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Article

Matching Bring and Take with Come and Go
in Terms of Direction of Movement:

Should Inconsistencies in Native-speaker Usage Be
of Concern to Learners of English as a Foreign Language?

T.D. Minton”

Much has been written about the deictic verbs come, go, bring and take in
association with their acquisition by children (e.g. Clark & Garnica, 1974;
Abkarian, 1988), and in comparison with their equivalents in other languages
(e.g. Choi & Bowerman, 1991; Fagan, 2004), or both (e.g. Naigles & Lehrer,
2002), but they have been less extensively examined in the EFL literature (Coe,
1973, p. 137). Even though these verbs cause particular problems for EFL
learners (Coe, 1973, p. 142), the differences/links between them tend to be
either ignored or given very short shrift in grammar reference works (e.g.
Eastwood, 1994; Sinclair, 1992, pp. 107-108, 136). One reason for this is that
TESOL pedagogy focuses on what Coe calls the “fundamental” uses of all four
verbs (1973, p. 138), paying scant attention to what he terms their “extended”
uses. The fundamental uses, according to Coe, are those involving movement
towards or away from the speaker’s position; come and bring are used to
indicate movement towards the speaker, while go and take indicate movement

away from the speaker:

e Can you bring it back to me as soon as you've finished reading
it?

e Can you take this to My Harris for me?

*  Department of English, Nippon Medical School



@)

Movement by the speaker towards the hearer also requires the use of come and
bring in English (with regard to bring, this rule is not observed by all native
speakers of English [Black et al., 1979, p. 190]):

Can I come and see you this evening? I'll bring some beer.

This is a source of confusion for learners whose native languages mark such
movements with their equivalents of go and take. Although Coe does not include
this pattern in his definition of fundamental uses, it should clearly be considered
one of them.

The first of the two “extended” uses, according to Coe, involves situations
“where the speaker is neither at the beginning nor at the end of the movement”.
He gives as an example two Englishmen in London discussing the movement of
boats from Australia to Japan, who would use go and take. The second is “where
the speaker’s choice is determined not by his physical position but by where he is
in his thoughts”: if one of the Englishmen were reminiscing about his time in
Japan, he would “talk about the boats coming to Japan bringing things from
Australia” (1973, p. 138). I would contend that both of these scenarios can
actually be explained in terms of the “fundamental” uses of the four verbs (in the
first, the movement is in the direction of neither the speaker not the hearer, so
go and take are the natural choices; in the second, the movement is in the
direction of the speaker’s location in the past, and such movements, whether
past, present, future, or purely imaginary are naturally marked by come and
bring). However, it is certainly the case that the selection of come vs. go / bring
vs. take is often dependent on the perceptions of the speaker, as we shall see
below. It is these perception-dependent uses that I would prefer to refer to as
“extended”.

Another reason why bring and take are problematic for EFL learners is that
while native speakers of English are generally consistent in their selection of
come and go, they are less consistent when it comes to bring and take, as

pointed out by Michael Swan (1995, p. 100), and as no doubt occasionally noted
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by most English speakers when listening to speakers of other English dialects. To
investigate the perceived inconsistencies, [ asked 12 native speakers of American
English and 9 native speakers of British English (one of whom was myself) to
answer a quiz in which they were asked to select either bring or take in 17
example sentences; naturally, contexts were provided. The respondents were
also given the option of selecting either in cases where they felt either bring or
take would be acceptable. My objectives were 1) to investigate the degree of
inconsistency in the selection of the two verbs, 2) to attempt to identify patterns
in any inconsistencies uncovered, and 3) to determine whether any
inconsistencies should be of concern to EFL learners. My basic thesis was, and
still is, that the best policy for learners is to match bring and take with come and

go in their own usage, regardless of any inconsistencies in native usage.

Quiz: results and rationales for “correct” answers

The quiz items are listed below, each of which is followed by a brief rationale
against the “correct” selection as determined by matching come with bring and
go with take in terms of direction of movement. In each case, the verb most
commonly selected by the respondents has been inserted in the blank space they
were asked to fill in, and the total number of respondents selecting bring, take
or either is listed after each question. A chart showing the respondents’

individual answers to the questions can be found in the appendix.

QUIZ
In numbers 1 to 6, the speaker and hearer live in the same house,
possibly as husband and wife.
1. Could you ( bring ) some bottled water home with you?
(The speaker is at home now or, if not, thinks (s)he is going to be at home
when the water arrives. The hearer is either shopping now or is planning to go

shopping, i.e., (s)he could be at home now, but is not necessarily there.)

American respondents: bring: 12 take: 0 either: 0
British respondents: bring: 9 take: 0 either: 0
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The movement will be in the direction of the speaker’s position when the
water arrives. The use of bring in this sentence matches that of come in a similar

situation:

When you come home, could you bring some bottled water with

you?

2. Could you ( take ) some bottled water home with you?
(Same situation as in 1, except that the speaker is not at home now, and isn’t

or doesn’t think (s)he is going to be at home when the water arrives.)

American respondents: bring: 4 take: 8 either: 0

British respondents: bring: 0 take: 9 either: 0

If bring matches come and take matches go in terms of direction, there is
no doubt that take is the “correct” answer: since the speaker is not at home at
the time of speaking and is not going to be at home when the water arrives, the
movement will be away from his/her position. In a similar situation, go would

certainly be selected:

Don’t go home without picking up some bottled water at the

supermarket.

Learners might argue that if the hearer were at home when the request was
made, the movement would be towards his/her position, thus necessitating the
use of come/bring. Certainly, the hearer himself/herself would use bring in
reference to the movement if he/she were at home when the communication

took place:

Speaker*: We're out of bottled water, aren’t we?

Hearer**: Yes, I think so. I'll bring some home this evening after
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work.
Speaker: Thanks. Don’t forget to take your computer home, too.
*The speaker is already out. He/she is talking to the hearer on the phone. The
speaker is going be later home this evening than the hearer.
**The hearer is at home and will soon be leaving for work. He/she is going to be

home in the evening before the speaker.

While the hearer sees the movement as a return to his/her current position
(home), which will be marked by come/bring, the speaker sees it as away from
both his/her current position and his/her projected position at the reference
time; as such, the movement will be marked by go/take. In the above exchange,
the hearer would use take if he/she were not at home when the conversation
took place. Similarly, the speaker would use bring if he/she were at home at the
time of speaking, or if he/she expected to be home before the hearer.

Since the direction of the planned movement in relation to the speaker and
hearer was quite clear in no. 2, it was puzzling that one third of the American
respondents selected bring. When challenged, their argument, in a nutshell, was
that “home” represented the place they always ended up eventually, wherever
else they might go, so they tended to see movement towards home as being
movement towards themselves. But when asked whether they would use come
or go in Don’t ( ) home without picking up some bottled water at the
supermarket, they all selected come when the speaker was at home at the time
of speaking or was going to be at home when the water arrived, and go when the
speaker was out and was not going to be at home when the water arrived. This
contradicts their argument that all movement towards “home” is perceived to be
in the direction of the speaker and supports the proposition that there is less
consistency among native speakers in the use of bring/take than in that of

come/go.

3. Don’t forget to ( take ) your packed lunch to work.

(Neither the speaker nor the hearer is at work.)
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American respondents: bring: 0 take: 11 either: 1

British respondents: bring: 0 take: 9 either: 0

The movement is away from both the speaker’s and hearer’s current

position, and the use of take matches that of go:

When you go to work, don’t forget to take your lunch.

Naturally, if both the speaker and the hearer were in the office at the time of

speaking, bring would be correct:

Don’t forget to bring your lunch (when you come to work) tomorrow.

On the other hand, if the hearer were in his/her office at the time of speaking but
the speaker were not, take would be used: as in no. 2, the proposed movement of
the lunch would be perceived to be away from both the speaker and the hearer
(the movement cannot possible be towards the speaker, as he/she will be the
person moving the lunch).

It is possible that the one American who said either bring or take would do
had in mind a situation where the speaker would be accompanying the hearer to
work tomorrow, and in fact one of the British respondents noted in his response
that bring would be used if such were the case. If the speaker were planning to
accompany the hearer, the situation would be similar to that in no. 14, and bring
would be the “correct” choice (there is more on the rationale for this in the
discussion following no. 14). Future versions of the quiz should perhaps state
that the speaker will not be accompanying the hearer to work. It is worth noting
that the American who selected either (Am 8) chose bring (not either) for no.
14.

4. [Follows on later from no. 3]
Did you remember to ( take ) your packed lunch with you?

(The hearer is in his/her office or on his/her way to his/her office; or (s)he may
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have been to his/her office and already left. The speaker is not in the office.)

American respondents: bring: 0 take: 11 either: 1

British respondents: bring: 0 take: 9 either: 0

If we match bring and take with come and go, bring is only appropriate in
this sentence if the speaker is (or was, at the time the lunch box might have been
expected to arrive) also in the hearer’s office.

As mentioned above, English generally requires the use of come and bring
to refer to movement by the speaker towards the hearer, i.e. the selection of
come/bring or go/take depends not only on the speaker’s position but also on
the hearer’s. If you are in Hawaii, for example, and have invited me to travel from

Tokyo to join you there, I might reply:

L wish I could come, but I'm afraid I can’t take the time off work.

I would, thereby, be viewing the direction of movement not from my (the
speaker’s) point of view but from yours (the hearer’s). However, it is important
to note that the selection also depends on the subject of the sentence. Whereas
the speaker (1) will talk about coming to Hawaii to join the hearer (youw), the
speaker will see the hearer’s own movement in the direction of Hawaii in terms
of going (this point is of relevance to the situation in no. 2 above). The following

telephone exchange demonstrates this point:

A: Hi, Tim. I'm in Hawaii. Why don’t you come over for a few days?

B: You didn’t tell me you were going to Hawaii! When did you go?

A: At the beginning of the month. Anyway, how about it? Can you
come?

B: I wish I could (come), but there’s no way I can take any time off
work at the moment. You should have told me earlier that you

were going — [ might have been able to arrange something.
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The important point to note is that speaker B does not ask speaker A When did
you come to Hawaii?, even though the latter is in Hawaii at the time of
speaking. It would only be possible to use come in this question if speaker B
were also in Hawaii.

In terms of bring and take, we can imagine the following exchange if

speaker B had agreed to join speaker A in Hawaii:

A: When you come over, can you bring my green memory stick? I
left it on my desk, I think.

B: Sure. Did you take your compulter?

A: No. 'm using Jim’s.

B: Would you ltke me to bring your computer as well?

Again, speaker B sees his own movement from speaker A’s perspective (Would
you like me to bring your computer?), whereas he sees speaker A’'s movement
to Hawaii from his own perspective, i.e. as being away from his (speaker B’s)
current position (Did you take your computer?). Naturally, speaker A sees
speaker B’s upcoming movement as being towards his (speaker A’s) current
position (Can you bring my green memory stick?).

A further question is how speaker B would see the movement of a third
party towards speaker A in Hawaii but away from speaker B’s own current
position in Tokyo. From the pedagogical point of view this is an important
question related to the “extended” uses of the four verbs under consideration.
The answer is that if speaker A had also invited someone else (let’s call him
Hiroshi) in addition to speaker B to join him in Hawaii and his invitation had
been accepted, speaker B would view Hiroshi’s movement to Hawaii from

speaker A’s perspective and use come/bring to refer to that movement:

Do you want me to ask Hiroshi to bring anything?

Just as speaker B might agree to bring speaker A’s green memory stick to

him in Hawaii, the speaker in quiz question 4 might offer to bring the hearer’s
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lunch to him in his office. However, the speaker would still see the hearer’s own
movement to his office as being away from the speaker’s current position, so
whether the hearer was in his office or not at the time of speaking, the speaker
would still ask him, Did you remember to take your lunch?

The American who selected either in quiz question 4 (Am 9) was generally
rather equivocal in his selection of bring and take, choosing the either option in
no fewer than 5 of the quiz questions. A larger sample would undoubtedly turn
up other equally equivocal native speakers of English, although they would, I
suspect, represent a small minority, as in the present survey. From the point of
view of EFL learners, however, following the majority view would certainly be
the wisest and indeed only logical choice: selecting bring for no. 4 clearly breaks
the bring/take link with come/go in terms of direction. It is, after all, almost
inconceivable that any native speaker of English would use came instead of went

in the following sentence:

Did you remember to take your lunch with you when you went to

work this morning?

Unless, of course, the speaker is (or was, at the relevant time) also in the same

workplace, in which case bring and came would be used.

5. I forgot to ( bring ) my packed lunch.
(The speaker is in his/her office.)

American respondents: bring: 12 take: 0 either: 0

British respondents: bring: 9 take: 0 either: 0

The movement (even though it did not actually occur) is in the direction of

the speaker’s current position, and the use of bring matches that of come:

1 forgot to bring my lunch when I came to the office this morning.
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6. I forgot to ( take ) my packed lunch.
(The speaker is back home in the evening, having already been to his/her
office.)

American respondents: bring: 0 take: 12 either: 0

British respondents: bring: 0 take: 9 either: 0

The intended movement may have been in the direction of the speaker
earlier in the day, but from his/her current perspective, it was away. Again, this

matches the use of go:

I forgot to take my lunch when [ went to the office this morning.

In numbers 7 to 13, the speaker and hearer are colleagues.

7. I haven’t quite finished the report yet, but 'll ( bring ) it to you as soon as
I have.
(The speaker believes the hearer is going to be in his/her [the hearer’s] office

when the report is delivered.)

American respondents: bring: 8 take: 2 either: 2

British respondents: bring: 8 take: 0 either: 1

The movement will be by the speaker towards the hearer, making the
selection of take a clear breach of the come-bring/go-take relationship.
Therefore, I asked the two Americans who had selected take to insert come or
go in the following sentence, explaining that the hearer would be in his/her office
at 2 o’clock: I’'ll () to your office at 2 o’clock. As I expected, they both
selected come. When I pointed out the illogicality of selecting take for no. 7 and
the fact that 8 of their compatriots had chosen bring, their response was that
their selection had simply been the one that had come to mind when they read
the question and that they had not given it any serious thought. Although this is

exactly how I wanted all of the respondents to make their selections when filling
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in the blanks, the fact that they were obliged to read the scenarios and make
conscious selections certainly worked against the spontaneity I was looking for.
However, as Black et al. indicate, the link between come and bring to refer to
movements by the speaker towards the hearer may not be strong among

speakers of some American dialects (1979, p. 190).

8. I haven’t quite finished the report yet, but I'll ( take ) it to Mr. Steptoe’s
office as soon as I have.
(The speaker does not believe the hearer is going to be in Mr. Steptoe’s office

when the report is delivered.)

American respondents: bring: 0 take: 12 either: 0

British respondents: bring: 0 take: 9 either: 0

The movement will be in neither the speaker’s nor the hearer’s direction,

and the use of take matches that of go:

I'll take the report with me when I go to his office.

9. I'm glad you ( brought ) your daughter to the party.
(The speaker is or was at the party.)

American respondents: brought: 12 took: 0 either: 0
British respondents: bring: 9 take: 0 either: 0

The speaker is or was present at the party, so the movement was towards
his/her position. An important point for learners to note is that it makes no
difference whether the party is still under way at the time of speaking or not.
Whether the speaker is going to be at the party, is at the party, or was at the
party, he/she will use come to comment on someone else’s attendance or non-

attendance:
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e Are you coming to Carol’s party?
e [sn’t Yoko here? I thought she was coming.
e [ don’t know whether Shaun came to Carol’s party last night. 1

didn’t see him there.

It is also important to note that unless the speaker is actually at the party at the
time of speaking, he/she will use go to refer to his/her own movement in that

direction:

e I'm going to Carol’s party on Saturday. Are you coming?

e I went to Carol’s party last night, bult my wife didn’t come.

In line with normal usage of come/go, however, the speaker will use come and
not go to talk about his/her own movement when talking to the host of the party,

as the movement will then be viewed as being in the direction of the hearer:

e [ can come to your party on Saturday — my wife has given me
permission!
* I'm really glad I could come to your party last night — it was great

Sun!

On the other hand, normal usage of come and go in the previous pair of
sentences (I'm going to Carol’s party on Saturday. Are you coming? / I went
to Carol’s party last night, but my wife didn’t come.), does not completely
preclude the use of go in the second part of each example (Are you going? /. . .
but my wife didn’t go.). In both cases, come is much more likely, but the
selection depends to some extent on the speaker’s perceptions. In the first
example, the question is not an overt invitation to the hearer to join the speaker
at the party; if it were (Would you like to come?), come would definitely be
used, because the speaker’s presence at the party would be crucial to the

invitation: you cannot suggest that someone join you in a particular place if you
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are not there now or are not going to be there. If, on the other hand, the speaker
is less focused on the idea of associating with the hearer at the party, as might be
the case if it were a very large party or if he/she simply were not particularly
interested in associating with the hearer, the speaker might not perceive his/her
own presence at the party as of any great significance in terms of the hearer’s
movements, resulting in the unconscious selection of go. Such a selection would
be more unlikely in the second sentence, which involves the speaker’s wife, but it
is still possible. Another pertinent point is that in the second part of each
example, the main verb itself is very likely to be omitted: I'm going to Carol’s
party on Saturday. Are you? /I went to Carol’s party last wight, bul my wife
didn’t. This fact might also predispose some people to insert go in the blank
space created by the omission.

The above observations can also affect the selection of bring or take. Unless
the speaker is actually at the party at the time of speaking, he/she will use

go/take to refer to his/her own movement in that direction:

e 'm thinking of taking some beer to the party rather than wine.

o [ didn’t take anything to the party last night.

Naturally, he/she will use come/bring if he/she is actually at the party at the time

of speaking, as the movement will be towards his/her current position:

I’ve brought a bottle of wine.

The speaker will also use come/bring in relation to his/her own movements (or
those of someone else) when talking to the host of the party, as he/she will, as
normal, see his/her movements (and those of other people) from the hearer’s

point of view:

e ['ll bring a case of beer.

e Hiro told me he’s going to bring his givifriend.

® Have you opened the present I brought to your place last night?
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Also in parallel with come, if the speaker is going to be or was at the party,
he/she will normally use bring when talking about someone else’s movements

vis-a-vis the party venue:

* Are you going to bring a bottle of wine to the party?
e Jack didn’t bring anything to the party last night.

However, in the same way as with come/go, perceptions on the part of the
speaker may occasionally lead to the selection of take in this situation (Are you
going to take a bottle of wine to the party? / Jack didn’t take anything to
the party last night.). English-speaking psychologists are probably in tune with
the subtle insights such selections reveal into the speaker’s true feelings!
Needless to say, if the speaker is at the party at the time of speaking, bring will

definitely be used to talk about other people’s movements in that direction:

e Have you brought your guitar?
e Jack and Jill have brought their baby, I see.

10. I'm glad you ( took ) your daughter to the party.
(The speaker did not attend the party.)

American respondents: brought: 0 took: 12 either: 0
British respondents: bring: 0 take: 9 either: 0

This is rather similar to no. 4 (Did you remember to take your packed
lunch with you?), so the American respondent who selected either for that
question but took for this might appear to be inconsistent in his usage. One
possible explanation for the apparent discrepancy is that the scenario for no. 4
indicates the hearer could actually be in his/her office when the question is
asked; had I said in the scenario for no. 10 that the party might still be going on,

with the hearer taking a phone call at the party venue from the speaker, it is
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possible that this respondent would have selected etther for no. 10.
Nevertheless, I am sure the other 11 Americans and 9 Britons would still have
been unequivocal in their selection of took, because this exactly matches go as it

would be used in the stated scenario:

I hear you went to Carol’s party and that you took your daughter.

As in no. 9, the key point is the speaker’s presence at or absence from the party.
Whereas his/her presence (future, present or past) dictates the use of come,

his/her absence dictates the use of go:

e Are you going to Carol’s party?
e [On the phone] Isn’t Yoko there? I thought she was going.
e Did Shaun go to Carol’s party last night? Yoko told me she didn’t

see him there.

11. Would you like to come to Disneyland this weekend? I'll ( take ) you if

you're free.
American respondents: bring: 0 take: 11 either: 1
British respondents: bring: 0 take: 9 either: 0

The juxtaposition of come and take in these consecutive sentences may be
an example of the kind of feature of English that makes learners believe it is a
whimsical language. However, as in most cases of apparent whimsy in the
English language, there is a perfectly logical explanation. The reason come is
used in the first sentence is that the speaker is issuing an invitation to the other

person to accompany him to a place he/she has already decided to go to, i.e.

Disneyland. In other words, the speaker knows he/she will be in Disneyland this
weekend and therefore, quite naturally, views the hearer’s possible movement as
being towards himself/herself. Given the context, and especially the presence of

the second sentence (I’ll take you if you're free.), use of go in the first
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sentence (Would you like to go to Disneyland this weekend?) is actually not
out of the question, but without a clear context, such a question might easily be
taken to indicate that the speaker was not intending to be in Disneyland
himself/herself. Alternatively, it could simply be interpreted to mean that the
speaker has not yet decided whether to go to Disneyland or not. As mentioned
under no. 4 above, the selection of come or go depends on the subject of the
sentence, so if the speaker had used we (or I) as the subject, the verb selected

would certainly be go:

e Why don’t we go to Disneyland this weekend?

* 'm going to Disneyland this weekend. Why don’t you come?

As for take in the second sentence, we revert to normal consideration of the
direction of movement, which will be away from both the speaker and the hearer.
In addition, offering to take the person you are speaking to to a place like a
theme park or restaurant suggests fairly strongly that you are also offering to
treat them. You can only bring someone to a place if that person is not the
hearer and you are proposing to bring him/her to a location where the hearer is

or is going to be:

Would you like me to bring Bill to your place on Saturday? I don’t

think he knows the way.

This applies to things as well, of course (as in no. 7):

I'll bring a bottle of champagne to your house on Saturday.

The one American who said either take or bring would do explained in
writing that the presence of come in the first sentence made him think the
speaker was already in Disneyland. This is not a viable argument: if you bring
someone to a particular place, you accompany him/her to that place, which is

physically impossible if you are already there. The respondent’s comment was
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again probably the result of a lack of spontaneity caused by the quiz format. It is
also likely that this respondent would recant if the physical impossibility of the
proposal made with bring and the fact that the first sentence is simply an
invitation to the other person to accompany the speaker were explained, so it

seems reasonable to take the vote for take as unanimous in no. 11.

12. Why don’t you ( bring ) Mary to Disneyland this weekend?

(The speaker and hearer have arranged to go to Disneyland together.)

American respondents: bring: 11 take: 0 either: 1

British respondents: bring: 9 take: 0 either: 0

In the same way as come is used to invite someone to accompany the
speaker to a place he/she has already decided to go to, it is also used to suggest
that a third party be invited. If a couple had agreed to go to the cinema, for
example, one of them might suggest that the other invite someone else to join

them:

How about asking Noriko if she’d like to come?

In no. 12, even if the hearer had not already decided to go to Disneyland, the

speaker could use the same formula, perhaps adding come in invitation:

Why don’t you come to Disneyland this weekend and bring Mary

with you?

The parallel with come is exact. As usual, the selection of come/go, bring/take is

subject-sensitive:

e Why don’t we go to Disneyland this weekend? Mary could come,
too.

e Let’s go to Disneyland this weekend. We could take Mary as well.
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The American respondent who selected either was the one (Am 9) who was
generally equivocal in his selections, choosing either as his response for 5 of the
17 questions; I think it unlikely that anything of significant value can be read into

his response.

13. Why don’t you ( take ) Mary to Disneyland this weekend?
(The speaker is not going to Disneyland but knows that the hearer is.)

American respondents: bring: 0 take: 12 either: 0

British respondents: bring: 0 take: 9 either: 0

As in no. 10, take matches go:

When you go to Disneyland this weekend, why don’t you take

Mary with you?

It is clear from both of these sentences that the speaker is not planning to

accompany the hearer.

In numbers 14 to 16, the speaker and hearer live in the same house,
and the departure point is home.

14. It’s time we left. ( Bring ) your coat with you.

American respondents: bring: 9 take: 1 either: 2

British respondents: bring: 8 take: 0 either: 1

There is notable inconsistency in the American respondents’ selections for
numbers 14 and 16. Were it not for the fact that the British respondents were
almost unanimous in their answers, I might be inclined to ascribe the Americans’
inconsistency partially to a lack of spontaneity occasioned by the quiz format: the

apparent similarity of numbers 14 and 16, for example, might have made some of
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them wonder why their instincts were telling them to select different verbs, thus
destroying spontaneity. Regardless, most of them selected the logical answers,
i.e. the ones where bring/take match come/go, with 9 out of 12 of them agreeing
that bring is the best option for no. 14, and only 1 unequivocally preferring take.

Numbers 14 and 16 are discussed together under no. 16.

15. It’s teme you left. ( Take ) your coat with you.

American responses: bring: 0 take: 11 either: 1

British respondents: bring: 0 take: 9 either: 0

The verdict on this one was almost unanimous, and the reason is easy to
understand: the movement will be away from both the speaker’s and hearer’s
position, and the fact that the speaker will not be involved in the movement
means the respondents were not, except perhaps for one, tempted to give the
sentence any spontaneity-destroying thought. That one selected either is
puzzling, but I suspect it may have had something to do with the presence of
with you in the sentence and the fact that the previous question, for which she

selected bring, also included with you.

16. It’s time we left. Should we ( take ) our coats?

American respondents: bring: 1 take: 7 either: 4

British respondents: bring: 0 take: 9 either: 0

Although the American respondents showed a degree of indecisiveness in
both no. 14 and no. 16, only 1 of them disagreed unequivocally with the majority
view in each case. Unfortunately, it was not the same person in both cases, so we
cannot simply ascribe this to individual quirkiness. Tiny though my sample
admittedly is, however, I think it is reasonable to conclude that a majority of
native speakers of English, at least of American or British English, would select

bring for no. 14 and take for no. 16.
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In numbers 14, 15 and 16, the movement will be away from both the
speaker’s and hearer’s current position, which would seem to indicate the use of
take. This is completely clear in no. 15, so what is the difference between no. 14
and no. 16? The answer is the subject of the second sentence in each case: in 14,
the assumed subject is you, and in 16 the actual subject is we. Realization of this
fact gives us a perfect parallel with come in no. 14 and go in no. 16, as long as we
assume, at least in no. 14, that the destination of both the speaker and the hearer
is the same. This should certainly be made clear in any future survey based on
this quiz. As has already been pointed out, the selection of come/go, bring/take

is subject-sensitive:

e 'm going to Mt. Takao tomorrow. Why don’t you come along?
You can bring your sister, if you like.

e Shall we go to Mt. Takao tomorrow? We could take a picnic.

® [t’s time we went. What are you doing? Are you coming or not?
For heaven’s sake hurry up, or we’ll be late. And don’t forget to

bring your coat!

Simple consistency, then, points to the use of bring in no. 14 and take in no. 16.

17. Here’s a small present for you to ( take ) home to your wife.

American respondents: bring: 0 take: 11 either: 1

British respondents: bring: 0 take: 9 either: 0

From any rational point of view, take has to be the correct answer. After all,
it would be impossible for the speaker to be in the hearer’s house at the time of
speaking, and extremely unlikely that he/she is expecting to be there when the
proffered gift arrives: if he/she were planning to visit the hearer’s wife in advance

of the hearer’s arrival, why would he/she ask the hearer to convey the gift?
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Discussion

The survey results showed a small level of inconsistency in the selections of
the American respondents, but almost total consistency in those of the British
respondents (1 selected either for no. 7, and another selected either for no. 14,
but otherwise all of the British respondents made identical selections
throughout). Overall, the results support Swan’s assertion that the rules
governing bring and take “are not always followed in American English” (1995,
p. 100), together with his implication that they are followed in British English.

However, the degree of inconsistency shown by the Americans in this study
was not large: of the 12 respondents, 8 disagreed with the majority response on
only 1 each of the 17 questions, 2 disagreed on 2 questions, 1 on 3 questions, and
1 on 7 questions (for 5 of which he selected either). And many of the
“disagreements” were ambivalent: out of a total 22 disagreements, 14 were
selections of either as opposed to unequivocal rejections of the “correct” answer
(i.e. the answer selected by the majority). Furthermore, significant levels of
disagreement were shown in only 4 of the 17 questions: no. 2 (4 unequivocal
selections of the “wrong” answer), no. 7 (2 “wrong” answers and 2 either), no. 14
(1 “wrong” and 2 either), and no. 16 (1 “wrong” and 4 either). By contrast, 6 of
the remaining questions attracted disagreement from only 1 respondent each (3
of which were accounted for by the same person — the one who disagreed on 7
questions), and 7 attracted unanimous agreement.

Patterns in the inconsistencies, if there are any, are likely to be found only
in the questions that attracted significant levels of disagreement, i.e. numbers 2,
7,14 and 16.

The reason 4 of the American respondents selected bring for no. 2 (Could
you [ take | some bottled water home with you? [The speaker is not at home
at the time of speaking and is not expecting to be at home when the water
arrives.]) has already been mentioned above: those who selected it argued that
“home” represented the place they always ended up eventually, wherever else
they might go, so they tended to see movement towards home as being
movement towards themselves. This reasoning is clearly flawed, as they selected

go in the same situation to mark movement towards home, but there could well
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be a tendency for some speakers of American English to use bring for any
movement towards “home”, regardless of whether they would use come or go to
describe the same movement. Further surveys would be required to test this
theory.

No. 7 (I haven’t quite finished the report yet, but 'll [ bring ] it to you
as soon as I have. [The speaker believes the hearer is going to be in the hearer’s
office when the report is delivered.]) is the only question in the quiz where the
movement is by the speaker towards the hearer. Such a movement would so
obviously be marked by come that I assumed, from my British perspective, it
would be necessary to include only one question in the quiz to confirm that
native speakers would automatically select bring in the same situation. It seems,
however, that there is a tendency among some speakers of American English to
fail to make this link and view the movement only from the speaker’s point of
view. Black et al. state that “in most American dialects, bring and take differ
only in whether the motion is towards or away from the narrator” (1979, p. 190),
but since only 2 of the American respondents in my survey selected take for no.
7 (2 selected either), it would appear that many speakers of American English
actually use bring when the movement is towards the hearer. This matter
requires further investigation, and future surveys should include more questions
to examine usage surrounding movement towards the hearer. I was, frankly,
surprised to find that one of the British respondents selected either for this
question, especially as it was my own daughter!

In numbers 14 and 16 (It’s teme we left. [ Bring | your coat with you. / It’s
time we left. Should we [ take ] our coals?), the possibility of confusion
caused by the apparent similarity of the two examples can be largely discounted
by the fact that the British respondents’ responses were almost unanimous. The
inconsistency of the Americans was more conspicuous in no. 16, which is one of
only two questions in the quiz where the proposed movement is to be made by
both the speaker and hearer together. The other is no. 11 (Would you like to
come to Disneyland this weekend? I'll | take | you if you’re free.), for which
the Americans almost unanimously selected the “correct” answer; the one who

selected either offered an invalid reason for doing so. These two examples differ
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significantly, however: in no. 11 the speaker is the prime “mover”, and the hearer
is in a sense the “object” of the movement, while in no. 16 the “object” of the
movement is not one of the two people involved. It is possible that movements of
this kind involving more than one person are associated in the minds of some
speakers of American English with bring rather than take, even though the
subject of the sentence is we and the movement is away from both of them.
However, this is little more than pure speculation, and further surveys would be
required to confirm that any such tendency existed.

Perhaps the most important result of this study is that for every item in the
quiz, the majority selection of the respondents was always the “correct” one from
the point of view of the come-bring / go-take match. From the pedagogical point
of view, then, it certainly makes sense to teach bring and take as the causative
versions of come and go and to recommend that students match bring with
come and take with go in terms of direction. As mentioned in the introduction,
the differences/links between these four verbs tend to be either ignored or given
very short shrift in grammar reference works. In my view, language learning in
general could be facilitated to a large extent by a greater focus on the
interactions between pairs or sets of vocabulary items. The differences/links
between come, go, bring and take constitute just one small example of the
myriad interrelationships that could be better exploited in TESOL pedagogy.

There are three obvious limitations to this study. Firstly, the number of
respondents was tiny. Secondly, only two varieties of English (American and
British) were represented among the respondents. And thirdly, all of the
respondents were intelligent, well-educated, cosmopolitan professionals, mostly
university instructors, together with a few businesspeople, two lawyers and one
university student. A large-scale survey covering native speakers from various
socioeconomic and geographical backgrounds would undoubtedly turn up a
higher level of inconsistency in the selection of bring and take.

It would be interesting to investigate how native speakers of other varieties
of English would answer this quiz, but I doubt it would affect the overall results
significantly: Canadians’ responses would probably show a similar level of

inconsistency as Americans’, and Australians’ would probably show a similar
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degree of consistency as Britons’.

In conclusion, and in answer to the question posed in the title of this article
(Should imconsistencies in native-speaker usage be of concern to EFL
learners?), I would say that learners should be aware that inconsistencies exist,
but that they would be well advised to match bring and take with come and go
in their own usage, without worrying about irregularities in native usage. They
should also view inconsistencies in native usage as largely non-standard: this
survey, small though it is in scale, indicates that in any given example most
native speakers of English will select bring to correspond with come, and take to

correspond with go in terms of direction.
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Appendix: chart showing the respondents’ selections for each question
in the quiz

Q 1123|4567 8/9|10(11|12 1314|1516 17
Am 1 bit|t|t|b|t|b|t|b|t|t|b]t| b|]t]|e]|t
Am2 |b|t|t|t|b|t|b|t|b|t|t|b|t|b| t|b]|t
Am3 |b |t |t |t |b|t|t]|t|b|t|t|b|t| b t]|]t]|t
Am4 |b |t |t |t |b|t|b|t|b|t|t|b|t| e t]|t]Tt
Am5 |b|b |t |t |b|t|b|[t | b|t|t|b|t|t]t]|t]TL
Am6 |b |t |t|t|b|t|b|[t | b|t|t|b|t|ble]|t]|Tt
Am7 |b|b|t|{t|b|t|b|[t | b|t|t|b|t|b]t]|t]¢L
Am8 |b|t|e |t |b|t|b|t|b|t|t|b t|b|t]e]|t
Am9 |[b|b|t|e|b|t|t|t | b|t|[t| e|t| e |t]|e]e
Am10|b |t |t |t | b|t]e|t|b|t|t|b t|b|t]t]|t
Am1ll|b|b |t | t | b|t]|e|t|b|t|e|[b|t b|t]|t]|t
Am12|b |t |t | t | b |t |b|t|b|t|t|[b|t b|t]e]t
Br1 bit|t|t|b|t|b|t|b|t|t|b|]t | b|]t]|t]|¢t
Br2 bit|t|t|b|t|b|t|b|t|t|b]t | b|]t]|t]|¢t
Br3 bit|t|t|b|t|le|]t|b|t|t|b]t | b|]t]|t]|¢t
Br4 bit|t|t|b|t|b|t|b|t|t|b]t| e|]t]|t]|t
Brb blt|t|t b|t|b|t|b|t]|t]|b|t|b|t]|t]|t
Br 6 bit|t|t|b | t|b|t|b|t|t|b|t b|t]|t]|t
Br7 blt|t|t |/ b|t|b|t|b|t|t|b|t|b|t]|]t]|t
Br8 bit|t|t|b|t|b|t|b|t|t|b|]t | b|]t]|t]|¢t
Br9 bit|t|t|b|t|b|t|b|t|t|b]t | b|]t]|t]|¢t

Key: Am = American respondent, Br = British respondent, t = take, b = bring,

e = either will do
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W % WA 5 & ) 3B BlE, AHGOIRIEAVN S W EITITAERNICE < 2 &8
biroTnb, ZOWPIIEERKILE (rotating wave approximation)'” !9
NI, BT A F I 7 AP oD L7EB) & LTl S5 R TIE,
BB EBNLE A — Vv oEE E LTEHTEX L2 EMBILfEDNT
VBT, —EOMBTMTH 5, G L 2IREE 2 Fro55W /s coER %
EzxhE, ZoABOL L TIE, FIRBHORBOME S 1TINZ 55 EESE;0
RGBT 5, ZIREEE 2N & Bl B & - THEDALE Y - R”
FVEMSCRBT S E, Wo ) LABRERIL, ZOAY D& Dk
ML LTWAEZERGHE10, 2oz, brd) LR E IR -7 A~
MOMEN n lZhbZenb, REHLZEEICER T L0 ELRNEE ©
ISR (7 pulse) EIHIN LY T XA AE ST, BT IFEORIEH, S,
BTSNz M & LT TWAEHIZW 25 T, #ie A
BEEBRTL7-OICHWLENLTWS,

3.2. BEORTLIvIVE— R TE2 THIE —

DT EEBERTAIETERETEOERER SHULELRZ>TnA D, Wi
W FHXIIE Y, BT LETEOESZ5MH LR 22T 27, K
FROBHIBEFIHERTTHO-L ) TH L7720, BFOER = fF I, |
TFEPHIEL TV LW P EEATL2OTH L, BTHOMEZEELH
TERIIEFENRFEZIT) LETRED AN —2RKDL I ENTE L)Y FiIL
SHIETHROMEEZ D L $O% 2 TRMBORE L 7L #ERICZILd 2R
FUYXNVEADELNS, BHELTWABE LTROZRT ¥ ¥ Vil L THF
HoEH) (5T HNORER AEED) 2% 25 L) O, BEELoE 2 iz
£ 55 FOREEOFERTETH 5,

SOOI RRFEI 0 ROBGEEICG 2 BT TR ZOROER) & H



(34)

KR

IRILF—

INJLR 2
AV > |

HEIRRE

EFHEE

2 BhERERT Y v VHEFET S & ST OEBFIEEIT) LA TE S,

T D200 % b5 25, I L ZETIREORIRIZL b T\ 5 EER
D—DOT, FEREDORT ¥ ¥ ¥ )VE ETHEE L T 2IREIC, BEFIREMOT
INVE—II—RTHEEONREG 2D, =D LOBETIREBICFHES S 2 &A5T
X%, —MIZ, FHEIREED R T v ¥ v VH ORI EIRE L 3820 270, &
FOREKIRRER T V¥ vV ECRE LR R OB, FHERERT >y LT
WFEERIREETIE v @I, BT 2WRHE I UEhE S L5 R, IRE) - [lix %
KT RBEBOBIIEDL L2\ E LTS (Frank-Condon 1K) A%, Z OUE)
U, BEEIRER T v ¥ ¥y VIE TIREERIRETIE 2 Wiz o, BT ZoERRR
BErEZDLIENTED, 2F 0, BTRERT V¥ v VHEEKIREE & Fhie ki
TREDLEVHMEEMF ST, FTFORBZERIETZ2DTH 5,

b L. JEEIREE L FIRIREED R 7 ¥ ¥ ¥ VEDFEHIC DA o T, ETIR
RAGIR L RO THOES % FHl$ 2 2 L ATRETH L5 BT L 209

4 BDTREBEOETLHETELSTETVEY, BT ICHERTETEDIZ) BNEVD
T, HTHZILEDT, BTIZOWTOY 2L —F 1 =R EZMHEL L) 2Lt
E2 b &5 (Born-Oppenheimer Tl & M-ENS) o ZOFEHE, HTEIELLHF
BRT v VSEH SN DA, ALFEOFEHTIE, SREHRICET Yy b (AL
F—) TH &M,
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HHD 72012130 T LD ZEITDO Do T LT v, Bl 2 IETIRD & 9 ZIkin
BEZTHE) HERERT V¥ VDD LESHFHTREET 5 T RIDEE
THLELT, OO HETIOWHTIEFEERE L -we T 5, @HEIZM 2
DENIKRT ¥ X VBN B 572012, 20 F T OIRE T T ORMESIG %
9 eIk v, BT HOEE 22 b3 57012, BTIREEEHET 2
eV A EHARIREED & B RIREANE TR S 2 SV A EHET 5, 2DZD
D7V A OB XK AT 2 R HIZER L Tw b 7o, 2RI Lo T,
FERCIRTB IR Y 72 0 HBPIRTEZ 92 C LA RRIC 2 5o S OME . FEEIR
REDOI L FHRIKEDIESKE 2 IThbh o> Twiud, 7OV Z OB E W) —D
DINTA =5 2L EH 2T AFEEEHIETE 2D TH 5D, ZIITHER
DFEERTIE., BET L72:00FK > 7N, BiET 572005 > 7z 2 &h
5., KT &> 7THIfHl (pump-damp control) & XI5,
COHITHR->TE L) RN OBR YA FI 7 A%EZ D L&, FEWEHE
BEVIBELEETH LY, —ICETHFN R EAHIT, ST 2 —
YO EIZL o TNIN 7 UERMICELT 5 & & FEE 252
X 7% (pseudo-crossing. & % \‘l&. avoided-crossing) &L 5 & % 1F
%220 5 <13 Landau % Zener 7%z £12 & 1% (1932 48) T, ZO#iE%E A
L 72 BB ORISR 5N TV LA, COBR L5 TOEBORMIIEHT 52
ENTE LY WHENOETRETIE, BIAMIELTO2EHL, B 2E
FIREBIZETHEARBIZEEICEL L TWED, BIEPS AL POEE) % L
T ok, ZOME) O S ZHEIS 5 IEMTEKE & 12 & 0 BREMICERSET
b0 TODLE) BB EREBWICHALT, BIEICAHALEI L) 2 LTHD,

33. BEFFHOMA—a—L > M —

BEORT ¥ 2w VI &) BRI G D 7 TH L B RO T L V) K
WeMEEMHT L, I702RZ2HE 252 EPMRIZR L. —KIZTTR
JEF ORI P DFIEI A OSEBIRIGHESINDL 2 EDE v, THD
IBbOEIRT, BFNFNRTHEBIETE 28D HH X, ALABULHIENZ
ST 52 EPTREICE A, Tk Tk — L > Ml (coherent control) &
[E N

IHENTwE LT, RO LTV F— ORAFIRELFEOEEIC
. TAVF RN T 5 E— MEARBABIITE 255, 20 &) REAIRE
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MoOTHERFATLZ LR, BEERTIEDNL ZEZ) Y FOFERD LS
(ZZeRIIC R B USRI D S AIFE 121, HEAR LB THEFHT S
L TED, BLDREEEIIHDPND L) REDPLREED Do TWIUE, i
ORI ASDOEEZMA B 2 TEBRMICTHBNEEERT S 2 LW
RET, BEIC Lo TIMLESICHE 25252 TE 5,

B2 TERLRY7F L THENL, FTORT ¥ v VD F R EOME
) FLAPLTLERSHBEICIEHALE ) 550 THo72, Ll T
PEdEFRDFE O — R E Th D720, FEFIELISHTRTH 5o EE,
e — L v MlEGEET OGS OU#FEE . 5 7F@m2esin. 7o b o B, 57
A ANV F—BE)Z EOHFIEIISHINTE Y, WL ODIEEBR IR D 7 &
nTwns",

Gong & Brumer IHMARRTH & A4 BR, WhWALIREFHF A RN
t—L» MilHoOMEL R (27 14+ AROEEFIZONTIEE] Hiz R
o TN 22 HiOAF AHHIAZETILLZbDEEZ LT L L TEED K
SORMEEIEHAD N F AGHEZERY, AFAWEZ R SR VE ) B
T X —F I THIEOMES £ 2 Twbe HIET I A AZOHE LT 5.1 i
D kicked rotor % %2, O3k —L v MloORMEE LT, ¥HIKRES [E
REDERIE] IZL2E ZICRORBENED 250V T EEHRANRLY, /-
ExE. X @) AN EEREDLERETH L, ZOL X2, alt) ST S
b(t) DfRiMEZEZS (a=b& L7z, a=-b&L72)T2) Z&T, Elmk
M OILEXATIEF N H 7 2 2 & BEMEIIC R Sz, EhRa bRk,
[Ed A | RIRREIC R > TV B 2 EDL VDT, ZOERIZZ O M2
Nl ABTIELTELN, CORFOE MW BRI LS Tni
Vo FHOEFVIOREEEM Xy s TEIIEZL I ETHBRO N
ADWE R Z, O E L TEENLB (anomalous diffusion) 7522 5% £ 9
TR R L7, 200G HHWI EZETSAF I 7 Ay 43
7 ALY bHL P,

3.4. EEHT7ILIY XL

INFTOTNITY ALTROEHRETF L Fo G TH 7205, FERI
RO TH 72, mBTUTELALEZLZZEPHE LV LLDHL7D. B
FZOFMAAT L 2 WHIEEDS RO BN D 2 e 0D Do FICFERRSL LM RN
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Hx#Ez ABI21E, 9 ol practical BEZNEEE %L, ZZTLH
SN2 DINEEWTIVT Y X L (genetic algorithm) ?Y Th %,

BIZT N T) XA Lid, AOEILERE L 2RBILO TV T) XLTH Y,
RSB S 570128 FSELGHTHYS N TV, 2R % HHE
(3 DNA OB L ZIZM CTh b, T3 [H#IET (gene) ] 2HEEHET %,
ZITE)BRTLIIRENL LV, HEREEMO— S E2IET. 20, f(z)
EV) R IREILL2WIEE, o BMEIETF LV 28I b, TOBEMOHEIR
FHOLUTOFMET [RIER] OBETF%21ES.

(D 2 HOBIET 2B, ZNOE2EYICU > TOREEDLYE, HOBELRT %
2 fEES

(2) 1 BOBEMLET 2B, FO—r BRER IS,

(3) T LTHELNALKIROBETT flo) 25TE L. HROLI VI DR K
AT

(4) BIZTOBEAE - 7235 A3 E A2 ¥ — L CTREERE LT,

COTFNEHEEY RS Z LT, BET L VO BERBKAIR Y, [FEz] bo
DRBICEEND E VI HMATH Do ZOT VT X113 H 5 W 2 iR #LRTE
ISR TH ), B LCEREYF ) —< VI8, ¥ 287 By &
KM, 70730 TRty VT — 2 OHELORELR ED B S,

ST, ARBOEETH L, TR0 L —F— I RELMEO—>TH LD
T, COTVITY AL 52BAT LI LN TELY, 20841k, HROBEKE
LTOL—F—EH Et) 2 BIEFLHIBZNT LV, EBRTL —F -0k
WbE S5 L X123, B E—0L, BEEBESICHT TR SHET 20T, K
BEMTOEY Ew) 2 BET L BoTh L, OFFGILENAS 2 A
T AR FE DI, BRITH DI LAVRENT,

COFEOREIE, EARRTHoTH Y —7y M E—EEOITHEATE 2
ZE (WS HBEMTERZRTOED ), TREROFHNTHILE, CA
L — AT EANEL FBL—F—BThILERENRV) Ln)
CENBH D, T BREBONLL—F—Eh b, E0 L) RGT TR AN
CoTVARPHENT A EBWETH L, Lo L, —BWA TS 5 M,
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|®7)

Turged Stale

‘ o
Energy
Sieered by an
Exiermal Field

| o

Imdidal Stute
1Po)
|

B3 Al AL, MR L HIREDS G 2 S, S 820 EMHEOT T
WAL % 35T 2 70 OB A% 52 5o WE X FEMISAKAE L 72 BI85 5 % . @8] 2 1
BB ZREIZT 5 L) ITRkD L,

WICT TRy 7 ZAMBTFETHIH ), BELTIMEERT S & I3H L WY
DBV, FIT, b o EHEmMICEM SN TVu A RoEHl#EG (2.3 ) &
TRICEATLHZEEZUTEZ D,

3.5, EFRICNT 3 @R

GFREFORD L) HEFIIFIINS) I 70z ilils s & &, HEENTIE
L—¥—Zoab—Lr MR T L0090 o &L QR TH 5, 20 i
DL, BT IFORAINCEE 2 HELE U7z, 2FKFE (quantum
optics) 1% LI LW E R TR L THEZ 2 5B 2%, BEEERICEN
THORBERUEIL —F =2 LTEEBZONRVES->TI v, HETH, &
TRDOIRAER PGS 2 72010F L —HF—1dT L A LME— L T o TV WERT
BTHhb, Lo, THEEFTOL - —ET L0 EL, HTRaT 0%k
A — VLR Beidhs [ERPRFRIIEELG2550TE RV,

5 O TE#E] L) =227 P AEHBROLED L ) IZHIZAZ S &) I THIE
T% ENTERVEN)ZETHD, £V DLFIFHOR G b L 72 WB)R
BiEroThb,
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DF N, L= —IZ LA HEOBE L5 TIHRS EFRFICEROR VTN 2
EBRSG o 72HIfH & R AENITEAETH L7720, {LEUBICE 2 5 72T
mEREHMEEE OMEMEHEZ A L7200 E 20, GIEEE 2 EENIZEETT
LZENHLVOTHL, £2C. T THRERMBERIGHINDL Z &2
%5
BT REMNGE LooEm MBI, 1980 0% 5, G s/
B OEmA ST L®, 1990 SEREZ B L T DL OEERMEFES L SN T
W5, F Gl o o B IR O MER T & . RFE SN
UF0LS3%b0TH2YY, 9. M3 DL \Emm%@ﬂﬁ@x%n
TBY. t =028 2MHPRE Do) 7> 5 B SE % 150 72 & TIRED. Bl
2BV T HIREE L — 53 5 & 9 2BERVIKAEO BN e () 2251 T %0
ZORHIz, BN e(t) LV OORERR () #515%L 3 5ILH%
AUTOLIIEAT S (ZiUd—FWTln)®

T =l (D = 2Re |GuT)@r) [ (xe(0] 57 + 1 He 600
7%/|WWﬁ (5)

g —HIE, Wt =T TORE |¢-(T)) &L HIWIREE |0r) LOELRDYTHY,

pﬂ#kéiﬂikimﬁgim(rfmiDoEL““ﬁii%ﬁ%WA»
& |x=(t)) 7% Schrodinger 23X (1) %720 0LHETH Y. T b DB
TJ %#%5$ A2 LT, Schrodinger HREXAEpN L, T, b DIRREX
|- (0)) = @0, |¢=(T)) = &r L) EfF:Z2-THDET D, BT (t)
T 558042 KLTBY., TIUEERBOBND/NEVITZEVWnE W) T EiE
LTw2® (2R ap &) ERTHEIT2) 0 J D e(t) ICHT BEGH 5.

O0H.

e(t) = ﬁlm (e () xe (1)) Oxe (D) =5 1= (1)) (6)

) BELRBEBADSE SN D SHUL, PR (5) (258 B BIEIREE |oc (1))
Ixe(t)) &mEINFe(t) L DBRES 2 5,

W B EO R A #1232 a2 ko 57201213, FEFICHBE
DR EZ B LHE 2 D 2 TS 7% & 2 nhs, LR (5) =z, 3 (6)
% Schrodinger HERIRAL T, BT FAFIZ AV BELAET LI L1
o TRBMICEETELZ EDDAoT0EY, LiLl, CORTFFIF3I7
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ZADOFEIA MIHBEEORDSHE 2 5 LB 2 5 L WA BERDH D,
COMEN R LEHELZ TENLEIT 2V, 22T DO ZOREIZED L)
WY HLAZEDE WD S EEDTIHRRTNE S,

4. FUHLNY MIVICKT 251

BEAROHIEZE R LG, COME IO, BEMAZNRET LS
ENL\, ZLT, 5 1 HEMDASHE L., HIOHEMIZ VA, b L < ITHTE
#4751 (adiabatic passage) 812 & > TIFIF 100 /S—t > N BB EE L L) DA%
PORTWHETH S, THUT—EM—EMEDER (one-level-to-one-level
transition) DR L HFATVWNES ) ZD &) ZRPE, 1 EHFRHE T
FRERIZL T, ZOEKREPSOFIHEZEZ TWEELEIZBI 5, LaL,
LT 5T 2 H#T 256, —ENICIZR S I2H 5 &) 12, flEHoRE LT,
MIIREE L HIWIREA S C DM Z G LT EbH ) ) b TTITIDL) 1 B%
AL ZHEME DB (multi-level-to-multi-level transition) Ol %% 2 5 &
EHEEIIR D, TT. TOL) REEMEFGRERY b LTE L 50
WEVED S Bro FEII—HE D DL LTI, bV bZE EO T 2 4 LN
2 bV (random vector) "% 2 b5V, Lo L, MEFHEEKT 5 LT
IEFRKTT D ZEHNEIRAZ K Wiz, N HOBIEE I {|p,;)} TESNLHR
RITZEMEEZ Do TDEE, TNHOREKRIZ L ZHMEHE

N
W)y =S il (L. IR YN Gl =1 Rl (1)
j=1
CEENDRTIREEL, 2N KTEL—2 Y v FEMHI S 5. L 1 OB ED

R,
b L. HAYIREE |@r) EAHIREE (@) & LTRLRD T V¥ LNRT MV &2HE

6 RDINTA—F EEZTE X2, avoided crossing??)-2V Zikz 5 L IREEAS AN D
bo WIBIREIL1Z, COFEEEMiST, ZOTA=F%20o L VEHT I & TIRE
BEARISEDLHETHD, b L. TOEADSTH0-o L) Thwk, FEEEGER
DIzOITELREBRITEI 540,
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L7236, S Ed 2 WIRE (e(t) = 0) TORTFREOELR DITNS L,

2
~%x 7

[{eo(D)Ixo(T))* = D &"d;| ~ON) (8)

J
Thb, 2F N, BTIRE |¢o(t)) & [xo@)) 1F. FEALBERLTWEEN) S
LATED,

COETHZ HETIREOHIHME T, PIREL HIGREE LTiZL AL
BZELTWET Y F ARy PV EMSRE L, L (5) % &@IT 2015 (1)
AROZZET, SHCEY, EDOEIBTAFIVADPFREIN TV L00%%
25

4.1. RESEIER TOREHIEIRE

IR 2 E DM L ) B ICb /2o Ca—L v MeETIREZ/ED B
FTZEPIRICARYDOH B Z 00, mBHlHBEGRIZBW T, ToIlEWVIkH
AT CHIET 2580 TIX, YOI T4 F I 7 ADBBNLONEE 2
THhb, 2 TEZLREHBEODOPLEE (5) ITHIEIEOIRIEIZRI$
BRFNVT AP AT E 720, HEO720 OB AIEEICRVEEA. TThHER
RO IBIEO/NS RANEIRIEND Z LI bEEZONL, HIHTAFI 7 AD
TR TIRERIM O 20BBSFHEINL ET5 L, —#IZ, KEMDERIZ
L BMREEOBENL, SHEORIBIZILFT DT, NEWIRIBIZX 251 F 3
7 ANET BN B E A ENTFHEND, 22T, 2T REMETRD
WONLILERTL2a—L Y Ny A4 F I 7 ZAQMAFITDH % Rabi IRE)

() = |90 (1)) cos(|Qt) — ie™*xo(#)) sin(|2t) (9)

HEHCTEDLWTREEZMRETL L Je 22T |¢o(t)) & |xo(t) Fet)=0&,LT
Schrérinder HRX % fENCTIFONDIREETH %0 it e 12, (po(T)|x0(T)) =0
PRI S B A ERITENR D,

[po(t)) & |xo(t)) i\ Rabi IRE)DBEDEAIREITH LT 2 DT, 45D %
WIRAZAR D Schrodinger HERIZHE VM ZER T 2RETH D, ZO—MIELS
N7z Rabi #&&) (9) (3. BeRIARAET B IEEE [po(t)) & |xo(t)) TS N7 FH
WOREEE % %3 (M 4)o 72720, ZOFHEIE. (t) = 0 DR A ORI SE R
NPt T, BE & & QICERICIME 242 Tnd, 2F 0, X (9) iR,
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"léo(1))

e

4 EEICEIT A TFHENTOW - ) & L7z m#EED,

— W LN RDT A F I 7 AOHm9s, FIfHIZL 20D E LS 4 LR
= VOBBIZT RSB RoTWS, L L, $EZOEBTIE, BE
WCZDEIBRTAFITADRFTRINDIDE)DITDIS LV, RO LHIZLT
EHEHEROMT2EY, ERICIOL ) ERPELLZ L E2HREL LS,

b L. —fAlk Rabi JRE) (9) 21EY SREHIENGRH L L Lz, 2l
EDLIBBELTVDLDRESL ) D D720, ZORHSEE (9) %KMt
ORI 6) ITRAL. A LEHEZELEZDTDS a— 0 DBREILS &
RAFAYIZ

20, i OH.
e(t) = S Re [ee<><o<t>| o |¢o<t>>] (10)
EVIH) RGP EON L 72721
T (1
szf<§+m> (11)

F—bEN 7SV A% 5.2 2IRAFETH ),
OH.

V=g [ O o)

EREM O BB EEOTH Th D, - ORBIMNNIE. IR ER (10) 455
BTS2, WNIAREE & HEREE TR S 2 BTIRE |90(0) & [xo(t))
Po, B LFELRZ L TROONG, DF ), BEFFAFTIVIEEERIEL
FOBEN L <, BFRICHT 2 BEHMEROMES (D—>) EWELTL
3HFTH 53,

it (12)
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4.2. T4 LITH ERERNENNZE

FEBZ BIOH TRO 2B 255030 (10) H=D2DF X 5 LRT MDD
M OEEER) 2 52 50 &) 213, BEFFEICXVMEEST 2 2 & TE 5, £
T ZORFRADYTAF I AN EOMENEMERET 272012, N x N
1151& L CTF > 4 L1751 (random matrix) Ho & V 2RO, Y5 e(t) 2L -
THIE S NCEERZERIE, NIV h=T ¥

H. = Ho+e(t)V (13)

TREINDLZIEET D, SZTEALLT VF L7501, FREEOLIZL -
THHRDOWENEDLL VI L2 BERT LI ETRONDELDT, Y7 VE
TR, 2T 2z g ) ERR W Oh0EEYH 5T, ThsidR
HIET B RFRENARSE L CTITHIBER OGS AR o TR B h5, TO72DIHAM
B EOBAOMLTIN. FNEIUFMI B EEZF-> TV, INHOITHTES
NDININPIZT U EEIEV)IEE, SZTEZDLTAF I 7 AL, ROK
B BRWTENZEEZ2H 20w, v TEFBEEL TV,

WICN HHEORTRDS ¥ ¥ AXY MuEk ZOEE, B2 0E~XY bV
|Bo)s DI AT BB ML |Br) &5, HIBIEEE T 2% E71UL Qn %
V2 EOBEFETLIENTE S0, EBIZ Schrodinger I HE - 72
B ZERL, B4t = T TORTIRE |0.(T)) & |Or) LOELR D OE
ZRONTE V. M5, AU v 7 VEXEMOEEORKRT, H#HET T
DM 2 BEEICH) . HHENC X 2R EFR L2 DTH Do HFRMEIC & ) M
R DD T 25 AATHIRICKH LTI, SIS 280 T 23R
ELFATHIORES NAREWIEIE, BONIERDPRL 25 I e 0bo
71,34),35)O

ST RIRER OB E LR D02, TV ¥ L hmTIREEES V¥
DATHNC X BHEAEH % EA LTI L7ze 22Ty T ¥ 7 2750 Tib L 5 4
HAEH. 5 0iE, NIV 2T U0 DERAOEREBEE LTEDLI b D
EEFILLEZDDTHLOP, IZO0VWTIAY M2 LTEL, £dbFDHI 0%
DATHNR S VAR ML, BFEONI NV b7 v EEEDS DS VWG
HRBTH-OOKFETIVE LTEASNTE/ZLDTH DN, EOHRDH
72C, SEEOIETIE S L BIENRH L 2 E b oTE, DF 0., 4. HH
MRV OIWT VT ABRETIVEEA LS, RIS ROTAFI 7R
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0.8 —

0.6 —

Final Overlap

02—

00 \ L]
10 100 1000

Target Time (hAE )

51 il BEH T 29K & < 2dud, S LKIET Y2 THIDORE E N AR E e,
TR 2% (RIS 7REL HIWIREBE OB LR D251 128 % 5).

TRICHEET L LD b o2DTH b,

Z 2 THEL NIV % o 22BERE, BT TEO ek e
FHTAFIZAFBNELLZLETOIDOTHY), Whwbak—L v kRS
RBCTHDLIEDVPUETH D, —Ji. NIV =T VIIERRERICERZ A OWE
PRI LT v 2fTH & LTHZ BN TWwh o, ROBN%ONERN 2 IE
IR E SN TV D, —H, Tt —L v X IR L 2w XD 1R
bNBH, BT RICELTIE, IS FFEBRCHATIENTEETH D,

T IETRE D Th 5 R DOET L, 1980 FERLE, 8EF 1+ 2REL
T BT HIEE 2 & OB A S B AHZE S T & 720:2112.360.3D | sy 2,
WM EAHERLEEEZ O, TNSDRIE. NIEN IR 2o &
ExbNb, ZO—HIE LT, THIRVWEF LT ARTIE, NIV =T U0
B A RBED 2RI ARIC T ¥ T AR o 2D L DI > THB Y, B L 2kE)
BB FEHT 270120, L OREOELREGHLEEM ) LELH L Z LS
NTW5D, THUE, BRI T - - REREHD R & & L IZ8HIZEA S 2
EERFRL, BHROEENIE L CRVEMBEEZFFOZ L ERL TS, LA L.
BT ROBEMEREIL, T T2y ) —THsd, oo —L v 23R
b

FHCENAF ARERWET DI ETT ¥ T LITH ORI EE A 2 5 72
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O, RO EA T AV F— 4540 % EOBINT & 2 5HA 5. wEs % )
M S 720D /XF A =8 ZHEET 5 Z LW TH Do B2 X, T4
WA RERT NIV MZT Y (13) TiE, Y15 & OMESERERET V 017
FIBEHEDOGANTFEDOREIKE L 2L DIZ R b2, T2 7 AMTHIOREAH
S EERESHFOMRERT A I EHFTRETH D,

FHEN T F ARDET- 5 A F 37 AP ARG/ R EDE TV E LTH
TR THIUT B VDA, EBRE 2 TSN GEFZRTIE, LFLL T+
WCHWHF A LIEFTZARVEEL DL, TOL) RGHEIZED LD i S
2% B0ME. RO THRE 5,

4.3. FENEDOREM

R HHPEG I & o TREFS NG 2 o TEFIREZ fIET 2356, 5
ZELHOH AR ) T ATIHEED ) THE RV ARTERTVLET
AOHENL, Tallae— LY M REHERFERTE TV E LTV
572912, BRDOZ L0 5 ., TS 2OFES & ) 8T 19 = AAH O S
TLED (0FY, MHBEHIABIoTWw5S) &, ANTHEWTRE S 2,
7o ERIZTIe— L Y PRIEREEY LTWE LWV FIROFTH, Hia it
BREWLDEBEREZDUEND D, T TE ML PDOBREIZL > THW DR
Gl D OYVEIMEN L o 2B E . HIORIEENED L ITEE I ND 0%,
WD L) BRFIETHRDLZ EIZT 5,

9 REHHR o TR S 2R THIBATTRRICZ 5 &9 2Rkl
SRt L THB <o 20T, HEMEMZR R % 5 BB 2R 5 &,
MEORE SIIE L TLHHORHBEL VKT S5 LA PHEEINE, T,
HIHA1 5 OEREM (robustness) DF v 7% LTWAERRT I LEATE DS,

7T L?2L. Ho & VEWIHETOMICEEND S L5 RN EE21E. Ho OFA
WECTFR LG EOBEZESAI—EEL R L 20, FHBEZOSHE TN L2 &
WEEL o TLE D,

8 BORFET 5L, b SN2 fidelity 2FARTVWAB EZZ LT L TE D,
fidelity & 1t Peres I2 & > THASNIZETH IV, HHNINVE=ZT Db ETO
WEIRBMOBEBEYL ., ZONINV 2T U hoMPIcTNENI V=T rob E
TOWRBEBOMEBERONELY &L 572 bDTH S, fidelity DIRD W IZFH O
BI R ARGEN T KBS 5 2 E ST W15,
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Noise Component 1 1.0 -1.0 Noise Component 2

0.6
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Noise Component 1 : 1.0 -1.0 Noise Component 2

6 FoEbl RS L 28 0REE. HIEEERSEVEE () 132 SN 7zEENT L
TR 2%, HIBER AR OSE (b) 1IZERR & 2 3B 2 M2 T b HIB %R
FZEAELIZ v,

T V5 DATHIROTIEIC K3 2 HEF ORMEE AL &, HFICENMDLERO
—D & L CHIEFH2SZBIT 5 N5 Z &b oz, st BT, #IHRE
25 HEPREANOBBICLELEMZ 5 50 LoikE L7 LT, mihg 2 ko
LT EIZBBH, COEM T EVEEEREVWEERILET 2 L. EUWEA
ﬁﬁﬂ%wﬁm:ﬂtfmnxb&74+iﬁx:&ofwaﬁfééoMﬁ@
BAL At 2 PHEFHEME AE 08z EoT At =h/AE LEFRT bR, X6
WR L7228, (@) T = 10At. (b) T =50At DFETH b, ZDODORL L
%) @%i%mK#h ENFIRIEINMET T L2202 R LT 5, o il y@ihic
HHM T % 55N 2 % HES AT ORI Ty 2 8RS 3 2 552 HIYIRE L 0 F
., 2F0, HHOMEEERST, HE2IZ (b) OFIHERICL LHEHIVRS
Wl bR D, TOREE LS Rabi RE) (9) ST EY; (10)
EFRVWCHEHRT 2 2 LIZSHROBETH 5,
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4.4. BERIEVWEE

Z ZTRIIOER S SEERND L) POBEEEAT D 722, BERIZS V5L
BANINPZT Uy TlRERL D) TILHENRZLE TS TOER*# 2 TAh L
Vo WA L EOMEMEAN L VIGEEEZ L L, FROREICBNTLE
TARBIGERRIREICH B L ZEZ ON P, HEIRERT » VY VIE O ETOSH
DETFRIE. EHIEMERMEERRT v v V2K L A5, RH)< kg o0&
el TwbeEIZONL, 2F ), HFORE - HEES) 2 = F IR
BAZlE. ISR 2o TV L WA A TELDTH L, TTIC
2 b Do Ty T HIRENES) 2 E OB Z ZE L T, AL —BEH)
i EOITH R BIG AT ST w5,

HEEIOHIENZ BT, SO L) BRI ARBIICFIH T 2 &, HewbliE
BRI X A RRETR, — R L& N7z w2V A X BRSNS FIH T X BT
REMEDSE Ve Lo L. BR&L A S BFEDROIFRIEE T 7 4 A ORI & 1352
B0, TEELT Y F ARYEIIE R L) RTINS e c0 £ $EH
T2 L <, BEORISCUABIEZMA B LEPEL S, HEORNH
B %S v T ARERR D HO—2, HEMRESET V OITHEERED. FoR
ORIERIC L > TEFROERFFOT ¥ ¥ a5k, TabbiIN> KT 2 & LTTH
(banded-random matrix) 2% 5 &) 2 ETH b,

MEEHEET VANV T YT 275 ThoThH . RIFHMERTORESN
¥ (10) ZBYIBIEST L, FIEBEEZ HSICRELCTHIENTESLY, B
EOLFEFHTFRIHF LTS, ZOMEMEMNINV =T V2N NI VT AT
FlicgEe Lot epca i, AEoFETHETETS 2,

5. EFAFARDSEHFHFFA

COETIE, BN T 27 2AT5RTIE %R L EEOY A F 3 7 ZAHhHE L
RTVETNREM o T, BFI¥EHBIIEOW S OBLED S HEORMEL Z
ZTCHRBLIEILT B TDOIT, q HZEHEREL T 5 —RICORTHREEZ Do
7272l 0<g<2r & L. RIFEIIBRSM: ¢(0) = ¢(2n) Zii7zT DET S,
CORIE, q FAEEREEZNL, FFREDI 7RO, HHHORY
OREEER 2T ZMY) M L2 DERLZENTE L, (I uiWtkTh b’z
B, AEHIICIEL F -2 EROBETIREZRET L2 L% b)) 20L&,
HLEHIREIH 2 PHRE, PIOEBREOWFICESELILEER LI,



(48)

HiEsh5

-V

EE:0EN FHIRRE

e

0 21

71 1 RICZEM TOP RO EE O HIH

51. BEFHA XROHIH

MIPREA A1 S IEB L TV 20 e L, BRI % B o357 C RO T & 12
EHLCWAERETLE, MTIORT L) RHMEZEZLZ &R 5, RIFiT
X, WO zoonNg (BY) LOMEMERERET V L LTI Y2478 (b
LLENY FT U7 2475]) #IRE L0 Ll ZTTTIEFBENR NIV MY
FROBENE ) R DN EN) T EITHERHTLDOT, 20 &) RIEIXED 2\,

T, REAL M 2T 272010, BhP—EZAMTmAsns L5 %M
HEHAZBEAL L), HHEREZEI NIV =T V%

Hm@ﬁJ§+KaM@zyﬁfm (14)

LEFT Do TI TR EFRL., K IZBHMN T 0M S % =3,
ZAONARBEIANIG. A ¢ B 27) W UamE & REE 2R, T
kicked rotor (H U< IF1BEFER) LIFHE, IERENFEREFHRL 20121
bBNBLEFVRDI b, b HHAR L ODO—>TH 53937,

ORI LT, 9 EEHIEBEG T L CHBENG E3RET T4 &L 2O
B8 DL 1242%, INERLE, FEBRHOBRSICLEF 43I
DEWAH S 2N b0 5, IFFILEDFIVIGEIZIE. EBE T (y HH) ~O
WEDS Wiz, b —F A LI iﬂé%ﬁ:tt RO IR CHE LT
WS, IERIEEDR B & WA ZEB ERICER->TLE ) 2 &b
nho EHLLDOEE \uﬂéﬂfﬂﬂﬂ% L o THIIREADOHIH AT HET
5%
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8 : Kicked rotor ROMH S A F I 7 Ao FEAEOTNE (a) ICHTHVIGE (D)
W03 AAHZEM SIS IE DS o 725212, HIGIREEANIPOR T %,

COWEICHH L7254 & oM EEREE 13,

V’:(ms<q+-g) (15)

Thbo TN ¢ FRTRAMNRERE T TH L2, HHRIIBILRT I vv
DIEIED 7212, V ZFFHFRTHEFNIET A (L LLENVYFF

9 —fIC. ROEHIEERTHATE 2vatRiE (ER-2HREICE L W) 2L TH
WD) FRE R,
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9 : Kicked rotor SR AT 22 44 %l L 72356

F L) ATHNCEL BB D TREND, ZNEEDO L 20—t S Nz o
JNVA (10) Z#FIALCHIAIT 222 2EZ2 ThL ). TOHEIHI DL IS
%0, IEREDS TS VIEE (K> 1) 12k, REEMBEO S % o
THIHT 2 ENFMETH L, 2F D, ROFEBEHEHIEBOEBFAERTIE,
BMELFITABVTHTI L FALTHITRINZIREABOEE ERT I D
Do TOLHRFZTIE, HIMANSETEETL27-0ICETF (537 A0
DB LEHEZ 320D L, IS 2 58 (10) %fisT, [EE
O ORTIRIEDS [EED ] B TREANOER T EREI§I EAMEICR D,

5.2. i EARER T O & @b

— MR TFROERBUE, 7T v 7 Bk 2r THlo7 h=h/27 = 1.05x 107
(Js) BEINBD, TN, FORDETUERT/NTA—FThHb, 2D
s TS T 2R T vy VIR L BT RO T L oM oZEE LTH
B Zeps, THEEFORTREDORE L KT, —H. AT F—
EIFEOBORITEFFOZ L, HH VL, EBE L BEOHOKRITTE RO &

10 7272, 220 [EE] ORELEWI DX, HEIBEOLMENZELIREL W) Z &
ThHH. 1 BN L2EEFRVEHEARELY, LAL, 205 17OV AR WEET |
PREZIEVDITTH S,
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& BT RO 2 2B exp(Et/ih) X exp(pg/ih) 7 EORAHRF & LTH
NLZLRENs, B & EZHICB 2 EBIEEER (3 S ] ICET 2R
flELZEZHIELELTEL, WTIUILTH, AP TH/NSWVETH S & Bt
L8 BAT—IVOBRRIL, HRIJENTHLLEZOLNTBY), 20X %R
F=NVTOETFIFEPEEMETIE 50, COL) BAT—VOmR%E
FH AR (semiclassical limit) & PR, PR %Z B — 0 OMIR &3 <
BB,

BT ROHBEMOMETDH , PHBBERCTORLLADED L) 1275 5 D (ZHE
BB, TIUTHAMICHRYRERIZE EE 5T, BT RaHl#T 5 FE0
BHFP L WET 2720 ThH b, 72, FPRELRDE BTFAFITAD
IR BRI L v EEHTE SN 20 X0 kil Tid
WAL LED D E V) FIELH D, 22 Tld. ZOETH- T &7 kicked
rotor SR DIRFEHIIZ B Cid, PHBBRESED LD W EEFE O, EZFT
AL TITHRHAL TV AHEBILERIOFETIE, BRI, 5L, EH)
A OHEFALE N OB LB T 2IET h OE»E-2 5N 5720, B/,
SV N T AR E, REW N ITHT 2R ZIET 5 2 & T, Bl
RTOFNHT A FI 7 AOH-—EEEZ LI ENTED, M101FE. Z2D h O
T, REIEECEA T E 2SI L A HIEREL, oL IR L D%
WL 72d DT, kick OfifEE 1 & LT, T = 10000 TOFERTH 5, HE#hiL
7 A A O S THEZ HIYIRE & ONREOEE FR L T b,

CHICED L. R OEMPLEIR E WEIZ, kick O S K O LiZZhiz e
BETIE R VA, W 2VREVWEAICE, K O —2Ex iz 5 & 2o
WD LED D Z bbb, FEid. kicked rotor A D EIHIRFEIXFES B MR AT
HoT. TORERIK & RIKET L2 Ebho>TEY, EHIZZOMY
. A O EERER T V OTHEROSMA EBE L TWwb, Flifiny i
(RAVNEW) a3, HAMEUED K TR, ZEAEY T VL5756 E A aE D
A BTIR (BAVKREV) AL, PR KRER KISKREL W ESEE
S YFMMTHIEIEE A R\ MR ZORICBT AHIEMERDEIT, 4.4 HiTHR
FLZEIIC VNV RT VT Ao TWEN, TIVT ¥ A% T
WHPEVI)EVERBLLTWE LIICRZ 5,

Fli MR T ORI e % . RAERBEZ I OFRTHETE 2089 23,
F o TV, I HIEII VNIRRT ORI T, h AV R
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10 : Kicked Rotor 2813 5. h OFIHBIERADEE,

B e, DRICEABERBAVNE 2B 72012, HICEVERRO 27 — )L 0ES)
METLARMEDDH Y, HlHET E TORB LMD TRV E W) TS
TTCHNDe h— 0 DIERE T — co OMMMRIE, HIMTTREMEICE L Cid, MR%
WBNEFNZ & > TRV B Z2WHEMEND 5 720, MEIZHEMTIE 2V, F2,
Z b % b 2D kicked rotor R & HHARR THIT T 202 WHMELH ., BT
B O A 2 I Z AN 2 LIS BROBETH 5,

5.3. £HROEFHIH

BT, HEDOHT RO L —F—HIHOISHICE LTt 3.4 & & Tt Tw»
LIS, FZTIEEEM TNV IT) AL EOBEICBWTHALZZTTHY, 22
TIEb o L IEVBAPLELETEB I ),

AR TIIERELETZOHE V) 28T, T2 % 41T75% %, kicked rotor
RDE) BT AN AAREIY EIFCHMALTEZ, LD EINHIETHTFOE
JhiIREEE ET ML L72d D TH Do HEWHEMZ 5T OBBIEREL LB
LDUHED ) bW ohid, LR (0F 0, BHEOKE W) RTHNUL, 72&
RE—ERRETH->THEBLI L DR, FRIRTIFARELTET
MET B2 e %Nb LB b, 2F ), mT A4 ARG EESTO L) ¥R
BYROEFNVEEZDLILELTELDTHL, COZ L EEEALLLET, WE
FEERIZERRIIT L TED L) @2 THIEIMTb LT 520 % survey LTH
<43>O
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Motzkus ® 7 )V — 7%, JEERBHMIE (LH2 system) (2B} 5T RV F—HBED
iz EZE LY, 21 HD 74— PNy 2z fioTL —F—BR 2 HEL.
BANHE SN 20T /A4 FRLEVICHEN7 T ) 47007 4 b DL
AINE-—BBZHEL 2, FORKE, 30%FEDIANF—BEO Y TV FH
WHETH D EWghol. T2, HHlOODO L —F—ELZML 2 LT,
160cm~ M 1T L REIH A D, 0T /A FO torsional bending mode % Jihie
THLIEDNEETHALZ EDVGDo72,

=%, Miller 7 )V —T1337 7))+ a F7Y Y NICHEET S L FF—vok
BEAL ORI % 27227, K513 3.4 HIOBIZH TV T 5% v, LR
DOMZFEx BROIRETH 5 65% 005 +20% LS5 T EDMETHL I L%
RL72e ZOHED, L—WF—EEEEWNTHDL L, 200cm  ZED LT F—
VD torsional mode ZJItE LT\ 5 2 &350 o 72,

Fo. BERBL TS bITTIEZWD., K0T 2 L —F—THEL. 70
BOWERISEZ 5 TWA Lo &L LT, Hamm @ 7 )V — 7 & Mizutani
DT N—TIZEB—EDOWIEDN B %o Hamm O 7 )V — Flx, X7 F FIZ [Hl-o
FlELTTYURVEVED, Zhx—HEE L TR L., Z0OBICHS
BRI ANF—FRTF FIZHT I E 2 E 2T, HoIE. B HOEoHi
ERMES R v T EHAEDLELZEIZL 5T, FOIANVF—DHNE IR
F 2 — VO REE. €I OBEM R — VTBIIT 5 2 EATERY  —T,
Mizutani @ 70V —71E, & Y87 EF b7 0L ¢ ONEIHFET 5NL 5T %
BhRE L. #2955 2787 PIRAO I3 )V F — O % PRk B o0 43 ik B
TEXLEBEZHKLLY, ThHOMEICBNTIE, @HEOL —HF—/O A7
HAWBSNTWEH, 207V A % @il R @R 7V T) X475 & THE
FTIUE, TNSOFTNTEELA% L) EEMICEEE L0, A5 TFHTO
BRI EDOL ) RN THRT 200, D LLERET IS 2L 25T
LARNVTHNRL ZEDNTREE 2 5,

6. B

AT, BFREOHEIZOWT, 7 25 2475054 - &F 7 F A RO REH
B &\ ) | TOVARTOIED S LA SUSHIE T OIS & AR ORI OBUR
TTEHIL 720 4 HiTHA S N7 R MR T ORI A, AR 7%
EDHIFENIISHTE L) JIZB LT, 25RO E R4 < Tidn
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570 INSDORDOHMET A F I 7 ATiE, BFRDI—L ¥ b RERHIE
RSN L . WIET 2 15 RICNIES 5 IERIE O i S EE 2 %
ERFE LTV D, —RPIET 5 L) R & IO MEALEE Sh b
LiE AT ARICBITZETREGBRAOTHEIBEN TN S L) IZEBbNI 5,

VbW L ET - SIS OWRIIE T NFEORFY 2O E fTbhTBh, —
WICARR TR R B TUIHSIG BRI T 2 05, /1 4+ AR O g fR 125
WTIEIER IS AMETH L 2 e 5 ho T s, B FHFICHE LTI, &
LWHER & LT L2, 3 LW FiT & L CoIsHD A F - 72l 248 T
BT, SOLBEICL-oT, INFETEHR L TEXA L) b2 MED A
AL T A ESZA0d L, T 1ICBEE L EELOER, £
P ROMIRRLZER] - BEE] A 7 — VoW FIH LT, & 5 EKR, I
L T2 E% 7 SO WA BR 20 L Ch . ARSI 2 Bk 5 W hE
HmdbdH s,

ZEDOIEBEN I R SN DS, FRERMLICITEVEEDbNL T b ET
2=y conTid, AR THR-7HIEY A F Iz A, ae—1L X
IR, BT M e &L BERAOIC D HATRIS D IR S R K TIE R S
WD, BELFEENTWAY, TRLZMRLTET IV Ea— 7 HiEH
T BREAND DA, B 7 R 2 BT 72568 5 SRR B o J7 T D HAlT &
LTRET 200, GOEBETIIGNS 2w, flfiy A FI 2 A%ELT, &
T EHBIFORIE, D0, B LIEREOmE L HFE-> T i bhvbh
D7 7a—=FH, LLTEH LVHERFZOISHICES TE 52 LoD,
COXEZMDLI EIZT 5,

#EE 2 ORA LW o— IR A B B 4 - BRERTE (C) 22540421
(EEDGTOET 51 F I 7 A—F OHGHIHRE & HI#) oEE 2T w5,
F 7o, FHBAMEREE (BRIFRY) . ELggdz (GRS . i NfE#
¥ (HARERKRS) II3EREZHATWZZE, AHZI XY F2TEV, 22

11 72 213, ZHAEOET I ZARIIBIT 2 ETHAGWVY OFIEORMELZ 2 5
EHTED, o0 ZHAERLEHBATIET — /b NIV &) R 7%
TEHEIRZBDOT, TNEMISTE2EFZRZED LI ICHBT 200, L)
b IR,
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Anomalies and Lattice Regularizations
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B 7 Id ORI ETRRICE > THENLIBRTH LT /<) —IC
DWTHER L. Z ORMEZ HEMIRRE RN T 5720071 5 v 7EAHEOK
TALD FFEEBAT 5,

1. REAIEZDHA

B2 A 2 AL L Tl E 2 WBROBERIC, —EAZOWENRER WL Z &t
Hbo BAPKET S & &, ESNTHARROE = IBARDIN - PEH L7-WE D
BEOEIZHE LV, $4bb, MEBRICHEST2WEOREEIINE R @
LCZALL e Fo7 3 HWE L, NSV TECYHELZEINT I LN TE
LD, FRIIBWTE T I0RNERELEHDLTLELH S, Thbb, 73
HIZHOREEHRERELTVLOTHY), TAVF-IZO0TIFELEDL 2V,
BLAMEPOFETIANF—ZEYV T IENTEDL LD, KAIMLFEE
BT DM ANESL 2 EDSTEDDS, SO XD ZBEI — A AKRE — 1IFTE L B\
$hbb, BULZROI AV F—I3RET B

BRAKEICBNT, MIVALEROKE AP TEROBEIIEFE LV, B L
LEBRONGENEDL RN S, ZOEICE L WEMPEFOFICER INTHT
o THOLELEEMOBEIIAETH) ., ZOERTEBORFIHKILT %,
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CZTERTRZA—I7DLIICHELTWART (7o2Vv3It ) M) Ei
E2ODBBIHTEIENTE D, Thbb, #THANIS L THE S 12HHR
TRRAOMS B Jy LB EICEEET 6O B Jo 125 THA D,
MR, HBEXER J, LABXERJ- OMTEFOBR TH 1), EAAEN
S £ THHZEDE

Jchiral = J+ —J_ (11)

EZ2D. TNEHAFINVAL Y (chiralcurrent) £\ A4 TNV EWVH)D
X [F] #HRTHEETHL BBEIIIA TNV LY FPRET B0 P
Stz UL, BEEBRELELEEBRVINENVRET 20 ) 0 TH L, &
OIMEZ RIS S 72012, BHGEHEERTA 7o VIt Y OEHTE
FNHEHCERTLE, ROV T VIF U OBEAA T NVH L v MIRE
T5H eV FEmEond,

EZAHTERT MmO HEE &R T E SR O WA ROIRDS B IS
LM TH D, & ITHTHFRZFO L) BTN ROEE) % 5ok 5 15,
ThbbRTOERHEBRE LR VEREEZRBT 28R TH L. ZIUSK L. K
T OERHEREE D B, TR b b T ORERCEI LT 2HRIIBORE T
DR EL Do T, BRGEMEMEMRT 27 2V 34 VIGO0 R T % #H
LTAALTNVAL Y FORESEZAND & =T 5%05 2 2 AN 7 5k
NBHLZ N bh b, EBE, QLIS TINVILV Y I DPRETAETDHE, 2
DDY F— I HPFEE L7 S T2 2 2O ITmET 2 \BRIER Y
ABWI LR, EBHRERELFIET 5. — K. BT HFNREN» S ORT
BT AETHIRO-DICHEN 2 BE A ETRE (anomaly) &\, A7
VALY NOERTREE A FNVT /<) — (chiral anomaly) &\,

BOETHIZEDILCHATINVT /<Y —OIEICIETY 7 — 2Tz D 5.
LV DIF, HLFTRRMICEARETHEEZIT ) EAATVAL Y MIRET S
LR BDEN, B LEBETIL) L RN e b 2 L5 Hh 5D
Thb, COFEOHRIEFRFRLEESNTHIERITIELVE SN TVS
A, BHEO 7O ARBEEERCTBY . BFHETHREEELL I EHT
Eve FHFLHOBETHICBVTIIV T ZEEN BB T ER ENT
B9, BERWABROEHIC L > TS 2DORREHRD L) EFO b ons
Ve TOL) BREMT, BOBTHROET N 2 FEEMIIMEIIERT S5 2 L3
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HYHFEOERELFEDO—DTHDLE VR D,

BOBTROBFOREL, AREROZE (B22) PERICEZOMNES
A, FOZEZmTIO 5 X% S OWHHBESFEL Tnwd 2 LI KF LT
Wo, BOETRICBIT2EEAHEOY & X2 ) B R EEE kL., €7
WV BEFRCREE IR ) HR e LT, ERICHM AR T S0%ET ) CHEHRZ 2
BFIEAMLO HERH 5. Zo/hawm Tk, B FIEAbicE 24907 2 =) —
OHEFRATIZ OV T, ZOMIEZ /A L7z,

UTFIBWC, FTEMGEMEMERT L2704 v 2E 2, =T 1FMIC
EAHATVAL Y PPRET DI E Q). L2 LEOETimcB TR ET
RSN LW REEA S 5 2 & (B #Hi) 2 MWL FEIC L > TRYT. TLTHA
FIVH LY s OREMOBIUL, 71 T v 7 ERZEORFHMEICERL TV D
CLEERDL (4H). KIS, BOBTHRYBREICEED T L 200K EHLD
TATFATAERE G STTTINIF L OHA TVERMEERILABTS
WTHBmD/SNT FX W VRBHPHS MRk 5, &2 THRTERD /ST Ky o
AERBHTALODOFFEEL T4 VY Y OBFIEAMLZEAL, 71 7 v 71F
HFEO THEEER] (B 2 BREGCERICN S (6 8§). 71 VY ¥ ORTF
FALIZESWTHA TAVT ) <) — % BE IR B EFE, ST 22 05|
TEICBWTIRIZRRE L TWBEDED, T TRIOMEIZEAYETIZEFD
BOBIMICIRZANT 72, $hbh, BRTFmOVbW 2 [EER | 2151 1E
HMb§ % 3lADH T, Ginsparg-Wilson P42 % {72 /& F1IEHMEDSSR C 51 b
£z ZOHMOREEREITIEFO0 T OIREICH O, FEYHED
BRI WEENRHROFT FRINTWDL EE RS, £ 2T, Ginsparg-Wilson
BRI KT EALD 7 A 71 7 2k, ZORBRR 2 TR FEME
OFlE LT, Neuberger DIEHZ N3 5 (7T Hi)o & 512, Ginsparg-Wilson
BRRE M7 — OB TFEREIZOWT, ZOART VS A 8 &7 /<
) — (9 fi) IZOoWTHIIE 23,

2. Fermion & {#77H!
dRTCL— 7)) v FEEZEIZBWT, B EMHEIEH T 5 fermion OFER XK
ATHzoN5,

A= [ D@D+ mp ) (2.1)
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7272, d 3L L. m i3 fermion O &, fermion D¥ o(x), ¥ (x) 1 292
HoOBFE#ER G L LTHoN b

9d/2

Y():R* = C (2.2)
o) R - c2*” (2.3)

¥ 72 D & Dirac {fEH#E T

d
Da=) " (0 —iAu()) (2.4)
p=1
DEHIIESNE, 22129 ify”iﬁ“‘f’ﬁﬂi$8u_@%%t2 ~HE d T
Dirac 75T, RE#E %

YA+ = 204 (2.5)

w724 272 Kk hermite 175012 & %o F 72 A, () (ETERY O potential TH ) .
WS I (G2 DN EBEBEE) L3 5%

Dirac 57E=R

Fermion ®:&#) /742 Ta % Dirac HRRITLFEE 2 LB PNL, T4 D
L. MEH A D () ICBT2EG L. o) KHTE5250 THDH L LT, &
DR X %155,

d
S (0 — iAu(2)) (@) + mip(a) = 0 (2.6)
u—d _
o (f Az )) +mP(z) =0 (2.7)
p,:l
20D, EMASTERIAEM O §(z) ShB D T E R EERT S,

—

Y(z) DEGHIHEZIE, P(z) DBSTIIREIZERD . TN HE vector. # vector &
S/ %2 %A, Lorentz ZH#i%:7 5 vector Tlx7: < spinor &N TW5,

2 HEIE ar ORZFE p P& TELZEICT S,

3 REEMHICT L -OICERIC Kﬂﬁi?%# M OBE L&D T—HKD gauge
e LThH, UTORBIZB W TARER Z24E A LRy,
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L 7% L Dirac TEFI % Da (3R
Dy =—-Da (2.8)

DVEHZETH 205, EAEME (spectrum) 3#iEL (F72130) TH D, L7zdo
THEHEm MO0 THVWEHZ S, LEROTERX (2.6), (2.7) 1 ¢(x) =0,9(x) =0
DA ORE S T2 ve TIUERZENZ—21) v FETEEZ LD & L7720, J1%
KL EE->T0WDE N5 THbD, 2O fermion % I VI 7 AF—FEZ O
ZE\CRRRT B UTIE R o R fEATEAE L C af = it (IS X D RERIA Kt AT
bo BBIT Ag(z) = —iV(x), =i IC&D I vaTAFALLART Vv
JV V(z) & Dirac 175 1° 2B AT % &, (2.6), (2.7) 1%

d—1
Y (0 =iV (@) $(@) + Y 7" (9 — iAw(@)) (@) + mep(x) = 0
k=1
(2.9)
— — — d «— —
B (00— V(@) +d(@) > 7" (=0 = iAu(@)) + mib(z) =0
k=1
(2.10)

E% D, ThPWbWw 5 Dirac TR TH L, 22T (2.9) D (z) D hermite
Ht % o (z) & LCO
P(x) =" ()7" (2.11)

EEL L, (210) DL B, mTIIFEOERF TR, () & Y(z) ZMHL%R
HHEELEZEZ T2, 02 5BMRA (2.11) 290 D& T2 2 LA% .
R1ZRI

Z @ fermion DRI E b D, BB OFMS 2 HET L2012, I3
TAF— LD DIk CTL—2 ) v FIREEZ VL Z LT %, (2.6),
(2.7) DI (), d(x) 1R L.

JH () = p(z)y* () (2.12)

4 PBABURNTICBU 2B R ERICHED &, [BAME] XV spectrum &\ 9 AL v, &
72 THEABE] &) HEES AW EY ChwErd 5.
5 *(z) I1F P(z) DERITEHEHERIBEIZL T transpose L7zb D,



d
Z " (x) =

Y D0 JH(z) 1& fermion OFERBHEET R L, LOF
éhéo
E

_d/2,.1 2 d
Yd+1 =" Y Y

LB E
W§+1 = Yd+1
Y Yar1 + yar17" =0
(Ya41)® =1

tr (ya+1) =0
WY D6 y441 % chirality &V H, £ T

Ti1(2) = (@)ya117 ) (@)

d
Z T (@) + 2map(2) a1t (x) = 0

(2.13)

CIXFEFARAFI & AR

(2.14)

2.15)
6)
)
)

o
—

7

o
=

(
(
(
(2.18

(2.19)

(2.20)

Y D0 m =0 D& &EZOERIRAFA 2 KT, RIE current (2.19) %

chiral current & F¢-53,

3. BEFfEE

HIET O fermion D% (4 2) ®T1L$ 5% Fermion O¥OETimIZBIT 5
YR F(¢,v) OBEZEIFEIX. (EH (2.1) % Hv 7B SR 5

(F(, ) / F (@, ) exp(A)difdip

(3.1)

6 ®|mTIbE LT, (@), ¥(x) MEMFZ L ReTIERET ko FE L RS IC L
LRBESEFIALDHEDNDHH, T2 TIEBREDERILEH VS,
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TEREIND, 72721 (x), ¥ (x) 1L E (Grassmann 250 % 55 &3
% spinor T& V), F&41d Grassmann fi5r & 34, F 72,

djpdyp = [] di(x) [] de(a (3.2)
rERD z€eRD
Z = /exp(A)dqﬁdip = Det(Da +m) (3.3)

Thbo ZOL)IHEMNIIEBKRITTTH Y, Det (IMEMF (IERKTTITH]) DAT
HI:TH %, Grassmann FE5OMEIZ & V. Gauss FH55 (3.3) 13475 0#H T
E% L AR 2D b DI A D0 TS OMEBRRITTR T OBEAITEBFIIZIE L <
EREINZITELRS WA, LIESCoMERMAERELTBLT
Chiral Z#

FRoBORTHIZBVT, LD

(23 T (@) + 2m{p (@) yas1(x)) = 0 (3.4)

DAL T B 7% 51F, chiral current 1Z m = 0 DFOEFHICBVWTHHEEL TV
LEEZOLNDL, ZTO%RIL, chiral 258 & XN 5 L5

P(x) = exp(ibyar1)y’ (z) (3.5)

P(x) = ¢'(x) exp(i6ya+1) (3.6)

AHCWT, UTO LI ICEET22 28 TE2Y, 72721 6=0(z) I3 2 DB%
THhbo
Dirac fEf 1

Ya+1Da + Davir1 =0 (3.7

DEIN yay1 EFCRIET DT, 905z 12& B VERL HIE (3.5), (3.6) 12
L0y EH (21) &

AW0) = AW +m [ F@EE -0 @l @8)

7 Chiral current DR Z 5T 5% 5. HOPS m=0 ICLTBITELEZEI 2D
PN, 240 2T L7012, 9 m#A0 & LT fermion Oz ERLL. &%
BIZm—0 OWRE L LT LT 5,
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DEIICEWT D, Lzh > T, massless limit (m — 0) I2BWT, 7EH A &
chiral NETH 5 Z E W5 H 5o (3.7) 1d massless Dirac EHI 7S chiral A2
O EEERL TV,

0D x \KAFT 5L ENL 0 WA hb. £ TODMITHLELTI
ROHETL L L

A 0) = A0 =i [ (00)7do - 2im [ 03 (@ asre (@)

= A ) i [ 00,0 dat2im [ 00 @t ()
(3.9)

Eako 72720 JH 13,4 12k % chiral current T& ), 1THAS 2 17
W2 CEA RS vz, EE kD X9 I2F

A=A +35A (3.10)
72720
A = A, (3.11)
SA" = z/ 00, J}f,  dz + 2im/ 09’ () yar1 (z)dx (3.12)
RrRd R4

INEAWT, 5 (3.3) X2 T %4
/exp(fl)dv];dv,/; = /exp(fl')dqﬁ'di/)' (3.13)
BEWS Bo i

/exp( Ydrbdnp = /exp (14 6A")dpdap (3.14)

[ exptanaitay = [ expa) a(sf’ z)) by

= /exp(A V(1 4 20Tr (0yay1))dabdad (3.15)
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&7 DT (Grassmann f&7@ Jacobian (ZEH D b O DI B) 8,

/exp(A')&A'dlﬂdd) = 2iTr (6va+1) /exp(A')dJ)dw (3.16)

(3.5), (3.6) 12X D (3.16) OWAHRD ' o % o,p TRL., 0 DFERIEEHF L
ER=

/ exp(A)SAdpdy = 2iTr (0v441) / exp(A)dipdip (3.17)
LT
(6AY = 2iTr (6y4+41) (3.18)
fBb, 72720
SA = i/Rd 00, J%,  dz + 2im /Rd 0 () yar19 () dx (3.19)

ZZT(2.18) #EM L T, (scalar) BA¥LO 12K L

Tr (6yat1) = 0 (3.20)
&b E RN,
(6Ay =0 (3.21)
Tbb
/Rd 00, JY  Ydx + 2m /Rd O (x)yar1(x))dx = 0 (3.22)

0= 0(c) HEFIZEND DD, (34) HBEOND,

REHOHE I
DL m=0DHOETHIZBWTH chiral current 1 EHRFET S L 912
Rz 5 072H, Fid chiral current ORFFHANIFZR FOFEBRFEEICKT LD T

8 tr I¥ 29/2 RIEHFTHIE LTD trace 2 L. Tr XS0 5 1EMFE HERKIC
1751) @ trace #E 3,
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H2Y, FROFAHIITRCERNTH L0 5HBEIZE 2120 H ) E2 07,
(3.20) 1TMFRIKTTO trace TH VY 3T EBEZET 5. FiZ0(z) =1 &7 5
& (3.20) 1E Trygr:r =0 &% 255 HRITHIE LTD vaq1 D trace 250 127% 5
PHEFoT, EERTOMEHFZEL L Ttrace 50 TH D EIIEZ LRV, ¥
% OEERKITCOERR L LTD yap OREAME £1 (THEEEICHELTBY, &
NS OBEAEOHNIHIIOR L 2 WO THl% & BIEFIKTET 205 TH b,

% 2T Dirac 1Ef#% Da %X fA1Ld 5% (spectral measure) % Fv»T
Tryg 7B L THh DL, Da DEAME (spectrum) % A & LT

Dau = Au (3.23)
ML HET D, (3.7) &1
D avir1u = —Xyat1u (3.24)

THHNEANL0R51Eu & yapu ld Dy DR LEAMHE (spectrum) 12
FTEDTHRT 5o £oT

Ut = U £ Ya41u (3.25)
EiELE up & ul IFEXKL.
Vd+1u+ = Fux (3.26)

L7232 Cug #RTIELT yap DEBEEOFE ELHE 012k D, i A=0
oI u & yguldEBE 5D KerDa (Da @ kernel) [2ET 5, Thbb,
Va1 1E KerDa IMEH LTV %0 £ 2T yqq ODIFH%Z KerDa LIZFRE L TR
FEDOMZ & %o

Kery = {u € KerDa | ya41u = tu} (3.27)

Tr 441 = dimKery — dim Ker_ (3.28)

LN S, (3.28) DA% Dirac fEHF O (index) &\, indDa & F
o T5&E(3.18),(319) I2BWT Hz)=1 & L72bO»5

d
/]Rd (; angﬂ(ac))dx +2m /]Rd ((x)yar1(x)ydz = 2indDs  (3.29)
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MPEON L. (3.29) IEEBRFEETIEL RV,

BTALE N2 WEBIS O FICB VTR L TR, Hog T
) BTHRICE > THENLB G+ =T 2% (anomaly) &\, & IZEED
chiral current DFEAERI DB % chiral anomaly &\ 9o BOBTFHIZIBWTH
R 5T % HAMATH & &, chiral current DFPRFRNE— R D 7> T %
LR Z DD MO0 EANLE 1T CIERERL FHET 2 LMY 2 mns
GHET LI EWGH D, LLTFOHETId, Dirac fEHF® index OF5f & anomaly
OERIZOVWTEET S,

4. Dirac fEAFR D index
Dirac TEFHZ® index IZEFICHHATRWAZMEZ b, [HALE] T
HHEZEPHMOENT A,

BEREGEABWIBE
COMBEREZ L0, 2—21) v F22R R? X 1) b torus

T = (R/IZ)* ={x e R*| —1/2 <z <1/2} (4.1)

OETEZR /DL 2L LREDERTH B, T L spinor ¥y (C2**
ERIED) () 12 BEREM

V(@ +ley) = e @y(z), p=1,2---,d (4.2)

AT 270U xu(x) R (FHE) CERSNZEHIIFS2REKT, e,
oot WA OBEARY SV TH B,

72 213, torus BRI (0,22, ,2?) & (1,22, ,2?) ZFR—DHE B
ENDBA. (4.2) Db LT Y(z) &

¢(l7 x27 e 7xd) = 62')(1(0,962,'-- ’xd)d)(07 $2, e 7$d) (43)

Rz 3 OT, BREBZ T torus OFY (28 =1 25AH (2! =0) IIHRS
LE, BBMEE e 20T AR T2 TS5 LToadRiindzs v, 5

9 Dirac {EAIFRIX 1 BMOEAZETH 205, (4.2) DIEFDIC ¢(z) OMGREIIR T
LERGEMHEOLETH D,
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Wiz U R OGN T T gauge 2
¢/($) = 6iX1(x)d)(m) y M= 1727"' 7d (44)

AT EICE D BT o (z) BERTD h(x) ICHRDSLNPIZDRH> T
GBIFNE LSV, 2OE MR L & LT potential A, (z) b HEHF Ot
I C gauge 24

Al () = Au() + Ouxa (x) (4.5)

EEF B, FRCO AL(r) EEMTD Au(z) BB HPEDBN > T O
X% B 7. TN potential A, (z) ISR T AEREMHTH 5,

Z? X2, Dirac FHEZEFT 51213, spinor HOBEREMEED B0
Bd ), ZFORFEER potential DFERFMDETE 5o TNE OFEREM L,
torus DITHREHEY &b B & X, spinor %% potential DR Y &hw )5 % HE
LTWh, BEREMEZEZ L LMD EDETIED LA, EiEIZIE Y &b
EEZIZEZIZHWVIIOLRY BN EbE I E—DO0HIIFEDL I LIZT S,
COEE, ERULEFICL > TORDEE WA ALYV FELET L0, L
FROBIIHEBAET L2 L1245, BEHMIZE ) & ThH0HIE, HAl-T
Wi AEbElMrcloTKIEND, ZDL & Dirac fEFE D index 1AL -
FEBIKELTET Y. B0 EbE 0BG LRERICE L TARLETH S Z LA
HoENTWD,

ZD X I torus ETHERSEM A7 spinor %% 2 5 & &, torus LD
KA C CEINDWEZEME T, T x C A E 2 BO7N, N
Z2f1d torus DBEFIZ BV THEYNIC BEREALZH/ T L9110 B &besdh
BRHD, COLHIZLTEE LS T x C2* % vector bundle ¥\,
L&, B EbEoalh) FICET2ENCZE D, torus Ld vector bundle
KB RREEN XN END Z &% 5, % LT, Dirac fEFI#® index 13 vector
bundle D KB LFEEDFI Lo TELT D EFR S0

TEEEE
Dirac fEFIZE ® index (X, B OB S

Fuv(2) = 0, Au(z) — 0y Ap(x) (4.6)
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TERIFLTE D, $hbb, RADPWILT %,

d
. 1
A0 = o L, X,
FM1M2 (m)FHSM (l’) e FHd—lHd (x)dx (4'7)
7272 €pypg.py EEERT VYN TH D, BIHHHOMRS F ($ERHSHO
BRI EAZRETOT, (4.7) OFBIIEAOREZRL, ZhrR ChEK
=BT 2LDLBRTE D, COSERPETHELIBEERL VY,
e E IS LT (3.29) & RATL L7245

d
_ 2
(0,04 (2)) + 2m(h(x)Yar1t)(x)) = @2 (]! S Cnmmna
n=1 '
Fuyps (@) Fugpg (2) -+ Fuy_ypg (%) (4.8)
BHALT %o (4.8) OWMMLEFESTT 5L (3.29) (2 2DEDS, (4.8) IFEFT 5
MOBESEEPEH LI TEHILE2FRTLLDOTH Y, (3.29) % FAT

fEL72bDTHDEF R 5. ML, BAWLRFREOLXVEBR T, #MEIC
(4.8) BT L L TH L,

5. t&FIEAME
MERRRTC D Grassmann 155 & BB I EFT 5 72912, torus(4.1) % lattice
spacing a O&T

T¢ = a(Z/LZ)*
= {($17$27~-- 7$d) S ]Rd | Elnj (%) 1 x; = any, —L/2 <n; < L/2}
(5.1)
THEMT S (" 1Do 7272 L 1=aL & L. fEEE LIFEEET S, 7 T3 LY

O S% 5. TS LONHE eP® @ momentum p = (p1, p2,--- , pa) 1.
o
pH = 22#7
LFREIND, (5.2) Ziizd p D&t T L#E L
KA S E R ZE IR A 121E, aL =1 ZEEL. a — 0, L — oo 2 53
Bt & LT 5N 5 torus (4.1) ¥E X b EHICL—2 Y v FEMR? F TR

ju €2, —L/2 < j,<LJ2 (5.2)
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..............
..............
--------------
..............
..............
..............
--------------
..............
..............
..............
--------------
..............
..............

..............

X 1: 2 &I torus DETAL (L=14)c —BOEEH La DIEHFEO LB ETH, BLO
AR LD EbE N5,

51213 1 — oo DREIR (HERRIEFEMIR) % & 20N H 5 A%, anomaly (ZHFTHY
ZMEZR O T, ERAEERIIEELZEERZ D20, UTIZBVWT, I 245
DEHE L THEEL, T OMWBMR TS DAFEZ D,

Dirac fEHEFZEDIEFIL
T¢ - spinor R u,v (C2"° %) 123 L. W%
(u,v) = a* Z u*(z)v(z) (5.3)
xe']I’g

TEFET 5o u*(z) 1T u(z) DERFTOEHFLKEE £V transpose L72H D TH
b0 Hz+ae, OH z D (ﬁ%%‘:ﬁ?&,%é} B9 HENTPATRE Tou %
FT L0,

Us otac, = €Xp (% /0 Ao+ se”ds) (5.4)
rLT,
(Tuu) (@) = Us,wtac,u(z + aey) (5.5)
YRR 5. WMV 5 & | Dirac RIS (2.4) OBTENZ

d
Da= oo 30 -1 (5.6)

n=1
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Lo TEHETLIENTE L, LRROHNE (5.3) OEETO T, @ adjoint %
T, L35k

T, ' =T (5.7)
&7 50T, ¥F Dirac fEHF D 4 13 anti-hermite TH 1,
D, =-Da (5.8)
> chiral N2
D avay1 +v4+1Da =0 (5.9)
PIILT B o

#&F Dirac fEHZENAEIE

EZAD, TOLEHIZLTHTILS N7z Dirac fEAIHRIE, BEELREE Y R\
TWhs Da & 41 13 T £ spinor IZTEH T 2 B RKITITHITH 555
Tryger EEBIZ 0 &), (3.28) &L FERIC

indD4 = dim Ker; — dim Ker_
= Trvyqs1
=0 (5.10)

Eedb, Thbb, Dy lid (0 THVindex % b 2) Dirac fEHZE Dy il L
TWwiWwL, Dy idETREEr DRV,

ZHd. (5.6) 12X 5T Dirac TEFIZR A TIL L2 & & dRRES 2 M L7z
720, Do DRNGREABEEE D ONSTH b, DL ) ZEEEEOH %5 2
B72012, B potential A, (z) 75 0 O & & O¥T Dirac /EHE Do %% 2 5,
DL E Upatae, =1 &5 20T, P P, p e T, D&

1
2a
Ebo 2T Doy OFHEENDIEH %

(Ty — T H)e'?* = %sin(ap#)eipz (5.11)

Doe™ = Dy(p)e’™ (5.12)
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Do(p) =) v“é sin(ap.) (5.13)

L7zAo Ty & p, 250 £721F w/a 1T E &

d
Do(p) ~ iy 7"pu (5.14)
p=1
72721
~ 0
= Pu, Pu (5.15)
T/a—pu, puRT/a
THbo FiC

Dop)=0 <= p,=0, 7/a (5.16)
&b, L7255 T, constant spinor £(# 0) % ##h{k L 72 configuration
up(z) =e**¢, peTy (5.17)
R L
Doup =0 <= p,=0,1/a (5.18)

MHY LD FEIZ, BB p I LT py = w/a &% 5 configuration u, &
Do @ kernel \2J& ¥ 2%, EHMREIZB VT T¢ o spinor ff B E UK
Lz, —#%IZ, Do @ 0(a’) OEAMEIZET HEAENT PV THY) 2H 5,
O(a™") ® momentum % b 27z& ., #Hfi Dirac (FHFEOEABEEIZO A5 %4
\» configuration % doubler & FE5, THUZx L. a — 0 OMRT TS EoEA
BIEUC D 7 25 5 4% T[4 B %% normal mode &\ 9 2 & 127 5,

Potential A, (z) %0 T\ & X b doubler 25fF-1ES % % &, 1% Dirac /EH
F# D kernel DD doubler D722, AK 0 TZ\WIEF O index A5+ LT 0
127> TL %9 L. doubler %' chiral current ®—# % > 22 A3 5 MR 12 3
WTHAD LM Z 572912, chiral current DRRFHIDSTHEN S L £ Z 5N b,



6. Wilson fermion
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RREI%, ¥ Dirac fERZEICE TN A0 HRBESTEHZED normal mode &
doubler # KW TE LW ETH D, 22 T2 WoEMIME, ThbbES

Laplacian (® —1 f%)

L
=-5 Z T, +T,"
®E .
D :DA-I—%arW
B r BEOERTH 2,

TFEENDIER
Ay=00DL X,

THDHHNH

v 0(1) normal mode
We™" =
O(a™?) doubler

&7, doubler ##A L C\W5b, Dw OFHE~NOEHR%

Dwe® = Dw (p)eim

d . d

Dui(p) = Y- 7"~ sin(ap,) + = 3 (1~ cos(ap,))

p=1 p=1

L7255 Ty & pu 250 £721% w/a 12V E &

. - 2r
p) Ry VPt

pu=1

(6.1)

(6.2)

(6.4)

(6.5)

(6.6)

(6.7)

10 HHEHICED 0<r <1 OHPHIZIRET %o
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Ebo 1272 nid p, P w/a VL) % p DETH B, 745, doubler
F 0@ LI REvmass 5 2E)ICHZ D, EoTpeTd™ IZhf L

Dw(p)=0 <= p=0 (6.8)
MY T H, Dw @ kernel & doubler 2 & F W2 &5 h 5

Wilson fermion
¥F Dirac fEAF L LT Dw ZHWVWA 2 LIZL T, (2.1). (3.1). (3.2). (3.3)
2RO LTS %,

Aw =a? Z P (x)(Dw + m)i(x) (6.9)

(F@0) = [P0 expliw)dids (6.10)

dpdip = [] di(x) J] de(a (6.11)
z€TY z€TY

Z = /exp(Aw)dd_)dz/) = Det(Dw + m) (6.12)

Doubler (ZFEHEMIZ O(a™) FRED mass DO TH A ) » 5., KEER (6.10) ~
@ doubler DEFGVHPHI S ND Z L 2T 50 T &) IZEALS M7z fermion
O BF % Wilson fermion & 9, Wilson fermion (2381} % chiral anomaly (22
WTEESERHRVAON TN LD, BEFEMREELERLTWD b OIS
TH %, Torus b TORCHE 2T LY T S N7z, —#kD (spin) Sk
kL CORE BN (WEIZEESES T 5 ME) 33k L Cw
e ZORBEOEEL S1%, doubler Z ] 2 W O X 2355\ 2 L ITERK
T 5

7. Ginsparg-Wilson B8
¥T Dirac fEH®% Dw @ 1 DO#EHIE, chiral A% 7200w & TH 5,
HI% ., it Dirac fEFF & chiral N (3.7) % 225, Dw &

Ya+r1Dw + DwYd+1 = arya1 W (7.1)

D L2, GBI chiral NEEOBEN 2N S, LA L normal mode (ZBRE T
. 2o chiral AEEOHEILE O(a) TH Y. #HHER ¢ — 0 IZBWTH 2
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B BBEAL) EVHMIFT S, (7.1) ® X D12 chiral IFREATEND &I
WAL CHARAL) (2FE D BRI R TH B EE 2 5N TWw5Y, L L chiral
L b OB A ML L TR ON A EHH T E 2 TAHSL &, ML

2P TICFE D) O chiral AFEIZBENSD OO, EEFEEAE T % chiral Xf
FRMEAT & 2 DI CTEIBFHICHEHEL TVRBIETTH L, 2O L) REAH»S
Wilson & Ginsparg (&3t Dirac fEF#ZdH 2 M OMAAL % i L 72 & Z @ chiral
MBPEOBN 2 EE L, RO X9 HEFRRZE 2,

Ya+1D + D~yg41 = aDRyg41 D (7.2)

RIIEHE T4, TN % Ginsparg-Wilson BIfR & v, T BRI Z i 72 344
FEHZFE L, M5 0OEERT chiral WifrEZ o E L 5N 5,

Neuberger ND{EfAH
Ginsparg-Wilson BIfR3 % i 72 $H FER # O flid. Neuberger 12 & - TRt
&nzz", 9 Wilson |2 X 24T Dirac fEMI% (r=1&F5)

Dw =Dy + %CLW (7.3)
ZHWT
A=—-aDw+ M (7.4)

EBLo M IZ0 THRVWHEHKE TS, Potential Ay(z) 25T 3RO LN%EH A™!
PHIET B WG n0, LedioT

B=(A"A)"'? (7.5)

MWEFKINDL, ZOEHE B O ERIIMBES 2B TLN 505, 2 HOE
HEWCBI L CRHICHEL. 0 TEWITHIERDIEAD X 0(a) BEOHFATH 2
ELTEVv, IS oEREEZEZHVT

Dx (1— AB) (7.6)

Q|>—‘

LB L. R=1 ® Ginsparg-Wilson BIfR=

Ya+1 DN + DNvYar1 = aDnxvyar1Dx (7.7)
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B X O hermiticity property
Ya+1DNyar1 = DY (7.8)

BHLD D, E72 Dy © 0 TRVITHIERDEA D 1 0(a) BEOHFATH 2
Y #2TENOT, Dy ERIFATEIE TS ). BOMEIROR TR L R
57259,

FEEANDIER

e % D %% Dirac TEH#% (2.4) EBLL T 5B Z L% R 572812, potential
Au(z) 0 ThH 2D E LT, Dy OFHBENOVEH ZH~< 5, (5.12). (5.15). (6.5)
CHBPOREEH L L, Fp, D70 721 n/a 1ITEVEE

d
A(p) ~ M —2n—iay_ 7"p, (7.9)

p=1
(A*A)(p) = (M — 2n)? (7.10)
72l nidp, Ba/a lENVE) B p DETH B, LoT
d
) 0, M > 2n
Dn(p) % —— b+ 7.11
N() |M72n|; ! { 2/a, M <2n (7:11)

iz M=112nZ

d

zz Yoo, n = 0 (normal)
p=1

_
|1 —2n|
& 7 1), normal mode (ZxF L CTid##¢ Dirac fERZE OB 2> THB Y, B

doubler K&y mass b 2o TWE T EDG0 5,

Dn(p) = (7.12)

2
S 7"pu+ =, n >0 (doubler)

8. BFEAFRD spectrum
R #5E$ L LT, Ginsparg-Wilson BI#&

Ya+1D + Dvygy1 = aDRyg41 D (8.1)
B & U hermiticity property

Ya+1Dyar1 = D" (8.2)
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iz TR TFERE D 25 T ETEHRSN TV LT 5, IUE (8.1) & (8.2) D
b & T, MTEMZE D @ chiral ZHEERRL LD TE L, ThELUTICR
THE o

Doubler O 4 &f
ESn

€

D"D=DD =R

(D + D*) (8.3)

MEY oD T, D, D* ZRES AL ETH Y. D OB LEEMICET S
BAZEMITEWICERT 5, £ LT D OFAEHE N IZ
1 _
2 [ —

M|_aRQ+A) (8.4)
iz d. ZHUE 1/(aR) WL E T 5¥E 1/(aR) OBFETHEOMTH 5,
FTabb, 0 IEVEAEMIZIZE A CHERTH V. #fE Dirac fEFHZEOIR S %
WEEBLTWSZ EDTRE SN G, $AEREVER 2/(aR) DL
BEHFEIE LIS A, Zid doubler DEAHEZERL TWDHEEZHND,
D & D* ZREAILTRETHEH95, LBEBOEAENZ bLvae b,

Du = \u (8.5)
D u=du (8.6)

R
D’yd+1u = S\’yd+1u (87)

DRV LD, L72A 5Ty 04 2/(aR) AL OBEEE N (ERTIER) 2E25
L BEBRZ MV u it yau ETERT S, 72

Di==(D+D") (8.8)

N =

Epl, EROBENZ MV u L,

D_u =i(Im\)u (8.9)
D u= (Redu (8.10)
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DY LD, 51
D=D_ +D, (8.11)

E V) GIRIZB VT, D_ Y anti-hermite T Dy 7% hermite THh 5 Z & %% 2
GhEDE. ZORRIE (6.2) LHIET LD THD I EARH D,

D @[E]ﬁﬂﬁo 2/(aR) BT A A ZERH (normal mode, doubler) ~MDHE2E
Bigx., TNEN I, I &F 5, 2720, THOOEAEMPFIEL 2T
B0 &350 D& g 1T, I DIEIIEHLTHEY,

Tr (ya4alo) + Tr (aaIli) =0 (8.12)

MY LB, doubler & HEE TS a1 D trace ERBE 01275 2 059550
%o L7 L normal mode (ZfR%E L 72 trace T 2 Tr (yar1llo) 1X 012725 L1
BRS 72w,

9. Anomaly
¥F Dirac fEFIFE L LT (8.1) & (8.2) 2iii7zd D # VA2 LIZL T, &
D& LHTHREEZ S,

Aaw =a’ Z P(x)(Dw + m)i(z) (9.1)

(F@0) = [P0 ep(aw)dids (9.2)

dpdip = [] di(x) [] d(a (9.3)
z€TY zETE

Z = /exp(AGw)dqz)dv,/} = Det(D +m) (94)

Chiral Z##
0=0(x) &£ LT, (3.5),(3.6) &LAEOEIH

P(x) = exp(ifya+1)y’ (z) (9.5)
P(x) = ' (x) exp(i6ya+1) (9.6)
EZ, (3.10) LREABICO @ 1 KROHE TS &

Acw = A'aw + 0A aw (9.7)
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72720
Acw = Acw (¢, 9") (9-8)
SA cw = ia” Z V' ()(07a+1D + Dbya1)Y (z)
z€TY
+ 2ima® Y 09 (2)yar1 (x) (9.9)
zeTg

Z LT (3.18) DFRIERIC
((5./4.(;\)\/) = 2¢Tr (G’yd+1) (9.10)
PRSND, 727210

SAcw = ia’ U(x){0vas1, D} ()

=
o

+ 2ima® Z 0 () Yar 19 () (9.11)
zETg
Thib, L 2HDPERIKETALLTWADT, (9.10) DAL MERR H HFE OB Bk
EHmL0ERDY,

(SAcw) =0 (9.12)
Thbb
a® > (@) {0var1, D}(@)) + 2ma’ Y 0(h(x)var1ip(z)) =0 (9.13)
BiESNS,

Chiral current
(9.13) 1235 T, chiral current OfRAFHNICDOWTEET 55,
(8.9), (8.10) TEEINIAMHFZELHVS &,

{0va+1, D} = —ya+1[D—, 0] + {0, D+ }vat1 (9.14)

11 {X,Y}=XY +YX
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DEHTHEIFEHDT, (9.13) &

=—a® > (P@){0, D+ a1 (@) (9.15)

E D, TR
[D_,0)=D_6—6D_ (9.16)

& D_ZEINBWMED O o T O OEBEEEFELSELEELZ, (39) T
170 72385 L IRARIC, 0 Do 7o 23 RmIc L VBB L2 L 3 5,
oL E (9.15) OLBIE. (3.4) OLBIC 0 FET TS L7z b OOMET T
ERZE L, T5HE. (9.15) OFA7S chiral current DRFFHIOBIL, §ThbE
anomaly % 5-2 5 Z & 127 5,

I 0=1DEE, (915) DEBLHFETLIENTET,

2

—a® Y (P(2)2D 1 ya v (z)) = mrﬁ
2

z€TY

(va+11IIo) (9.17)

T Bo TOEMITHEFARIR a — 0 12BWT, 8 Dirac EHE Da @ index 12
POR L. (3.29) D DT EMRMFRESI NS, EHI12, — KD 0 12K LT (9.15)
DEDEFRET AL H ) AN REEBEEIRIEIN T W00, (4.8)
A d=4 WITTHILT 5 L 2RIET HHERDPHSNTNE,

&

T IERMEIC#D < chiral anomaly D EIMEIIREA 72 HE:THA SN T E 7208,
BB & B R L 72 b D3RS TA R\ #EAIZ Ginsparg-Wilson BRI %
W72 3 FERFEOWE . chiral 2B IZ R LAYE v, LA L Ginsparg-Wilson
R 4R30 12578 L C chiral anomaly %3 % 2 & ik, Wilson fermion % v %

12 8% (9.15) O/EBIIBWC, 5 1 HPSREMWTH ) 4 2 HIZ mass OHIEIZHEE 2
WEENTWEDED, FEBRIZIE anomaly 1355 2 HASHTWA LI R A S,
3725, chiral current DRAFRIDETHIIZHEALS &\ 9 chiral anomaly D fFFRIE
YO HLNLREPLHNA N,
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HELDDSHICHETH Y, BAICES T THERBRIBON TR, &
12 (torus L IFBRS Z2vy) —f% D spin Zhkfk ETid, X V) EELREMENE
PHEGTLILLHoTFONTOREILH L, 7/ —IZRLT, Hjo=T
RSN LS5 2 5100F, TREF B R EEAERQ L LED
H5bo
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R, BHEREE LTI EEMRLEAT HEOEVER - EFEOF K]
T T2, (4RI 70 7T L) \ZFAEDTERMO NGNS Z & i2d o
T, FEUEARZOHIBETEN - REHE LRI EDEDE®ZELLE R, BE
ToHEEHIZ, EMHENOFEEREEDHLIEEZHEL TV, 20710
7T LR T, EERFEERM RS R S EE - RIS 22 EEICD
WCTHIRZILT, SFEL L DITEREZRD, S0, BEHBFE DT LS LE
Bhlw) HELEEFETE T,

SR 2BEEFE TOEFEIIDIY), HEF -G >TIOHEE TR T L%
T 5, RIREREZO24 R HAIETE & L TRRMICE CA Y ~
ACTHREEEOMFEANL LTORE 2o TE 72, SFR24FRE L 0 #Hi7- 2k
HICORERBMFH SN TVE720, INFTOMEY I ZICHE L. K%
HBERIAEMEBE D [FE 70 7T 4] 5, FEBEOEFHE~NOEDL Y K
ELTEEDDL PBILHAr)TLERLTBE,
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2. BEERK
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LD, BEBOHEBELE XM ONAEL L >Twd, COHMEROETIES
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&l DF 0, BWETTFRETHHEONAZMEICHM L, RIHEM2 SR
ENZZPEY ZIZOWTT V=T TTFA Ay a2 BHL, E512, Z0
NEICDWTHRBHRMCHE . F L TEFELRIC T LYY T =2 a V&7,
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