BEIBOJBI U T.11.)

CocraBbTe CIIHCOK BOIPOCOB K TEKCTY.

[ToaroroBwTe MJ1aH Mepeckasa TEKCTa.

Pa3znenuTe TeKCT Ha CMBICIOBBIE YAaCTH U 03arJIaBbTE UX.

CpaBHUTE TOYKH 3PEHMUS], U3TT0KEHHBIE B TEKCTE.

Chopmynupyiite nuero Tekcra.

[Ipoutute TEKCT, OTMEThTE (PAKTHI, HA OCHOBAHMHM KOTOPBIX aBTOP JENAET IJIaBHbIE
BBIBO/IBI.

CokparuTe TEKCT 3a CUeT MOJAPOOHOCTEH, KOTOPbIE MOTYT OBbITh OIyIIEHBI 0€3 yiiepoa
JUISL COAEPIKAHMSL.

[TosicHuTe T71aBHYIO MBICIh TEKCTa CBOUMU CIIOBaMHU.

Bripazute cBoe OTHONIEHHE K MPOYUTAaHHOMY. CKaKHTE, COTJIACHBI JIM BBl C OLEHKOM
aBTOPOM COOBITHH, (haKTOB.

[TpounTaiiTe BCIyX MPEANIOKEHUS, KOTOPhIE OOBSICHSIOT 3arjiaBHe TEKCTa.

Ckaxure, C KAKUM U3 U3JI0’KEHHBIX TMOJIOKEHUI TEKCTa Bbl HE COTJIACHBI U IOYEMY.
Ckaxure, Kakie U3 NEPEeUYHCIEeHHBIX ()aKTOB Bbl y3HAJIM BIIEPBbIE U3 MPOUYUTAHHOTO
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TEKCTa.

32. CkaxuTte, NpH U3yYECHUH KaKUX MPEIMETOB BaM MOXKET MOHAI00UTHCS MH(pOpMaLus,
cojieprKalasics B JaHHOM TEKCTe.

33. TlosicHute, B 4eM BBl BUAWUTE PACXOXKICHUS B IOJIXOJE aBTOpa JaHHOTO TEKCTa U
aBTOPOB y4eOHHMKA, KOTOPBIM BBI ITOJIb3yETECh.

34. HazoBure, Kakue MyOIHUKALIUU 110 3TOH MPOOIEME BbI YU TAIIH.

35. CocrtaBbTe BOIPOCHI, 10 KOTOPHIM BBl XOTEIH OBl MOIYYUTh HHPOPMALIUIO 110 TEME U3
JUTEPATYPBl, H3IAaHHOH 32 pyOe:KOM.

MouckoBoe YTeHwue.,

Ilenb MOMCKOBOTO 4YTEHHUS] — OBICTPOE HAXOXJIEHUE B TEKCTE BIIOJHE ONPEAETICHHBIX
NMaHHBIX ((haKTOB, XapaKTEPHCTUK, HU(PPOBBIX MOKa3areiel, ykazaHuil). OHO HampaBlIeHO Ha
HAXO0XJICHHE B TeKCTe KOHKpeTHOW mHpopManuu. CTyaeHTy U3BECTHO U3 JPYTUX UCTOYHHKOB,
4yTo Takas HH(OpMalLMs CONEPKUTCA B JAHHOW cTaThe (KHUTE), MOITOMY OH Cpa3zy ke
oOpamraercsi K ONpENeNIeHHBIM pa3/eiaM, KOTOpble M IMOBEpPraeT HM3ydarolleMy YTEHHIO0 0e3
JETaJIbHOTO aHAJIN3a.

Takoe ureHue, Kak U MPOCMOTPOBOE, MPEIOIAraeT HaTMYUe YMEHUS OPUEHTHPOBATHCS
B JIOTUKO- CMBICIIOBOI CTPYKType TEKCTa, BBIOpATh U3 HEr0 HEOOXOAUMYI0 MH(OPMAIHMIO IO
OTIpe/ICNIEHHONW MpoOieMe, BBIOpaTh M OOBEIUHUTH HHPOPMAIMIO HECKOJIBKHX TEKCTOB II0

OTACJIBHBIM BOIIPpOCAaM.

YnpaxHeHusi, pekomeHOyeMble Orisi 06y4eHUsT MOUCKO8OMY YMEHUIO:

1. OGycnoBbTe TeMy (quiIeMMY) T€KCTa (CTaTbH).

2. HaiiguTe a63a1pl, MOCBAIICHHBIE 0003HAYEHHOM TEMeE.

3. Haiizute B TekcTe (akThl, KOTOpHIE aBTOp OTHOCUT K TIOJIOKUTEJIbHBIM
(oTpULIATEIBHBIM).

4. Pa3nmenuTe TEKCT HAa YaCTH B COTIIACOBAHHH C ITYHKTaMH TUIaHA.

5. BebIpazure cBoe MHPOBO33pEHHE O COJIEPKAHMM TEKCTa U COIMOCTABbTE €r0 CO CBOMM
OTIBITOM.

6. IlpocMOTpuUTE TEKCT H CKaXWTe, JUISI KAKOW KATeTOPHH YWTaTeled OH MOXeT
NPEJICTABIISATh HHTEPEC U TIOYEMY.

7. TIpocMmoTpuTe TEKCT, HaAWAUTE €ro (pparMeHT, KOTOPBIN MPEICTaBIsAET A BaC OCOOBIMA
UHTEpEC, U 0OBACHUTE, TIOUYEMY.

8. CkaxuTe, KaKOMY M3 YKa3aHHBIX BOIIPOCOB Y/IENSETCS B CTaThe 0c000E BHUMaHUE.

9. IIpocMmoTpuTe TpEATIOKEHHbIE BaM TEKCTHI M MOMOEpUTE W3 HUX (DaKThL, KOTOpHIC
OTHOCATCS K TeM€ ... , (KOTOpble MOIJIM Obl CIYXUThb WUIIOCTpAlMed K Te3Ucy,

YTBEPXKJICHHIO ...).



10. YkaxuTe B TeKCcTe a03a1bl, B KOTOPBIX COJIEPYKATCSI TaHHBIE O ... .

11. Haiimute B craTbhe ompenesneHue (BBIBOABI, (HOPMYITUPOBKY MPOOJIEMBI;,  TEpMHH,
0003HaYalOIINMA...) U 3aYUTANTE BCIYX.

12. Haiinute B TeKcTe (haKThl, yIIOMSHYTHIE B aHHOTAIUH (pe3toMe).

13. OT™MeTbTE B TEKCTE MECTa, AAOLIME OTBETHI HA MPEATI0KEHHbBIE BOIIPOCHI.

14. Haiimute B TekcTe (akThl, KOTOpPBIE TAIOT OCHOBAHWE CIENaTh BBIBOJBI, COCTAaBUThH
TE3UCHI.

15. Haiigure U OTMETBTE B TEKCTE MECTa, OTHOCSIINECS K ... (XapaKTepU3YIOLIHE .. ).

16. 3aunraiiTe Bcayx U3 TeKCTa (PAKTHI, KOTOPbIE OTHOCATCS K TEME... .

17. IlogquepkHUTE B TEKCTE oOmpeaeieHue (BBIBOI, (OPMYIMPOBKY MHpPOOIEMBI; TEPMHH,

0003HaYaIOIIHUH ...).

HpI/I O6Hapy)KeHI/II/I HCKOMOM I/IH(bOpMaI_[I/II/I OCJIb IOMUCKOBOTO YTCHHUA NOCTHUIHYTA,
YTCHUC CJCAYCT IPCKPATUTh, 1100 HepeﬁTI/I K JApyrum ¢€ro BUIAaM (OSHaKOMI/ITeJ'IBHOMy,

U3yYaroemMy).

ABTOPbl  MPEAMOJIATAIOT, 4YTO  VYKA3AHHbLIM  CMWUCOK  YMNPAXHEHMA  HE  ABNAETCA
MCHEPTMbIBAOWNMM U NPENOOABATE/Ib MOXET CAM PACWUNPATb U AOMOJHATL EFO B 3ABUCUMOCTU OT
NMOCTAB/IEHHOW LIE/I YPOKA. TNABHAA 3AOAYA — ®OPMUPOBAHUE HABBIKOB M YMEHUI B PA3/INYHbIX
BUAAX YTEHWMA, YTO MNO3BONUT CTYAEHTY B OAJIBHEMWEM 3AHUMATbLCA CAMOOGPA3OBAHUEM,
COBEPLUEHCTBYACH B CBOEM CMELIMANBHOCTU.
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T The Nature of Light

TekeT 1
3adaHue

Hatdume e Tekcme 1 omeemsi Ha crnedyroujue 80rpochi:

How did Pythagoras explain the phenomenon of seeing?
What provides the simplest evidence of human precedence over natural phenomena in seeing?
How does Newtonian physics explain the propagation of light?

Who was the first to measure the speed of light?

o M~ WD

How can it be proved that light travels in vacuum?

The cause and effect relationship in vision
In ancient times, even smart people who have thought hard about vision have come up with

incorrect ideas about light and vision. The ancient Greeks, Arabs and Chinese had theories of
light and vision, all of which were mostly wrong, and all of which were accepted for thousands
of years.
One thing the ancients did get right is that there is a distinction between objects that emit light
and objects that don't. When you see a leaf in the forest, it's because three different objects are
doing their jobs: the leaf, the eye, and the sun. But luminous objects like the sun, a flame, or the
filament of a light bulb can be seen by the eye without the presence of a third object. Emission of
light is often, but not always, associated with heat. In modern times, we are familiar with a
variety of objects that glow without being heated, including fluorescent lights and glow-in-the-
dark toys.
How do we see luminous objects? The Greek philosophers Pythagoras (b. ca. 560 BC) and
Empedocles of Acragas (b. ca. 492 BC), who unfortunately were very influential, claimed* that
when you looked at a candle flame, the flame and your eye were both sending out some kind of
mysterious stuff , and when your eye's stuff collided with the candle's stuff, the candle would
become evident to your sense of sight.
Bizarre as the Greek "collision of stuff theory” might seem, it had a couple of good features. It
explained why both the candle and your eye had to be present for your sense of sight to function.
The theory could also easily be expanded to explain how we see nonluminous objects. If a leaf,
for instance, happened to be present at the site of the collision between your eye's stuff and the
candle's stuff, then the leaf would be stimulated to express its green nature, allowing you to

I_perceive it as green.

"Modern people might feel uneasy about this theory, since it suggests that greenness exists only
for our seeing convenience, implying a human precedence over natural phenomena. Nowadays,
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people would expect the cause and effect relationship in vision to be the other way around, with
the leaf doing something to our eye rather than our eye doing something to the leaf. But how can
you tell? The most common way of distinguishing cause from effect is to determine which
happened first, but the process of seeing seems to occur too quickly to determine the order in
which things happened. Certainly there is no obvious time lag between the moment when you
move your head and the moment when your reflection in the mirror moves.

Today, photography provides the simplest experimental evidence that nothing has to be emitted
from your eye and hit the leaf in order to make it "greenify.” A camera can take a picture of a
leaf even if there are no eyes anywhere nearby. Since the leaf appears green regardless of
whether it is being sensed by a camera, your eye, or an insect's eye, it seems to make more sense
to say that the leaf's greenness is the cause, and something happening in the camera or eye is the
effect.

Light is athing, and it travels from one point to another.
Another issue that few people have considered is whether a candle's flame simply affects your

eye directly, or whether it sends out light which then gets into your eye.
Again, the rapidity of the effect makes it difficult to tell what's happening. If someone throws a
rock at you, you can see the rock on its way to your body, and you can tell that the person

affected you by sending a material substance your way, rather than just harming you directly

g

with an arm motion, which would be known as "action at a
distance.” It is not easy to do a similar observation to see
whether there is some "stuff" that travels from the candle to
your eye, or whether it is a case of action at a distance.

Newtonian physics includes both action at a distance (e.g.
/ the earth's gravitational force on a falling object) and

contact forces such as the normal force, which only allow

distant objects to exert forces on each other by shooting

a) Light from a candle is
bumped off course by a
piece of glass. Inserting the
glass causes the apparent
location of the candle to
shift. The same effect
can be produced by taking
off your eyeglasses and
looking at which you see
near the edge of the lens,
but a flat piece of glass
works just as well as a lens
for this purpose.

some substance across the space between them (e.g., a
garden hose spraying out water that exerts a force on a
bush).

One piece of evidence that the candle sends out stuff that
travels to your eye is that as in figure a), intervening
transparent substances can make the candle appear to be in
the wrong location, suggesting that light is a thing that can

be bumped off course. Many people would dismiss this

10



kind of observation as an optical illusion, however. (Some optical illusions are purely
neurological or psychological effects, although some others, including this one, turn out to be
caused by the behavior of light itself.)

A more convincing way to decide in which category light belongs is to find out if it takes time to
get from the candle to your eye; in Newtonian physics, action at a distance is supposed to be
instantaneous. The fact that we speak casually today of "the speed of light" implies that at some
point in history, somebody succeeded in showing that light did not travel infinitely fast. Galileo
tried, and failed, to detect a finite speed for light, by arranging with a person in a distant tower to
signal back and forth with lanterns.

L
M Galileo uncovered his lantern, and when the other person saw

2143
the light, he uncovered his lantern. Galileo was unable to
measure any time lag that was significant compared to the
limitations of human reflexes. The first person to prove that
light's speed was finite, and to determine it numerically, was

Ole Roemer, in a series of measurements around the year 1675.

Roemer observed lo, one of Jupiter's moons, over a period of  b) An image of Jupiter and

. its moon lo (left) from
several years. Since lo presumably took the same amount of  ~,cqini probe. (left)

time to complete each orbit of Jupiter, it could be thought of as

a very distant, very accurate clock. A practical and accurate

: it
pendulum clock had recently been invented, so Roemer could “IP' &
o]

check whether the ratio of the two clocks' cycles, about 42.5
earth
hours to 1 orbit, stayed exactly constant or changed a little. If

the process of seeing the distant moon was instantaneous, there

would be no reason for the two to get out of step. Even if the ¢) The earth is moving
toward Jupiter and lo. Since

speed of light was finite, you might expect that the result would  the distance is shrinking, it is
. taking less and less time for
be only to offset one cycle relative to the other. the light to get to us from Io,
and lo appears to circle Jupiter
more quickly than normal. Six
Jupiter and its moons. Since the distance is changing gradually =~ months later, the earth will be
on the opposite side of the
due to the two planets' orbital motions, a finite speed of light  sun, and receding from
Jupiter and lo, so lo will
appear to revolve around
Jupiter more slowly.

The earth does not, however, stay at a constant distance from

would make the "lo clock™ appear to run faster as the planets
drew near each other, and more slowly as their separation
increased.

Roemer did find a variation in the apparent speed of lo's orbits, which caused lo's eclipses by
Jupiter (the moments when lo passed in front of or behind Jupiter) to occur about 7 minutes early
when the earth was closest to Jupiter, and 7 minutes late when it was farthest. Based on these

11



measurements, Roemer estimated the speed of light to be approximately 2 x 10® m/s, which is in
the right ballpark compared to modern measurements of 3 x 10® m/s. (I'm not sure whether the
fairly large experimental error was mainly due to imprecise knowledge of the radius of the

I_earth's orbit or limitations in the reliability of pendulum clocks.)
2000 |F

Light can travel through a vacuum.
Many people are confused by the relationship between sound and light. Although we use

different organs to sense them, there are some similarities. For instance, both light and sound are
typically emitted in all directions by their sources. Musicians even use visual metaphors like
"tone color,” or "a bright timbre" to describe sound. One way to see that they are clearly different
phenomena is to note their very different velocities. Sure, both are pretty fast compared to a
flying arrow or a galloping horse, but as we have seen, the speed of light is so great as to appear
instantaneous in most situations. The speed of sound, however, can easily be observed just by
watching a group of schoolchildren a hundred feet away as they clap their hands to a song. There
is an obvious delay between when you see their palms come together and when you hear the
clap.

The fundamental distinction between sound and light is that sound is an oscillation in air
pressure, so it requires air (or some other medium such as water) in which to travel. Today, we
know that outer space is a vacuum, so the fact that we get light from the sun, moon and stars

1249 E(:Iearly shows that air is not necessary for the propagation of light.

Discussion Questions
A If you observe thunder and lightning, you can tell how far away the storm is. Do you need to know

the speed of sound, of light, or of both?

B When phenomena like X-rays and cosmic rays were first discovered, suggest a way one could

have tested whether they were forms of light.

C Why did Roemer only need to know the radius of the earth's orbit, not Jupiter's, in order to find

the speed of light?

TekcT 2
3adaHue

Halidume e Tekcme 2 omeemni Ha criedyroujue 80rnpochl:

Is heating by absorption any different from heating by thermal conduction?
Is light reflected from the book you read?
What's the difference between specular and diffuse reflections?

How does brightness of light relate to power of light?

a M 0w Db

Why are bright lines shooting out of a laser gun in science fiction movies scientifically incorrect?
12
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.
rInteraction of Light with Matter

Absorption of light
The reason why the sun feels warm on your skin is that the sunlight is being absorbed, and the

light energy is being transformed into heat energy. The same happens with artificial light, so the
net result of leaving a light turned on is to heat the room. It doesn't matter whether the source of
the light is hot, like the sun, a flame, or an incandescent light bulb, or cool, like a fluorescent
bulb. (If your house has electric heat, then there is absolutely no point in fastidiously turning off
lights in the winter; the lights will help to heat the house at the same dollar rate as the electric
heater.)

This process of heating by absorption is entirely different from heating by thermal conduction, as
when an electric stove heats spaghetti sauce through a pan. Heat can only be conducted through
matter, but there is vacuum between us and the sun, or between us and the filament of an
incandescent bulb. Also, heat conduction can only transfer heat energy from a hotter object to a
colder one, but a cool fluorescent bulb is perfectly capable of heating something that had already

started out being warmer than the bulb itself.

How we see nonluminous objects
Not all the light energy that hits an object is transformed into heat. Some is reflected, and this

leads us to the question of how we see nonluminous objects. If you ask the average person how
we see a light bulb, the most likely answer is "The light bulb makes light, which hits our eyes."
But if you ask how we see a book, they are likely to say "The bulb lights up the room, and that
lets me see the book.” All mention of light actually entering our eyes has mysteriously
disappeared.

Most people would disagree if you told them that light was reflected from the book to the eye,
because they think of reflection as something that mirrors do, not something that a book does.

They associate reflection with the formation of a reflected image, which does not seem to appear in

6 La piece of paper.

Imagine that you are looking at your reflection in a nice smooth piece of aluminum foil, fresh off the roll.
You perceive a face, not a piece of metal. Perhaps you also see the bright reflection of a lamp over your
shoulder behind you. Now imagine that the foil is just a little bit less smooth. The different parts of the
image are now a little bit out of alignment with each other. Your brain can still recognize a face and a
lamp, but it's a little scrambled, like a Picasso painting.

Now suppose you use a piece of aluminum foil that has been crumpled up and then flattened out
again. The parts of the image are so scrambled that you cannot recognize an image. Instead, your

brain tells you you're looking at a rough, silvery surface.

13



d) Two self-portraits of the
author, one taken in a mirror
and one with a piece of

aluminum foil.
MS#M Py
specular diffuse
reflection reflection
e) Specular and diffuse
reflection

f) Light bounces off of the
ceiling, then off of the book.

Mirror-like reflection at a specific angle is known as specular
reflection, and random reflection in many directions is called
diffuse reflection. Diffuse reflection is how we see nonluminous
objects. Specular reflection only allows us to see images of objects
other than the one doing the reflecting. In top part of figure d),
imagine that the rays of light are coming from the sun. If you are
looking down at the reflecting surface, there is no way for your
eye-brain system to tell that the rays are not really coming from a
sun down below you.

Figure f) shows another example of how we can't avoid the
conclusion that light bounces off of things other than mirrors. The
lamp is one | have in my house. It has a bright bulb, housed in a
completely opaque bowl-shaped metal shade.

The only way light can get out of the lamp is by going up out of
the top of the bowl. The fact that | can read a book in the position
shown in the figure means that light must be bouncing off of the
ceiling, then bouncing off of the book, and then finally getting to
my eye.

This is where the shortcomings of the Greek theory of vision
become glaringly obvious. In the Greek theory, the light from the
bulb and my mysterious “eye rays" are both supposed to go to the
book, where they collide, allowing me to see the book. But we now
have a total of four objects: lamp, eye, book, and ceiling. Where
does the ceiling come in? Does it also send out its own mysterious
"ceiling rays," contributing to a three-way collision at the book?
That would just be too bizarre to believe!

The differences among white, black, and the various shades of gray
in between is a matter of what percentage of the light they absorb
and what percentage they reflect. That's why light-colored clothing
is more comfortable in the summer, and light-colored upholstery in

a car stays cooler that dark upholstery.

Numerical measurement of the brightness of light
We have already seen that the physiological sensation of loudness

relates to the sound's intensity (power per unit area), but is not

directly proportional to it. If sound A has an intensity of 1 n\W/m?, sound B is 10 nW/m?, and
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sound C is 100 nW/m?, then the increase in loudness from C to B is perceived to be the same as
the increase from A to B, not ten times greater. That is, the sensation of loudness is logarithmic.
The same is true for the brightness of light. Brightness is related to power per unit area, but the
psychological relationship is a logarithmic one rather than a proportionality. For doing physics,
it's the power per unit area that we're interested in. The relevant unit is W/m? One way to
determine the brightness of light is to measure the increase in temperature of a black object
exposed to the light.

The light energy is being converted to heat energy, and the amount of heat energy absorbed in a
given amount of time can be related to the power absorbed, using the known heat capacity of the
object. More practical devices for measuring light intensity, such as the light meters built into
some cameras, are based on the conversion of light into electrical energy, but these meters have

to be calibrated somehow against heat measurements.

2123|L

Discussion Questions
A Curtains in a room are drawn, but a small gap lets light through, illuminating a spot on the floor. It
may or may not also be possible to see the beam of sunshine crossing the room, depending on the

conditions. What's going on?

B Laser beams are made of light. In science fiction movies, laser beams are often shown as bright

lines shooting out of a laser gun on a spaceship. Why is this scientifically incorrect?

C A documentary film-maker went to Harvard's 1987 graduation
) winter summer
ceremony and asked the graduates, on camera, to explain the cause
of the seasons. Only two out of 23 were able to give a correct ’ y
explanation, but you now have all the information needed to figure it
—.) <.__

out for yourself, assuming you didn't already know. The figure shows
the earth in its winter and summer positions relative to the sun. Hint: ) piscussion question C
Consider the units used to measure the brightness of light, and recall

that the sun is lower in the sky in winter, so its rays are coming in at a shallower angle.

TekcT 3
3adaHue

Halidume e Tekcme 3 omeemni Ha criedyroujue 80rnpochl:

1. Isthe ray model the only one to describe light?
When are the wave and the particle models of light required?
Do electric and magnetic fields deflect light beams?

Who predicted that light would be deflected by gravitational fields?

a M LD

What is time-reversal symmetry characteristic of?
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T The Ray Model of Light

Models of light
Note how I've been casually diagramming the motion of light with pictures showing light rays as

lines on the page. More formally, this is known as the ray model of light. The ray model of light
seems natural once we convince ourselves that light travels through space, and observe
phenomena like sunbeams coming through holes in clouds. Having already been introduced to
the concept of light as an electromagnetic wave, you know that the ray model is not the ultimate
truth about light, but the ray model is simpler, and in any case science always deals with models

of reality, not the ultimate nature of reality. The following table summarizes three models of

light.
The ray model is a generic
>
ray model — > Advantage: Simplicity. one. By using it we can
B
o discuss the path taken by the
——
light, without committing
Advantage: Color is described
naturally in terms of wavelength. ourselves to any specific
wave model Required in order to explain the o o
interaction of light with material description of what it is that
objects of sizes comparable to or . .
smaller than a wavelength of light. 1S moving along that path.
We will use the nice simple
. Required in order to explain the )
particle model . interaction of light with individual ray model for most of this
. atoms. At the atomic level, it . .
becomes apparent that a beam of book, and with it we can
- light has a certain graininess to it.
analyze a great many
h) Three models of light devices and phenomena. Not

until the last chapter will we concern ourselves specifically with wave optics, although in the
intervening chapters | will sometimes analyze the same phenomenon using both the ray model
and the wave model.

Note that the statements about the applicability of the various models are only rough guides. For
instance, wave interference effects are often detectable, if small, when light passes around an
obstacle that is quite a bit bigger than a wavelength. Also, the criterion for when we need the particle
model really has more to do with energy scales than distance scales, although the two turn out to be
related.

The alert reader may have noticed that the wave model is required at scales smaller than a
wavelength of light (on the order of a micrometer for visible light), and the particle model is
demanded on the atomic scale or lower (a typical atom being a nanometer or so in size). This
implies that at the smallest scales we need both the wave model and the particle model. They

appear incompatible, so how can we simultaneously use both? The answer is that they are not as
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incompatible as they seem. Light is both a wave and a particle, but a full understanding of this

apparently nonsensical statement is a topic for the following book.

Ray diagrams
Without even knowing how \
9

o use the ray model to \\\
::alculate ) ' andytlhir:g '&\rﬁVZ \ \\‘%//

numerically, we can learn a

great deal by drawing ray
. ; ) i) Examples of ray diagrams.

diagrams. For instance, if you

want to understand how eyeglasses help you to see in focus, a ray diagram is the right place to
start. Many students under-utilize ray diagrams in optics and instead rely on rote memorization
or plugging into formulas. The trouble with memorization and plug-ins is that they can obscure
what's really going on, and it is easy to get them wrong. Often the best plan is to do a ray
diagram first, then do a numerical calculation, then check that your numerical results are in

reasonable agreement with what you expected from the ray diagram.

Figure J) shows some 1 2 3

guidelines for using ray |/ \/l/

diagrams effectively. The \\ / \ / \\ //
light rays bend when they \3‘5:‘,&(

pass out through the surface

of the water (a phenomenon
i) 1.Correct.
2. Incorrect: implies that diffuse reflection only gives one ray from

detail later). The rays appear each reflecting point. _
3. Correct, but unnecessarily complicated

that we'll discuss in more

to have come from a point

above the goldfish's actual location, an effect that is familiar to people who have tried spear-

fishing.
* A stream of light is not really confined to a finite number of narrow lines. We just draw it
that way. In J)1, it has been necessary to choose a finite number of rays to draw (five), rather
than the theoretically infinite number of rays that will diverge from that point.
 There is a tendency to conceptualize rays incorrectly as objects. In his Optics, Newton goes
out of his way to caution the reader against this, saying that some people “consider ... the
refraction of ... rays to be the bending or breaking of them in their passing out of one medium
into another.” But a ray is a record of the path traveled by light, not a physical thing that can

be bent or broken.

17
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WGeometry of Specular Reflection

rays of starlight that came close to the sun, but

« In theory, rays may continue infinitely far into the past and future, but we need to draw
lines of finite length. In j)1, a judicious choice has been made as to where to begin and end
the rays. There is no point in continuing the rays any farther than shown, because nothing
new and exciting is going to happen to them. There is also no good reason to start them
earlier, before being reflected by the fish, because the direction of the diffusely reflected rays
is random anyway, and unrelated to the direction of the original, incoming ray.

« When representing diffuse reflection in a ray diagram, many students have a mental block
against drawing many rays fanning out from the same point. Often, as in example })2, the
problem is the misconception that light can only be reflected in one direction from one point.
« Another difficulty associated with diffuse reflection, example )3, is the tendency to think
that in addition to drawing many rays coming out of one point, we should also be drawing
many rays coming from many points. In j)1, drawing many rays coming out of one point
gives useful information, telling us, for instance, that the fish can be seen from any angle.
Drawing many sets of rays, as in j)3, does not give us any more useful information, and just
clutters up the picture in this example. The only reason to draw sets of rays fanning out from

more than one point would be if different things were happening to the different sets.

Discussion Question

Suppose an intelligent tool-using fish is spear-hunting for humans. Draw a ray diagram to show

how the fish has to correct its aim. Note that although the rays are now passing from the air to the water,
the same rules apply: the rays are closer to being perpendicular to the surface when they are in the

water, and rays that hit the air-water interface at a shallow angle are bent the most.

To change the motion of a material object, we use a | ijent ray n:Ormal

force. Is there any way to exert a force on a beam of C E—
light? Experiments show that electric and magnetic )

fields do not deflect light beams, so apparently light

has no electric charge. Light also has no mass, so until ' g‘;@;;fnethe
the twentieth century it was believed to be immune to two media
gravity as well. Einstein predicted that light beams 2
would be very slightly deflected by strong gravitational M~ plane of
fields, and he was proved correct by observations of Incidence

k) The geometry of

obviously that's not what makes mirrors and lenses specular reflection
work!

If we investigate how light is reflected by a mirror, we will find that the process is horrifically

18



complex, but the final result is surprisingly simple. What actually happens is that the light is
made of electric and magnetic fields, and these fields accelerate the electrons in the mirror.
Energy from the light beam is momentarily transformed into extra Kinetic energy of the
electrons, but because the electrons are accelerating they re-radiate more light, converting their
kinetic energy back into light energy.

We might expect this to result in a very chaotic situation, but amazingly enough, the electrons

move together to produce a new, reflected beam of light, which obeys two simple rules:

» The angle of the reflected ray is the same as that of the incident ray.
« The reflected ray lies in the plane containing the incident ray and the normal

(perpendicular) line. This plane is known as the plane of incidence.

The two angles can be defined either with respect to the normal, like angles B and C in the
figure, or with respect to the reflecting surface, like angles A and D.

There is a convention of several hundred years' standing that one measures the angles with
respect to the normal, but the rule about equal angles can logically be stated either as B=C or as
A=D.

The phenomenon of reflection occurs only at the boundary between two media, just like the
change in the speed of light that passes from one medium to another. As we know, this is the
way all waves behave.

Most people are surprised by the fact that light can be reflected back from a less dense medium.
For instance, if you are diving and you look up at the surface of the water, you will see a
reflection of yourself.

self-check A

Each of these diagrams is supposed to show two 1

2317|L

different rays being reflected from the same point  /
on the same mirror. Which are correct, and which
¥

are incorrect?

eversibility of light rays
The fact that specular reflection displays equal angles of incidence and reflection means that

there is symmetry: if the ray had come in from the right instead of the left in the figure above, the
angles would have looked exactly the same. This is not just a pointless detail about specular
reflection. It's a manifestation of a very deep and important fact about nature, which is that the
laws of physics do not distinguish between past and future. Cannonballs and planets have
trajectories that are equally natural in reverse, and so do light rays. This type of symmetry is

called time-reversal symmetry.
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Typically, time-reversal symmetry is a characteristic of any process that does not involve heat.
For instance, the planets do not experience any friction as they travel through empty space, so
there is no frictional heating. We should thus expect the time-reversed versions of their orbits to
obey the laws of physics, which they do. In contrast, a book sliding across a table does generate
heat from friction as it slows down, and it is therefore not surprising that this type of motion does
not appear to obey time-reversal symmetry. A book lying still on a flat table is never observed to
spontaneously start sliding, sucking up heat energy and transforming it into kinetic energy.
Similarly, the only situation we've observed so far where light does not obey time-reversal
symmetry is absorption, which involves heat. Your skin absorbs visible light from the sun and
heats up, but we never observe people's skin to glow, converting heat energy into visible light.
People's skin does glow in infrared light, but that doesn't mean the situation is symmetric. Even
if you absorb infrared, you don't emit visible light, because your skin isn't hot enough to glow in
the visible spectrum.
These apparent heat-related asymmetries are not actual asymmetries in the laws of physics. The
interested reader may wish to learn more about this from the optional thermodynamics chapter of
- IFbook 2 in this series.
Ray tracing on a computer (example 1)
A number of techniques can be used for creating artificial visual scenes in computer graphics.
Figure 1) shows such a scene, which was created by the brute-force technique of simply
constructing a very detailed ray diagram on a computer. This technique requires a great deal of
computation, and is therefore too slow to be used for video games and computer-animated
movies. One trick for speeding up the computation is to exploit the reversibility of light rays. If
one was to trace every ray emitted by every illuminated surface, only a tiny fraction of those
would actually end up passing into the virtual "camera,” and therefore almost all of the
computational effort would be wasted. One can instead start a ray at the camera, trace it
backward in time, and see where it would have come from. With this technique, there is no
wasted effort.

82 L
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Discussion Questions
2

1
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I) This photorealistic image of a nonexistent countertop was produced completely on a
computer, by computing a complicated ray diagram.

A If a light ray has a velocity vector with components c, and c,, what will happen when it is

reflected from a surface that lies along the y axis? Make sure your

answer does not imply a change in the ray's speed.
B Generalizing your reasoning from discussion question A,
what will happen to the velocity components of a light ray that hits a

corner, as shown in the figure, and undergoes two reflections?

C Three pieces of sheet metal arranged perpendicularly as
shown in the figure form what is known as a radar corner. Let's m) Discussion question B.

assume that the radar corner is large compared to the wavelength of

the radar waves, so that the ray model makes sense. If the radar o

corner is bathed in radar rays, at least some of them will undergo

three reflections.

Making a further generalization of your reasoning from the two

preceding discussion questions, what will happen to the three /
velocity components of such a ray? What would the radar corner be

n) Discussion question C.
useful for?
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T The Principle of Least Time for Reflection

The solid lines are

0)
physically possible paths for
light rays traveling from A to
B and from A to C They obey
the principle of least time.

The dashed lines do not
obey the principle of least
time, and are not physically
possible.

C

p) Paths AQB and APB
are two conceivable paths
that a ray could follow to get
from A to B with one
reflection, but only AQB is
physically possible. We wish
to prove that the path AQB,
with equal angles of incidence
and reflection, is shorter
than any other path, such as
APB. The trick is to construct
a third point, C, lying as far
below the surface as B lies
above it. Then path AQC is
a straight line whose length
is the same as AQB's, and
path APC has the same length
as path APB. Since AQC is
straight, it must be shorter
than any other path such as
APC that connects A and C,
and therefore AQB must be
shorter than any path such as
APB.

We had to choose between an unwieldy explanation of reflection
at the atomic level and a simpler geometric description that was
not as fundamental. There is a third approach to describing the
interaction of light and matter which is very deep and beautiful.
the Richard
Feynman, it is called the principle of least time, or Fermat's

Emphasized by twentieth-century  physicist
principle.

Let's start with the motion of light that is not interacting with
matter at all. In a vacuum, a light ray moves in a straight line.
This can be rephrased as follows: of all the conceivable paths
light could follow from P to Q, the only one that is physically
possible is the path that takes the least time.

What about reflection? If light is going to go from one point to
another, being reflected on the way, the quickest path is indeed
the one with equal angles of incidence and reflection. If the
starting and ending points are equally far from the reflecting
surface, 0), it's not hard to convince yourself that this is true, just
based on symmetry. There is also a tricky and simple proof,
shown in figure p), for the more general case where the points
are at different distances from the surface.

Not only does the principle of least time work for light in a
vacuum and light undergoing reflection, we will also see in a
later chapter that it works for the bending of light when it passes
from one medium into another.

Although it is beautiful that the entire ray model of light can be
reduced to one simple rule, the principle of least time, it may
seem a little spooky to speak as if the ray of light is intelligent,
and has carefully planned ahead to find the shortest route to its
destination. How does it know in advance where it's going?
What if we moved the mirror while the light was en route, so
conditions along its planned path were not what it "expected?"

The answer is that the principle of least time is really a shortcut

for finding certain results of the wave model of light, which is the topic of the last chapter of this

book
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Ir There are a couple of subtle points about the principle of least time. First, the path does not have
to be the quickest of all possible paths; it only needs to be quicker than any path that differs
infinitesimally from it. In figure p), for instance, light could get from A to B either by the
reflected path AQB or simply by going straight from A to B.

Although AQB is not the shortest possible path, it cannot be shortened by changing it
infinitesimally, e.g., by moving Q a little to the right or left. On the other hand, path APB is

physically impossible, because it is possible to improve on it by moving point P infinitesimally

to the right.
A It's not quite right to call this the principle of least time. In
:E—« figure q), for example, the four physically possible paths by
1 which a ray can return to the center consist of two shortest-time

paths and two longest-time paths. Strictly speaking, we should

g) Light is emitted at the center
of an elliptical mirror. There are
four physically possible paths  physicists omit the niceties, and assume that other physicists
by which a ray can be reflected

and return to the center. understand that both maxima and minima are possible.

refer to the principle of least or greatest time, but most
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Selected Vocabulary
Absorption .......cccceeiiinennn what happens when light hits matter and gives up some of its energy

Reflection ......ccovvvvvvvvvveennnnn. what happens when light hits matter and bounces off, retaining at least
some of its energy

specular reflection .............. reflection from a smooth surface, in which the light ray leaves at the same
angle at which it came in

diffuse reflection.................. reflection from a rough surface, in which a single ray of light is divided up

into many weaker reflected rays going in many directions

normal.......cccccvvvevevennnnnnnnnnnnn. the line perpendicular to a surface at a given point
Notation
C o the speed of light

IF Summ ary

We can understand many phenomena involving light without having to use sophisticated models such as
the wave model or the particle model. Instead, we simply describe light according to the path it takes,
which we call a ray. The ray model of light is useful when light is interacting with material objects that
are much larger than a wavelength of light. Since a wavelength of visible light is so short compared to the
human scale of existence, the ray model is useful in many practical cases.

We see things because light comes from them to our eyes. Objects that glow may send light directly to
our eyes, but we see an object that doesn't glow via light from another source that has been reflected by
the object.

Many of the interactions of light and matter can be understood by considering what happens when light

Lo



reaches the boundary between two different substances. In this situation, part of the light is reflected
(bounces back) and part passes on into the new medium. This is not surprising — it is typical behavior for
a wave, and light is a wave. Light energy can also be absorbed by matter, i.e., converted into heat.

A smooth surface produces specular reflection, in which the reflected ray exits at the same angle with
respect to the normal as that of the incoming ray. A rough surface gives diffuse reflection, where a single

1428 |L ray of light is divided up into many weaker reflected rays going in many directions.

Narcissus, by Michelangelo
Caravaggio, ca. 1598.

TekcT 4

3adaHue

Hatdume e Tekcme 4 omeembi Ha cnedyroujue 80rnpochi:

1. Is the shortest comfortable eye-mirror distance equal to the shortest comfortable eye-paper
distance?

What do they mean when they say that there’s an image behind the mirror?

What is the basic building block of all optical devices?

What is the mirror, converging rays, called?

o > DN

What is the difference between a virtual image and a real one?
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Images by Reflection
Infants are always fascinated by the antics of the Baby in the Mirror. Now if you want to know

something about mirror images that most people don't understand, try this. First bring this page
closer and closer to your eyes, until you can no longer focus on it without straining. Then go in
the bathroom and see how close you can get your face to the surface of the mirror before you can
no longer easily focus on the image of your own eyes. You will find that the shortest comfortable
eye-mirror distance is much less than the shortest comfortable eye-paper distance. This
demonstrates that the image of your face in the mirror acts as if it had depth and existed in the
space behind the mirror. If the image was like a flat picture in a book, then you wouldn't be able
to focus on it from such a short distance.

In this chapter we will study the images formed by flat and curved mirrors on a qualitative,
conceptual basis. Although this type of image is not as commonly encountered in everyday life
as images formed by lenses, images formed by reflection are simpler to understand, so we
discuss them first. Later we will turn to a more mathematical treatment of images made by

reflection. Surprisingly, the same equations can also be applied to lenses.

;
A Virtual Image

We can understand a mirror image using a ray diagram. Figure
a) shows several light rays, 1, that originated by diffuse
reflection at the person's nose. They bounce off the mirror,
producing new rays, 2. To anyone whose eye is in the right

s \\"~— nposition to get one of these rays, they appear to have come

from a single point. This point is where the tip of the image-

Li from behind the mirror, 3, where they would have originated

person's nose appears to be. A similar analysis applies to every
a) An image formed by a Other point on the person's face, so it looks as though there was
riror. an entire face behind the mirror. The customary way of

describing the situation requires some explanation:

Customary description in physics: There is an image of the face behind the mirror.
Translation: The pattern of rays coming from the mirror is exactly the same as it would be if

there was a face behind the mirror. Nothing is really behind the mirror.

This is referred to as a virtual image, because the rays do not actually cross at the point behind

the mirror. They only appear to have originated there.

1075 |L

self-check A

Imagine that the person in figure a) moves his face down quite a bit — a couple of feet in real life, or a
L0



few inches on this scale drawing. Draw a new ray diagram. Will there still be an image? If so, where is it

visible from?

M The geometry of specular reflection tells us that rays 1 and 2 are at equal angles to the normal

(the imaginary perpendicular line piercing the mirror at the point of reflection). This means that

ray 2's imaginary continuation, 3, forms the same angle with the mirror as ray 3. Since each ray

of type 3 forms the same angles with the mirror as its partner of type 1, we see that the distance

of the image from the mirror is the same as the actual face from the mirror, and lies directly

569 [L

Discussion Question
A The figure shows an object that is off to one side of a mirror. Draw a ray diagram. Is an

across from it. The image therefore appears to be the same size as the actual face.

image formed? If so, where is it, and from which directions would it be visible?

Ir ]
Curved Mirrors

An image in a flat mirror is a pretechnological example: even animals can look at their

reflections in a calm pond. We now pass to our first nontrivial example of the manipulation of an

image by technology: an image in a curved mirror. Before we dive in, let's consider why this is

an important example. If it was just a question of memorizing a bunch of facts about curved

mirrors, then you would rightly rebel against an effort to spoil the beauty of your liberally

educated brain by force-feeding you technological trivia. The reason this is an important

example is not that curved mirrors are so important in and of themselves, but that the results we

derive for curved bowl-shaped mirrors turn out to be true for a large class of other optical

devices, including mirrors that bulge outward rather than inward, and lenses as well.

b) An image formed by a
curved mirror.

A microscope or a telescope is simply a combination of lenses or
mirrors or both. What you're really learning about here is the
basic building block of all optical devices from movie projectors
to octopus eyes.

Because the mirror in figure b) is curved, it bends the rays back
closer together than a flat mirror would: we describe it as
converging. Note that the term refers to what it does to the light
rays, not to the physical shape of the mirror's surface . (The
surface itself would be described as concave. The term is not all

that hard to remember, because the hollowed-out interior of the

mirror is like a cave.) It is surprising but true that all the rays like 3 really do converge on a

point, forming a good image. We will not prove this fact, but it is true for any mirror whose

curvature is gentle enough and that is symmetric with respect to rotation about the perpendicular
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line passing through its center (not asymmetric like a potato chip). The old-fashioned method of
making mirrors and lenses is by grinding them in grit by hand, and this automatically tends to

L produce an almost perfect spherical surface.

o rBendlng a ray like 2 inward implies bending its imaginary continuation 3 outward, in the same
way that raising one end of a seesaw causes the other end to go down. The image therefore forms
deeper behind the mirror. This doesn't just show that there is extra distance between the image-
nose and the mirror; it also implies that the image itself is bigger from front to back. It has been
magnified in the front-to-back direction.

It is easy to prove that the same magnification also applies to
the image's other dimensions. Consider a point like E in figure

c). The trick is that out of all the rays diffusely reflected by E, 1

B ‘JD
we pick the one that happens to head for the mirror's center, C.
The equal-angle property of specular reflection plus a little "'/f .
[ .~
straightforward geometry easily leads us to the conclusion that A

triangles ABC and CDE are the same shape, with ABC being fgengni]Z“"]}ggtgsr ma(?g;‘;iﬁdagé’
simply a scaled-up version of CDE. The magnification of depth  in its other dimensions.

equals the ratio BC/CD, and the up-down magnification is AB/DE. A repetition of the same
proof shows that the magnification in the third dimension (out of the page) is also the same. This
means that the image-head is simply a larger version of the real one, without any distortion. The
scaling factor is called the magnification, M. The image in the figure is magnified by a factor M
=1.9.

Note that we did not explicitly specify whether the mirror was a sphere, a paraboloid, or some
other shape. However, we assumed that a focused image would be formed, which would not

necessarily be true, for instance, for a mirror that was asymmetric or very deeply curved.
1596 |t

A Real Image

If we start by placing an object very close to the mirror, d)1, and then move it farther and farther
away, the image at first behaves as we would expect from our everyday experience with flat
mirrors, receding deeper and deeper behind the mirror. At a certain point, however, a dramatic
change occurs. When the object is more than a certain distance from the mirror, d)2, the image
appears upside-down and in front of the mirror.

Here's what's happened. The mirror bends light rays inward, but when the object is very close to
it, as in d)1, the rays coming from a given point on the object are too strongly diverging
(spreading) for the mirror to bring them back together.

On reflection, the rays are still diverging, just not as strongly diverging. But when the object is
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sufficiently far away, d)2, the mirror is only intercepting the rays that came out in a narrow cone,
and it is able to bend these enough so that they will reconverge.
Note that the rays shown in the figure, which both originated at the same point on the object,

reunite when they cross. The point where they cross is the image of the point on the original

d) 1. Avirtual image.

1
2. A real image. As you'l
\ verify in homework
‘, problem 6, the image is
—ﬁl”yf i upside-down
7‘/
2

e

object. This type of image is called a real image, in contradistinction to the virtual images we've
studied before. The use of the word "real™ is perhaps unfortunate. It sounds as though we are saying
the image was an actual material object, which of course it is not.

The distinction between a real image and a virtual image is an important one, because a real
image can be projected onto a screen or photographic film. If a piece of paper is inserted in
figure d)2 at the location of the image, the image will be visible on the paper (provided the

object is bright and the room is dark). Your eye uses a lens to make a real image on the retina.

self-check B
Sketch another copy of the face in figure d)1, even farther from the mirror, and draw a ray

diagram. What has happened to the location of the image?

Images of Images
If you are wearing glasses right now, then the light rays from the page are being manipulated

first by your glasses and then by the lens of your eye. You might think that it would be extremely
difficult to analyze this, but in fact it is quite easy. In any series of optical elements (mirrors or

lenses or both), each element works on the rays furnished by the previous element in exactly the
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same manner as if the image formed by the previous element was an actual object.

€) A Newtonian telescope
being used with a camera.

Figure e) shows an example involving only mirrors. The
Newtonian telescope, invented by Isaac Newton, consists of a
large curved mirror, plus a second, flat mirror that brings the
light out of the tube. (In very large telescopes, there may be
enough room to put a camera or even a person inside the tube, in
which case the second mirror is not needed.) The tube of the
telescope is not vital; it is mainly a structural element, although
it can also be helpful for blocking out stray light. The lens has
been removed from the front of the camera body, and is not
needed for this setup. Note that the two sample rays have been
drawn parallel, because an astronomical telescope is used for

viewing objects that are extremely far away. These two

"parallel” lines actually meet at a certain point, say a crater on the moon, so they can't actually be

perfectly parallel, but they are parallel for all practical purposes since we would have to follow

them upward for a quarter of a million miles to get to the point where they intersect.

f) A Newtonian telescope being
used for visual rather than
photographic observing. In real
life, an eyepiece lens is
normally used for additional
magnification, but this simpler
setup will also work.

The large curved mirror by itself would form an image I, but the
The

relationship between I and I' is exactly the same as it would be if

small flat mirror creates an image of the image, I

| was an actual object rather than an image: | and I' are at equal
distances from the plane of the mirror, and the line between
them is perpendicular to the plane of the mirror.

One surprising wrinkle is that whereas a flat mirror used by itself
forms a virtual image of an object that is real, here the mirror is
forming a real image of virtual image I. This shows how
pointless it would be to try to memorize lists of facts about what
kinds of images are formed by various optical elements under
various circumstances. You are better off simply drawing a ray
diagram.

Although the main point here was to give an example of an

image of an image, figure f) shows an interesting case where we need to make the distinction

between magnification and angular magnification. If you are looking at the moon through this

telescope, then the images | and I' are much smaller than the actual moon. Otherwise, for

example, image | would not fit inside the telescope! However, these images are very close to

your eye compared to the actual moon. The small size of the image has been more than
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compensated for by the shorter distance. The important thing here is the amount of angle within
your field of view that the image covers, and it is this angle that has been increased. The factor

1163 Eby which it is increased is called the angular magnification, M,.

Summary

Selected Vocabulary

g) The angular size of the flower
depends on its distance from the
eye.

\ \

Real image.......ccccccoeevvveenns a place where an object appears to be, because the rays diffusely
reflected from any given point on the object have been bent so

that they come back together and then spread out again from the

new point

Virtual image ........cccccvvvenees like a real image, but the rays don't actually cross again; they only
appear to have come from the point on the image

Converging ..c...ooeeeveeeevnennnn. describes an optical device that brings light rays closer to the
optical axis

DIVerging .....cccccvvveeeeeennnnnns bends light rays farther from the optical axis

Magnification ..................... the factor by which an image's linear size is increased (or

Angular magnification ...... the factor by which an image's apparent angular size is increased

(or decreased)

Concave.....cccceeeeeeeieeeeiinnnnn, describes a surface that is hollowed out like a cave
CONVEX covvveiviiiieiee e, describes a surface that bulges outward
Notation

Mo the magnification of an image

Ma et the angular magnification of an image

F

A large class of optical devices, including lenses and flat and curved mirrors, operates by bending
light rays to form an image. A real image is one for which the rays actually cross at each point of
the image. A virtual image, such as the one formed behind a flat mirror, is one for which the rays
only appear to have crossed at a point on the image. A real image can be projected onto a screen; a
virtual one cannot.

Mirrors and lenses will generally make an image that is either smaller than or larger than the
original object. The scaling factor is called the magnification. In many situations, the angular

L magnification is more important than the actual magnification.

679 L
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Ir TekcT 5

3adaHue
Hatidume e Tekcme 5 omeembi Ha criedyrouue 80rpochl:
What is the sole mathematical fact we possess concerning specular reflection?

What is the dioptric strength of a mirror?

How to find where a lightbulb should be placed in a searchlight?

A wDn e

What are the two approaches of measuring the focal length?
A Real Image Formed by a Converging Mirror

Location of the image

We will now derive the equation for the location of a real image

1
formed by a converging mirror. We assume for simplicity that 1[ .
| C i
the mirror is spherical, but actually this isn’t a restrictive *7\ Of
assumption, because any shallow, symmetric curve can be

approximated by a sphere. The shape of the mirror can be 5
specified by giving the location of its center, C. A deeply curved N

mirror is a sphere with a small radius, so C is close to it, while a \

weakly curved mirror has C farther away. Given the point O
where the object is, we wish to find the point | where the image

will be formed.

To locate an image, we need to track a minimum of two rays \
coming from the same point. Since we have proved in the

previous chapter that this type of image is not distorted, we can 4
et bj_gger gets

use an on-axis point, O, on the object, as in figure h)1. The smaller

results we derive will also hold for off-axis points, since

otherwise the image would have to be distorted, which we know bige'g; oves  movss
. . . 998 Closer away
is not true. We let one of the rays be the one that is emitted along

h) The relationship between the
objects and the image's
straight back along the axis again. positions can be expressed in
terms of the angles g, and 8

the axis; this ray is especially easy to trace, because it bounces

As our second ray, we choose one that strikes the mirror at a

distance of 1 from the axis. “One what?” asks the astute reader. The answer is that it doesn’t
really matter. When a mirror has shallow curvature, all the reflected rays hit the same point, so 1
could be expressed in any units you like. It could, for instance, be 1 cm, unless your mirror is

smaller than 1 cm!
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The only way to find out anything mathematical about the rays is to use the sole mathematical
fact we possess concerning specular reflection: the incident and reflected rays form equal angles
with respect to the normal, which is shown as a dashed line. Therefore the two angles shown in
figure h)2 are the same, and skipping some straightforward geometry, this leads to the visually

|L reasonable result that the two angles in figure h)3 are related as follows:
2006 |F

8 + 6, = constant

(Note that & and 8,, which are measured from the image and the object) For example, move O

farther from the mirror. The top angle in figure h)2 is increased, so the bottom angle must

increase by the same amount, causing the image point, I, to move closer to the mirror. In terms

of the angles shown in figure h)3, the more distant object has resulted in a smaller angle 6,,

while the closer image corresponds to a larger &; one angle increases by the same amount that

the other decreases, so their sum remains constant. These changes are summarized in figure h)4.

The sum & + G, is a constant. What does this constant represent? Geometrically, we interpret it

as double the angle made by the dashed radius line. Optically, it is a measure of the strength of

the mirror, i.e., how strongly the mirror focuses light, and so we call it the focal angle, &,
6+6=6

Suppose, for example, that we wish to use a quick and dirty

optical test to determine how strong a particular mirror is. We

can lay it on the floor as shown in figure c, and use it to make

N,
v

an image of a lamp mounted on the ceiling overhead, which we
assume is very far away compared to the radius of curvature of 1) The geometrical interpretation

. ) ] of the focal angle.
the mirror, so that the mirror intercepts only a very narrow cone

of rays from the lamp. This cone is so narrow that its rays are /\
(*]

nearly parallel, and &, is nearly zero. The real image can be

observed on a piece of paper. By moving the paper nearer and ) Example 1, an alternative test

farther, we can bring the image into focus, at which point we for finding the focal angle. The
mirror is the same as in figure b.

know the paper is located at the image point. Since &, =~ 0, we

have 8 = &, and we can then determine this mirror’s focal angle either by measuring & directly

with a protractor, or indirectly via trigonometry. A strong mirror will bring the rays together to
32



form an image close to the mirror, and these rays will form a blunt-angled cone with a large &

1860 Eand 6.
An alternative optical test example 1
> Figure J) shows an alternative optical test. Rather than placing the object at infinity as in

figure 1), we adjust it so that the image is right on top of the object. Points O and | coincide, and
the rays are reflected right back on top of themselves. If we measure the angle 0 shown in
figure J), how can we find the focal angle?

> The object and image angles are the same; the angle labeled 0 in the figure equals both
of them. We therefore have 6, + 6, = 6 = 6;. Comparing figures i) and j), it is indeed plausible

that the angles are related by a factor of two.

7

At this point, we could consider our work to be done. Typically, we know the strength of the
mirror, and we want to find the image location for a given object location. Given the mirror’s
focal angle and the object location, we can determine 6, by trigonometry, subtract to find &; = 6

- 6o, and then do more trig to find the image location.

There is, however, a shortcut that can save us from doing so
much work. Figure h)3 shows two right triangles whose legs of A\T
length 1 coincide and whose acute angles are &, and &. These : ’

b
- - - - \—-v_-/
can be related by trigonometry to the object and image distances g

shown in figure k):
k) The object and image

distances
tan@, = 1/d, tan@ = 1/d, |
1
. =
Up to now, we’ve been assuming small angles. For small angles,
we can use the small-angle approximation tan x = x (for x in
)
radians), giving simply
2 7
6, = 1/d, 6 = 1/d;
We likewise define a distance called the focal length, f according I
to & = 1/f. In figure i), f is the distance from the mirror to the N
[) Mirror 1 is weaker than
place where the rays cross. mirror 2. It has a shallower

curvature, a longer focal
We can now re-express the equation relating the object and length, and a smaller focal
angle. It reflects rays at angles
image positions as not much different than those
that would be produced with a
flat mirror.
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1/f=1/d; + 1/d,
Figure |) summarizes the interpretation of the focal length and focal angle.!

Which form is better, & = 8 + 6, or 1/f = 1/d; + 1/d,? The angular form has in its favor its

simplicity and its straightforward visual interpretation, but there are two reasons why we might
prefer the second version. First, the numerical values of the angles depend on what we mean by
“one unit” for the distance shown as 1 in figure h)1. Second, it is usually easier to measure
distances rather than angles, so the distance form is more convenient for number crunching.

Neither form is superior overall, and we will often need to use both to solve any given problem.
1711 |L

A searchlight Example 2
Suppose we need to create a parallel beam of light, as in a searchlight. Where should we place
the lightbulb? A parallel beam has zero angle between its rays, so 6; = 0. To place the lightbulb
correctly, however, we need to know a distance, not an angle: the distance d, between the bulb
and the mirror. The problem involves a mixture of distances and angles, so we need to get
everything in terms of one or the other in order to solve it. Since the goal is to find a distance,
let's figure out the image distance corresponding to the given angle 6, = 0. These are related by
d, = 1 /6, so we have d; = «. (Yes, dividing by zero gives infinity. Don't be afraid of infinity.
Infinity is a useful problem-solving device.) Solving the distance equation for d,, we have
do = (1/f- 1/d) - 1

= (1/f-0)-1
= (1) - 1
= f

The bulb has to be placed at a distance from the mirror equal to its focal point.

Diopters Example 3
An equation like d; = 1 /6, really doesn't make sense in terms of units. Angles are unitless, since
radians aren't really units, so the right-hand side is unitless. We can't have a left-hand side with
units of distance if the right-hand side of the same equation is unitless. This is an artifact of my
cavalier statement that the conical bundles of rays spread out to a distance of 1 from the axis
where they strike the mirror, without specifying the units used to measure this 1. In real life,

optometrists define the thing we're calling 6, = 1/d; as the "dioptric strength" of a lens or mirror,

! There is a standard piece of terminology which is that the “focal point” is the point lying on the optical axis at a
distance from the mirror equal to the focal length. This term isn’t particularly helpful, because it names a location
where nothing normally happens. In particular, it is not normally the place where the rays come to focus! — that
would be the image point. In other words, we don’t normally have d; = f, unless perhaps d, = e=. A recent online
discussion among some physics teachers showed that many disliked the terminology, felt it was misleading, or
didn’t know it and would have misinterpreted it if they had come across it. That is, it appears to be what
grammarians call a “skunked term” — a word that bothers half the population when it’s used incorrectly, and the
other half when it’s used correctly.
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and measure it in units of inverse meters (m™), also known as diopters (1 D=1 m™).
Magnification

We have already discussed in the previous chapter how to find the magnification of a virtual
image made by a curved mirror. The result is the same for a real image, and we omit the proof,

which is very similar. In our new notation, the result is M = d; /d,.
Other cases with Curved Mirrors
The equation d; = can easily produce a negative result, but we have been thinking of d; as a

distance, and distances can’t be negative. A similar problem occurs with & = & - 6, for g, > &.
What’s going on here?
The interpretation of the angular equation is straightforward. As we bring the object closer and

closer to the image, 0, gets bigger and bigger, and eventually we reach a point where &, = & and

6 = 0. This large object angle represents a bundle of rays forming a cone that is very broad, so

broad that the mirror can no longer bend them back so that they re-converge on the axis. The

image angle & = O represents an outgoing bundle of rays that are parallel. The outgoing rays

never cross, so this is not a real image, unless we want to be charitable and say that the rays cross

at infinity. If we go on bringing the object even closer, we get a virtual image.

To analyze the distance equation, let’s look at a graph of d; as a function of d,. The branch on the
upper right corresponds to the case of a real image. Strictly speaking, this is the only part of the
graph that we’ve proven corresponds to reality, since we never did any geometry for other cases,
such as virtual images. As discussed in the previous section, making d, bigger causes d; to

become smaller, and vice-versa.

Letting d, be less than f is equivalent to &, > & : a virtual image is produced on the far side of the

mirror. This is the first example of Wigner’s “unreasonable effectiveness of mathematics” that
we have encountered in optics. Even though our proof depended on the assumption that the
image was real, the equation we derived turns out to be applicable to virtual images, provided
that we either interpret the positive and negative signs in a certain way, or else modify the

equation to have different positive and negative signs.

self-check A
Interpret the three places where, in physically realistic parts of the graph, the graph approaches

one of the dashed lines. [This will come more naturally if you have learned the concept of limits
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in a math class.]

d. M m) A graph of the image

@( distance d; as a function
of the object distance d..

real image

unphysical — negative d,
can be interpreted as

placing the object on the -
other side of the mirror, but
then no image is produced o

virtual image — negative d;
can be interpreted as an
image on the far side of

the mirror

A flat mirror Example 4
We can even apply the equation to a flat mirror. As a sphere gets bigger and bigger, its surface
is more and more gently curved. The planet Earth is so large, for example, that we cannot even
perceive the curvature of its surface. To represent a flat mirror, we let the mirror's radius of
curvature, and its focal length, become infinite. Dividing by infinity gives zero, so we have

1/d, = - 1/d,
or

do = - d
If we interpret the minus sign as indicating a virtual image on the far side of the mirror from the

object, this makes sense.

r . . .. . .
It turns out that for any of the six possible combinations of real or virtual images formed by

converging or diverging lenses or mirrors, we can apply equations of the form

G=6+6,
and
1/f = 1/d; + 1/d,
with only a modification of plus or minus signs. There are two possible approaches here. The

approach we have been using so far is the more popular approach in American books: leave the
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equation the same, but attach interpretations to the resulting negative or positive values of the
variables. The trouble with this approach is that one is then forced to memorize tables of sign
conventions, e.g. that the value of d; should be negative when the image is a virtual image
formed by a converging mirror. Positive and negative signs also have to be memorized for focal
lengths. Ugh! It’s highly unlikely that any student has ever retained these lengthy tables in his or
her mind for more than five minutes after handing in the final exam in a physics course. Of
course one can always look such things up when they are needed, but the effect is to turn the

whole thing into an exercise in blindly plugging numbers into formulas.

As you have gathered by now, there is another method, which is better, and which will be used
throughout the rest of this book. In this method, all distances and angles are positive by
definition, and we put in positive and negative signs in the equations depending on the situation.

Rather than memorizing these signs, we start with the generic equations
G=+8+6,

Uf=+1/di + 1/d, ,
and then determine the signs by a two-step method that depends on ray diagrams. There are
really only two signs to determine, not four; the signs in the two equations match up in the way

you’d expect. The method is as follows:
1. Use ray diagrams to decide whether &, and & vary in the same way or in opposite ways.

(In other words, decide whether making &, greater results in a greater value of & or a smaller

one.) Based on this, decide whether the two signs in the angle equation are the same or opposite.

If the signs are opposite, go on to step 2 to determine which is positive and which is negative.

2. If the signs are opposite, we need to decide which is the positive one and which is the
negative. Since the focal angle is never negative, the smaller angle must be the one with a minus
sign.

In step 1, many students have trouble drawing the ray diagram correctly. For simplicity, you
should always do your diagram for a point on the object that is on the axis of the mirror, and let
one of your rays be the one that is emitted along the axis and reflect straight back on itself, as in

the figures above. As shown in figure h)4, there are four angles involved: two at the mirror, one
at the object (8,), and one at the image (6;). Make sure to draw in the normal to the mirror so that
you can see the two angles at the mirror. These two angles are equal, so as you change the object
position, they fan out or fan in, like opening or closing a book. Once you’ve drawn this effect,

you should easily be able to tell whether 8, and 8; change in the same way or in opposite ways.
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Although focal lengths are always positive in the method used in this book, you should be aware
that diverging mirrors and lenses are assigned negative focal lengths in the other method, so if

you see a lens labeled f = -30 cm, you’ll know what it means.
3346 L

An anti-shoplifting mirror Example 5
» Convenience stores often install a diverging mirror so that the clerk has a view of the whole
store and can catch shoplifters. Use a ray diagram to show that the image is reduced, bringing
more into the clerk's field of view. If the focal length of the mirror is 3.0 m, and the mirror is 7.0
m from the farthest wall, how deep is the image of the store?

» As shown in ray diagram n)1, d; is less than d,. The magnification, M = d;/d,, will be less

than one, i.e., the image is actually reduced rather than

1
magnified. ZR
Apply the method outlined above for determining the plus and |,:‘_'__ s 0

minus signs. Step 1. The object is the point on the opposite J

wall. As an experiment, n)2, move the object closer. | did these
drawings using illustration software, but if you were doing them
by hand, you'd want to make the scale much larger for greater

accuracy. Also, although | split figure n) into two separate

drawings in order to make them easier to understand, you're
less likely to make a mistake if you do them on top of each  n) Example 5
other.
The two angles at the mirror fan out from the normal. Increasing 6, has clearly made 6, larger as
well. (All four angles got bigger.) There must be a cancellation of the effects of changing the two
terms on the right in the same way, and the only way to get such a cancellation is if the two
terms in the angle equation have opposite signs:
6 =+6;- 0,
or
6i=-6+6,
Step 2: Now which is the positive term and which is negative? Since the image angle is bigger
than the object angle, the angle equation must be
6:=6-6,
in order to give a positive result for the focal angle. The signs of the distance equation behave
the same way:
1/f = 1/d; - 1/d,,
Solving for d;, we find
dj = (1/f + 1/do)*
=2.1m.
The image of the store is reduced by a factor of 2.1 /7.0 = 0.3, i.e., it is smaller by 70%.
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A shortcut for real images Example 6
In the case of a real image, there is a shortcut for step 1, the determination of the signs. In a
real image, the rays cross at both the object and the image. We can therefore time-reverse
the ray diagram, so that all the rays are coming from the image and re-converging at the
object. Object and image swap roles. Due to this time-reversal symmetry, the object and
image cannot be treated differently in any of the equations, and they must therefore have the

same signs. They are both positive, since they must add up to a positive result.

39



AHIVIO-pyCCKM# C/I0BAaphb

A
Abit . HEeMHOro, Manoe Konm4ecTBo;
ADSOID ..o nornowaThb;
ACCEPL...coiiiiiii NPUHUMATb;
Actual................ OEeNcTBUTENbHLIN, aKTUYECKUN;
Advantage ......cccceeeiiiiiiiiieieeeee npenMyLLLEeCTBO;
AlCIt e, OanTenbHbIN;
Alignment.......ccccceeeviiiiiiiieeeeeee, BblpaBHMUBAHUE;
AMAze .....ccccvveeee e, nopaxartb, U3yMNsiTb;
Antic............... KOMWYHbIN, Henenbin, abcypaHbIi;
Artificial ..................... WCKYCCTBEHHbIN;
Associate.................. CBA3bIBaTb, aCCOLUNPOBATD;
ASSUME.....covviiiiieeiieiieeeinnns nonaraTtb, AOMYyCKaTb;
B
BacktracK........coocovvveeieinnnnn. OTX0OUTb, OTCTYNaTh;
Ballpark.............. NPUGNN3NTENBHBIN, MPUMEPHbIN;
R LY (=1 0 (0 JF= [ Ha3blBaTb;
Beam ..o ny4ok;
Bend.....coooooeeeeeiiiiiiiiinn, OTKMNOHATLCA, N3rndaTb;
Bizarre......cccocoeeeeeeenn. CTpaHHbIN, NPUYyaSIMBLIN,
3KCLEHTPUYHbIN;
Block................... nperpaxaaTtb, NPensaTCTBOBaTb;
BOUNCE .....cooiiiiieeee e, OTCKaKMBaTb;
Bowl-shaped................... umMetroLunn opmy vaiuu;
Brag ....ooooviiiiiie e XBanuTbCy,
7= MOST;
Brute force ......ccovvveeiiiiiiee e rpybas cuna;
Bulb ............. kon6a namnbl, Namna HakanMBaHus;

Bulge ..B3ayBaTbCS, BbINAYMBATLCS, BblAaBaThCS;

BUMP o yAapaTbes;
Bunch ....ccccoeeeviiiiiiiiine, OykeT, rpynna 4yero-nvoo;
c

CalMm e CMOKOWHbIN;
Candle.............. cBeYa, kaHaena (ed. nsmMepeHus)
Cannonball .........cccoooevvviiiiinennnne. nyLeyHoe g4po;
Carefully .................... TWaTenbHO, BHUMATESbHO;

Casually................ HenpeAHaMepPEeHHO; Cry4alHo;

Cause........c....... NPUYMHA; NPUYUHSATD, BbI3bIBaTb;
Cause and effect......... NPUYNHHO-CNELCTBEHHbIN;
Caution........ npeaynpexaexHvne; npegocreperarhb;
Cave................... newepa, yrnybneHve, BnaguHa;
Charge......ccciiiee 3apsag;
(011111 ¢ IR 3a8BnsATb, YyTBEPXAATb;
Clap ..o, Xxnonartb B NagoLuu;
Clutter up....ccoe..... neperpyxarb, 3arpoMoXxaarb;
Collide ..., cTankupaTbCs;
Collision......ccoveveeeeciiereeeee e CTONKHOBEHME;
Come up (with)................ npeanaratb (pelleHue);
COMPArE.....cvvieiiieeeeiieeee e CcpaBHMBaTb;
CONCAVE ...ttt BOTHYThIN
Conceivable .................. MbICIIUMbIA, BO3MOXHbIN;
Conceptual .....ccceeevvvieiieiiieeeiiiiiiieen, NOHATUNHBIN;
Conceptualize .................ool. OCMbICNNBATh;
Conclusion........cceeevvvveeeeennnnn. BbIBO[, 3aKJTHOYEHME;
ConducCtion .......ooveviveeeiiiieeeeee NpPoOBOAMMOCTb
Confine.....ccoeeeee orpaHunymBaThb
CONfUSE ...ooiiiiiiieiiie e cmywaTh (-c5)

Contribute......... cnocobcTBOBaTh, BHOCUTbL BKNaf;
(000] 01 V=T 1T=T g (o T yno6CTBO;
Convention............ cornalleHne 4oroBOPeHHOCTb;
Converging................... cobupatowuin, cBoasLLnIA;
Convert ....cccccooevvnvnnnenn. obpaliaTtb, NnpeBpaLlathb,

npeobpas3oBbiBaTh;

Convert............. npeobpa3oBbiBaTh; NpeBpaLlaTh,
(000] 01/ o To! = ybexpaTsb;
Countertop.......ccccoevevvvneen. pabo4yas NOBEPXHOCTb;
Crater ..o Kpartep;
crumple......ccoo MSATb;
Cumbersome.........ccce....... TSXKENbIN, POMO34KNIA;
CUNVaLUIE.....vvvieee e KPUBU3HA;
Curved mirror ...........c.ooeeeee. KpMBOE 3epKano;
CUStOMArY ..o, OObIYHBIN;
D

DEfleCt ..ccuuniiieii e OTKITOHATb;
Delay ....ccccccovvvereviinnnnnn npomeaneHune, 3agepxka;
DESPILE .vvveeeiiiiee et HEeCMOTpS Ha;

Destination ............c.cevvvvvvevennnes Lenb, HasHa4YeHwue;



Detectable ............ noagarLLminca 0OHapYyXeHWHo;

Diffuse .......ooeevvveennnn. paccesiHHbI, AN Y3HbIN;
Dimension........cccccceeeeeeinnnee. pasmep, U3MepeHNE;
DISCOVEIY ...ttt OTKpbITHE;
DiSMISS ..ccvvviiieiieeeeeeeee e oTBepraTb;
Display............... 0EMOHCTpMpOBaTh, NOKa3blBaThb;
DisStinCtioN .....coeeeveeiiiiee e pasnuyue;
DiStortion ......ccoeeeeeveeeviiiiieeeeeeeeen, MCKaXeHue;
D \V | o [ norpy>aTbCsl, HbIPSATh;
DIVEIgE ..ooeviiiiieeiiiee e pacxoauTbCs;
Draw (near)........ npubnuxartbcs, NogoaBUraThCs;
DT [ (o PP n3-3a;
E

Emission.............cc.c....... ncryckaHue uany4veHue;
EMit .o, ucnyckatb, U3ny4darb;
ENroute.....cccveveeviiieeeiiieee e, B MyTW, N0 Jopore;
Encounter .............. BCTpeYaTbCsl, HaTanknBaTbCs;
Environment ........cccccoccvveeene oKpyatoLlas cpeaa;
Evidence.....cccceevvvvevvviieieeeeeeenn, [0Ka3aTenbCTBO;
Evident............... O4YEBUOHbIN, SBHbIN, HAarNSaHbIN;
Example.. ... npumep;
EXert..ooeeiiiiiiiiii npunaratb (ycunus);
Expand ......ccccovvviiiiii pacLumpsaThb;
EXpliCitly.....cccevvvvveereennene. SIBHO; HE1BYCMbICITEHHO;
0] | NCnosnb30BaTh;

Expose..nogsepraTb Yemy-nmbo, SKCNoHNpPOBaThb;

F

Fairly....cccccvvvvveeei, JOCTaTO4YHO, AOBOSbHO;
Familiarity ......... 3HAKOMCTBO, OCBEJOMJ1IEHHOCTb;
Fanout.........cccoeeeeeeenn. pa3BopaynBaTb BEEPOM;
Fascinate............... yBreKaTb, Bbl3blBaTb BOCTOPT;
Fastidiously............. pa3bop4nBo, NpUBEPEANMBO;
Filament.........cccoooviiininene HUTb (HaKanuBaHus);
Filament lamp......cc.ccccoeeeee. riamna HakanmBaHus;
Finite............. OrpaHMYEeHHbIN, UMEIOLLNIA Npeaern;
Flame.....ccoooovieiiiiiiieiie nnams, ApKuin ceeT;
Flatten..........ccc........ BblpaBHMBaTb, CNOLWLMBATS;
Fluorescent.......cccccevvvveeeeiieiieeeeine, CBETHALLMWNCS;

FOil oo donbra; 3epkanoHas HaBoOAKa;

[ 1 To] 110 o 1 TpEeHue;

Furnish ...cHabxaTtb, obecneunBaTb, AOCTaBNATh;

G
Generic........... pPOOOBOW, XapakTepHbI ANs poaa;
GIOW .o, CBETUTbLCH, CBEPKATD;
Gradual.......ccccoeeeieiiiiiiiiieeeeeeee, NOCTEeNeHHbIN;
(€] = 1] U UPTR PR PPPPPPPPIN 3€epHo;
Grind....cooooie e wnndcoeaTsb;
] 1 ST PPPPPPPPIN necok;
GUIAE ..., PYKOBOACTBO;

H
[ F= 1 0 P BpeAa, yuiepo;
Heat......oooii Tensno;
[ 1] 1[0 NycTOW, NyCTOTENbIN;
Horrifically...........vvvvvevennns YXKaCHO, Ype3BblHanHo;
HOSE ..o wnaHr (ona nonuea);

1
IMMUNE ..o HEBOCNPUNMYMBLIN;
IMply ... nogpasymesarb, npegnonararb;
Imprecise............... HEeTOYHbI, HEONpeaeneHHbIN;
IMPressiVve .......cccvveeeeeee e, BrneYaTnALWnNNA;
In contradiction t0........cccevvvvevvvnnnn... B OTNiM4me orT,;
Incandescent....... packaneHHbI, CBETALLNNCS OT
Harpesa;
Incident ray........cccvvvvevvevevevennnnnnnns nagaroLumin nyy;
Incompatible..........ccccovvvviiinnnnns HECOBMECTUMbIN;
Infinite................ GeckoHeYHbIN, becnpenenbHbI;
Infinitesimal ..... o4eHb ManbI, He NogaaLWmncs
N3MEPEHNIO;
Influential ...........oovevveeeiiiiiiinn. BINUATESbHbIN;
INSECT...coe e, HaceKkoMoeE,
Inset............ BCTaBNATb, BKNagblBaTb, NOMeLLAT;
Instantaneous....... MFHOBEHHbIN, MOMEHTAabHbLIN;
Instead Of.......oevivviiiiiiiieeinn, BMECTO 4ero-nunoo;
Intelligent ..., pasyMHbIA, YMHbIN;
Interact .......ccccveveieiieeinnnnen, B3aMMOJENCTBOBATH;
INTErCePt ....ovvveveeeeeeeeeeeeeeeees nepexsaTbiBaThb;



Interface..........cccoceeevennens MOBEPXHOCTb pasaena;

Intervene................. NponcxXoauTb; BMELUNBATHLCS;
INWATI ...cooieiiiee e BHYTpb;
Judicious .............. pasyMHbIN, pacCcyanTenbHbI;

uenecoobpasHbii, NPOSYMaHHbIN;

L

= T DT OTCTaBaHue;
LAW e 3aKOH;
LAl .. i i TNACT;
Liberally ........ccoovvvvveeeiiiinnen, weapo, B n3obunuu;
(010 To [ =TT rPOMKOCTb;
LUMINOUS ... CBETSALLUNCS;
M

Magnification ..........cccoccveeeiiiiieennnne yBerimyeHue;
MagNify .......coeeeiiiiiee yBenmunBaTh;
Magnifying glass........... yBENUYNTENBHOE CTEKMO;
Magnifying power ............ KpaTHOCTb YBENNYEHUS;
Manifestation ..........ccccccevvvvvevenennnnn, nposiBneHune;
Matter .....vvveeiiieei BELLECTBO;
MeEaN......ccooviiiee O3Ha4arb;
MEASUIE.....c.e i U3MepATh;
Medium (pl. media)........cc.cccuveeenns cpena (cpeabl);
MOSLIY ..o rmaBHbIM 06pasom;
N

Net.......... o0Lwmnn, pesynbTaTuBHbIA, CyMMapHbIN;
Neurological.........ccccevvineeennnnn. HEeBPOOrM4YecKni;
NICEY . uviirieeiieiiiieeee e TOYHOCTb, U3SILLIECTBO;
Nonsensical.............. ©ecCcMbICHEHHbIN, HENnenbli;
0

ODbDEY . MNOAYMHATHLCH;
Obscure............... Jenatb HesICHbIM, 3anyTbiBaTb;
(@071 U | SR cny4artbCsi, MPOUCXOaUTb;
OCtOPUS ..ovvveeeevciieieeene. BOCbMWHOIO€ >XMBOTHOE;

(011511 P BO3MeELLaTb, KOMMEHCMPOBATh;
BbIpaBHMBATD;
(011 ]| SR onyckaTb, NpeHebperarTb;
ONIY i TONBLKO;
OpPagUE......cviiiieieeiieiiieieee e Henpo3spaYHbIi;
Originate.................. JaBaTb Hadano, co3gaBaTb,
NpoucxXoaunTb;
Oscillation.......cccoeeeeeeveenee. BUbpaums, konebaHwue;
(O 1] 1117 T o [ Hapyxy;
P
Palm ..o, NnanoHb;
Particle ..o, yactmua;
Pendulum ........cooovveeiieee, MasiTHUK;
Perceive..........ccccceeis owyuiaTb, YyBCTBOBATb,
BOCMNPVHMMATb;
Physiology .......ccuvvvvvvviiiiiiieiiiiiiiininnns dmsnonorus;
Pierce .....ccccccveenns NpPOHMKaTb, NPOXOANTb CKBO3b;
Pointless............. ©ecCMbICNEHHBIN, BeCLENbHbIN.
(270 [o npya;
Power ....c.coeeviiiiiiiieeee, 3Heprud, MOLLHOCTb;
Precedence.............. NpUopUTET, MPEUMYLLIECTBO;
Predate....... nponcxoauTb A0 Kakoro-nmbo vncna.
Predict. ... npeackasbiBaTb;
Pressure.....ccccoveveeiiiiiiii e JaBneHue;
Presumably ...... NpPeAnonoXnUTeNbHO, BO3MOXHO,
BEPOSATHO;
Pre-technological ............... [0 TEXHONOrNMYECKON
peBonoLnY;
Proof.............. noaTBEPXXAEHME, [OKA3aTENbCTBO;
Propagation..........ccccccceevennnnen. pacnpocTpaHeHue;
R
RandoOM........ccovvvvviiiiiiee e, NPOU3BOSIbHBIN;
R 1 1o T OTHOLLIEHME;
Rebel ... npoTecToBaTh;
Recede........ccoevvvvnenneeennn. OTCTyNnaTb, yAansiTbCs;
Recognize .........cccceeeenee. y3HaBaTb, ONO3HaBaTb;
RefleCt ....uuiiieeeiiee e, oTpaxarTb;
Regardless....... He3aBNCMMO, 6€30THOCUTENBHO,

HEeCMOoTpA Ha;



Relationship.....cccccccevviivnnen. B3aMMOOTHOLLEHWE;
Relevant ............ YMECTHbIN, BaXHbIW, HACYLLHbIN;
Reliability .......cccoveeeeiiii s HaEeXHOCTb;
Rely (0N) .ooooiveieieee e, nonaratbcs (Ha);
Repetition ..., NOBTOPEHMUE;
Rephrase.......cccooccveieiiiiiinneen. nepedpasnpoBaTs;
Result (in) ...c.oovvvvieieiieee, Bblpaxatbcs (B);
RetiNa .....cvvviieiieieeece e ceTyartka;
ROCK et KaMeHb;
ROI e Barn, posnukK,;
Rote....cccveeviieeee MeXaHM4Yeckoe 3anoMUHaHue;
ROUGN v rpyobii;
S

Scale...vveeeiiei e, mMacwTabupoBarTs;
SEEM ..ot KasaTbCs;
SEESAW .....ciivieeeeeie e Kavyenu;
Sel i KOMNnekT, Habop, psg;
Setup oo, CTaBWTb, YCTaHaBNMBATb;
Shade ... TEHb;
1] o] 1 (o] U | A KpaTyauLwmm nyTb;
SHVET .o cepebpo;
Similarity ....ccooovveiiiieeeeee cXoAcTBO, nogobue;
Sketch.....ccoovvieeennne cxemaTtuydeckn nobpaxaTb;
Slide.....coooeeevvenne. MnaBHO ABUraTbCsl, CKOMb3UTb;
Smart.... ccccceeeeee. TONKOBbIA, COOOpa3snTENbHbIN,

CMOCOGHbIN, YMHBIN, NOBKUIA;

SMOOLh c.eviii e, rnagkui;
Sophisticated................. CINOXHbINA, NPOAYMaHHbIN;
SOUICE e UCTOYHUK;
SpecCify....ccevvuneenne onpeaenaTb, ycTtaHaBNuBaTh;
Specular ................... 3epKarnbHbIW, OTpaXaroLwmi;
Specular reflection......... 3epKanbHOEe OTpaXeHue;
SPOIL. i NopTUTb;

SPOOKY....oevviiiiiiiiiiiieeeeee 3MN0BELLNI, CTPaHHbIN;
] (01 neyb;
Straightforward ...... NPAMOK, HENOCPEOCTBEHHbIN;
Y1 =1 [ I Hanp4daraTb;
Stray radiation ................ paccesiHHOe U3rny4veHue;
StUf e, mMartepuan, BELLECTBO;

Substance ...........ccceueeee BeLLEecTBO; (u3.) Teno;

Subtle ......ooovveviiine, TOHKWUIA, eBa pas3NNYMMbIi;
Succeed (in) ............. nobutbes, cymeTb caenarb;
SUCK UP . nornowatb, BNUTbIBATb;
Sufficiently ... [0CTaTO4HO,;

T

The only.......ccccvveeveeee e, €0VUHCTBEHHbIN;
Thing .............. BELLb; MPEAMET; ABNIEHNE; HEYTO;
TIMDBIE oo Tembp;
Time-reversal ............. 0bpaTUMOCTb BO BpEMEHMU;
Tl 3arnaBeuve, Ha3BaHue,
TracCe ..covveeiieiieee s npocnexvearTb;
Triangle ..o TPeyrosibHUK;
THCK i npuem, cnocob;
TriVia...e Meno4un, NycTsKu,;
TrUth .o npaega;
U

ultimate .......ooovvviiiieeieeeei, OKOHYaTeIbHbIN;
UNCOVET .....vvvvernrernrerarnrnnnnns packpbiBaTb, CHAMATh;
Under-utilize ..........coouveeeennnnn. HeOouncnonb30BaTh;
UNneasy ......ccooeeeeeeeeceiiiennnns HeyaOoOHbIV, HENErkuniA;
L8] T| ( R ob6beanHATD;
Unwieldy......ooeeeiicciiiiiiieeeeeiiieeeen rPOMO3KUN;
UPhOISEEIY ... obuBka;
Upside-down .........cccceevviieeennineeen, BBEpPX Horamu;
V

variety ......coeeeeene pasHoobpa3sue, MHoroobpasue;
Verify ....... noATBepXaaThb, MPOBEPSAThL, NOBEPATH;
Virtual image ..........ccoo.e.e. MHUMOe n3obpaxeHne;
Vision ............ 3peHune, 3puTeribHoe BOCNPUATHE;
Vital ........... HaCYLLHbIW, >XW3HEHHO HEOOXOOUMBIN;
W

LAY = 11 A TEpATh;
Wand.......ccceeeeveeiieeeeeee e TOHKasA Nanouka;



nerko ynpasnisieMbli, NOCYLLUHbIN,

.................. MOpLLMHA, HEOCTATOK;



TaﬁJmua HEINPpaBUJ/IbHBIX I'JIarojioB

TABLE OF IRREGULAR VERBS

Infinitive Past Tense Participle 11 Russian equivalents
abide abode, abided abode, abided peObIBaTh; AePKATHCSI
arise arose arisen IOJIHATHCS; BOSHUKHYTH
awake awoke awaked OyaWTh; IPOCHYTHCS
be was, were been OBITH

bear bore born HECTH; POIUTH

beat beat beaten OouTh

become became become CTaTh, CIEIATHCS
befall befell befallen CITYYHUTBCS

begin began begun HAYaTh

bend bent bent COTHYTB (Cs1)

beseech besought besought YMOJISITh, YIIPAILINBATh
bid bad(e), bid bid(den) BEJICTh; IPOCUTH

bind bound bound CBSI3aTh

bite bit bit(ten) KycaTth

bleed bled bled KPOBOTOYHTH

blow blew blown IyTh

break broke broken (c)nomars

breed bred bred BBIPAIMBATh

bring brought brought MPHHECTH

build built built CTPOUTH

burn burnt burnt JK€Yb; TOPETh

burst burst burst paspasuTbes

buy bought bought B30PBAThCSI, KYITUTh
cast cast cast KUJaTh; TUTh (Memain)
catch caught caught JIOBUTD, TOWMATh
choose chose chosen BBIOpATh

cleave clove, cleft cloven, cleft paccedb

cling clung clung HEIUIATHCS; JTBHYTh
come came come IpuiTH




Infinitive Past Tense Participle 11 Russian equivalents
cost cost cost CTOUTH

creep crept crept MOJI3TH

cut cut cut pesatb

dare durst, dared dared CMeTb

deal dealt dealt HUMETH JEJI0

dig dug dug KOIIATh

do did done JIENaTh

draw drew drawn TallUTh; PUCOBAThH
dream dreamt, dreamed dreamt, dreamed IPE3UTh, MEUTATH
drink drank drunk [IUTh, BBITUTH
drive drove driven rHATh; €XaTh

dwell dwelt dwelt 00HTaTh; 3a1€PKUBATHCS
eat ate eaten KyILlIaThb, €CTh

fall fell fallen majaTh

feed fed fed KOPMHTb

feel felt felt 4yBCTBOBATh

fight fought fought CpaxarhCst

find found found HaXOJUTh

flee fled fled 0€eKaTh, Cr1acarhes
fling flung flung Opocuth

fly flew flown JIeTaTh

forbid forbade forbidden 3alpeTUTh

forget forgot forgotten 3a0bITh

forgive forgave forgiven [IpocTuth

freeze froze frozen 3aMep3HYTh; 3aMOPaKUBATh
get got got TIOTY4YUTh

gild gilt, gilded gilt, gilded MO30JI0TUTH

give gave given JaTh

go went gone HUITU, YXOIUTh
grind ground ground TOYHUTB; MOJIOTh
grow grew grown pactu

hang hung, hanged hung, hanged BHCETh; IIOBECUTh

2




Infinitive Past Tense Participle 11 Russian equivalents
hear heard heard CIIBIIIATH

have had had UMETh

hew hewed hewed, hewn pyouThH, TECATh

hide hid hidden psITaTh(-Csl)

hit hit hit YIapUTh; IIONAaCTh
hold held held JepKaTh

hurt hurt hurt MPUYUHHUTE 00JIb

keep kept kept XpaHuTh

kneel knelt knelt CTAaHOBHUTHLCS Ha KOJICHH
knit knit knit(ted) BSI3aTh

know knew known 3HATh

lay laid laid KJIACTh, MTOJIOKUTh

lead led led BECTHU

lean leant, leaned leant, leaned OIEPETHCSI, MPUCTOHUTHCS
leap leapt, leaped leapt, leaped MPBITaTh

learn learnt, learned learnt, learned VYUTh

leave left left OCTaBUTH

lend lent lent OIIOJKUTH

let let let MYCTUTD; aTh

lie lay lain JIEKATh

light lit lit OCBETHUTh

lose lost lost TepAThH

make made made JieNaTh

mean meant meant MoJIpa3yMeBaTh

meet met met BCTPETUTH

mishear misheard misheard OCIIBIIATHCS

mislead misled misled BBECTH B 3a0JIyKICHHE
mistake mistook mistaken HENPaBHILHO TTOHUMATh
mow mowed mown KOCHUTb

pay paid paid [UTATHTh

put put put KJ1aCTh

read read read YHUTATh

rebuild rebuilt rebuilt MEPECTPOUTH
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Infinitive Past Tense Participle 11 Russian equivalents

ride rode ridden €3[IUTh BEPXOM

ring rang rung 3BOHHUTH

rise rose risen MOHSTHCS

run ran run 0exaTh, TeYb

saw sawed sawn, sawed MHJIATH

say said said TOBOPHUTB, CKA3aTh

see saw seen BHUJIETD

seek sought sought HCKATh

sell sold sold poaaBaTh

send sent sent ocjaTh

set set set yCTaHaBJIMBATh

sew sewed sewed, sewn HIUTh

shake shook shaken TPICTH

shave shaved shaved, shaven opuTh(Ccs)

shear sheared shorn CTPUYb

shed shed shed pPOJIMBATH

shine shone shone CBETHUTD, CUATH

shoe shod shod 06y4aTh; MOJIKOBBIBATH
shoot shot shot CTpEJISTh; 1aBaTh IMO0Ern
show showed shown [I0Ka3bIBATh;

shrink shrank shrunk COKpAIIaThCs, CYKUMATHCS
shut shut shut 3aKpbIBATh

sing sang sung eTh

sink sank sunk OIIYCKAThCS, MOTPYKATHCSI
sit sat sat CUIIETh

sleep slept slept craTh

slide slid slid CKOJIb3UTh

smelt smelt smelt MaxHyTh: HIOXATh

sow sowed sowed, sown (mo)cesTh

speak spoke spoken TOBOPHUTH

speed sped sped YCKOPSATH; CICIIUTD

spell spelt, spelled spelt, spelled nucath / 4uTaTh M0 OYKBaM




Infinitive Past Tense Participle Il Russian equivalents
spend spent spent TPaTHUTh

spill spilt, spilled spilt, spilled MPOJHTH

spin spun, span spun TpSCTH

spit spat spat IeBaTh

split split split pacienuTb(cs)

spoil spoilt, spoiled spoilt, spoiled MOPTHUTh

spread spread spread pacpocTpaHuTh(Cs)
spring sprang sprung BCKOYUTH; BO3HUKHYTh
stand stood stood CTOSITh

steal stole stolen yKpacTh

stick stuck stuck YKOJIOTb; PUKJIEUTH
sting stung stung YIKAITUTh

stink stank, stunk stunk BOHSATH

strew strewed strewn, strewed yCesITh, yCTIaTh
stride strode stridden uraraTh

strike struck struck yIapuTh, OUTH; 6ACTOBATH
string strung strung HAHU3aTh; HATAHYTh
strive strove striven CTapaThCs

swear swore sworn (IO)KMSICThCS, IPUCATHYTh
sweep swept swept MECTH; IPOMYATHCS
swell swelled swollen B3IYThCS

swim swam swum IUTBITh

swing swung swung KayaThbCst

take took taken B3STh, OpaTh

teach taught taught YUUTh

tear tore torn pBaTh

tell told told pacckasath, CKa3aTh
think thought thought JIyMaTh

throw threw thrown Opocuth

thrust thrust thrust TOJKHYTh; CYHYTh
tread trod trodden CTyIIaTh

unbend unbent unbent pa3orHyTH(Cs)
understand understood understood MOHUMATh




Infinitive Past Tense Participle Il Russian equivalents
undertake undertook undertaken OpeANPUHSATD

upset upset upset OTIPOKHHYTH(C5)
wake woke, waked woken, waked MIPOCHINATLCS; OYAUTH
wear wore worn HOCHUTb (OAEXKIY)
weave wove woven TKaTh

weep wept wept IUIAKATh

win won won BBIMTPHIBATh

wind wound wound 3aBOJUTDH (MEXaHHU3M)
withdraw withdrew withdrawn B34Th Ha3aJl, 0TO3BaTh
wring wrung wrung CKPYTUTH; CKaTh
write wrote written MUCaTh




