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Abstract: <span>This course begins with a thorough introduction to quantum field theory. Unlike the usual quantum field theory courses which aim
at applications to particle physics, this course then focuses on those quantum field theoretic techniques that are important in the presence of gravity.
In particular, this course introduces the properties of quantum fluctuations of fields and how they are affected by curvature and by gravitational
horizons. We will cover the highly successful inflationary explanation of the fluctuation spectrum of the cosmic microwave background - and
therefore the modern understanding of the quantum origin of all inhomogeneities in the universe (see these amazing visualizations from the data of
the Sloan Digital Sky Survey. They display the inhomogeneous distribution of galaxies several billion light years into the universe: Sloan Digital
Sky Survey).</span>
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Quantum Field Theory for Cosmology

AMATHS872/PHYS785 =

Winter 2010
Instructor: A Kempf (MC6071. ext. 35462)
p — ANATH 673. PHYS702 or consent of nstructor.
s e Some knowledge of General Relatmity.
Time: Tuesdavs 4-5:20pm +~ Thursdays 5-6:20pm
Permmeter Institute's Bob room
Video-linked to:
) : * Unmv. of Waterloo. Room MC6091
pfsa:Tooi00r * Umv. of Guelph. Rozanski Room 106 Page 2/105
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Instructor: A. Kempf. (MC6071. ext. 35462)
P - AMATH 673. PHYS702 or consent of mstructor.
e — Some knowledge of General Relativity.
Time: Tuesdays 4-5:20pm + Thursdays 5-620pm
Perimeter Institute’s Bob room
Video-lmked to:
v a * Umv. of Waterloo. Room MC6091 ¥,
. * Umv. of Guelph. Rozanski Room 106
* possibly other venues upon request
(at 38.117.109.110 via H323)
st Beiane Tn_esda}', January 12, 2010, Bob room, PL,
4-5:20pm
Office hours: by arrangement
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Content:

This course begins with a thorough mitroduction to quantum field theory. Unlike the usual
quantum field theorv courses which aim at applications to particle physics. this course then
focuses on those quantum field theoretic techniques that are important in the presence of
oravity. In particular. this course mtroduces the properties of quantum fluctuations of fields

12/01

Achim Kempf Deparmment of Applied Mathematics | Umversity... hitp://www _math vwaterloo.ca/~akempf’ QF T-tor-Cosmol
T

and how they are affected by curvature and by gravitational horizons. We will cover the
highly successful nflationary explanation of the fluctuation spectrum of the cosmic
microwave background - and therefore the modem understanding of the quantum ornigin of
all mhomogeneities mn the universe (see these amazing visualizations from the data of the
Sloan Daigital Sky Survey. They display the mhomogeneous distribution of galaxies several
billion light vears mto the universe: Sloan Digital Skv Survev).

Outline:

Pirsa: 10010071

e From first to second quantization. =
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Instructor: A. Kempf. (MC6071. ext. 35462)
- - AMATH 673. PHYS702 or consent of mstructor. i
e Some knowledge of General Relatmty.
Time: Tuesdays 4-5:20pm ~ Thursdays 5-620pm
Pernimeter Institute's Bob room
Video-linked to:
v ) * Umv. of Waterloo. Room MC6091 m
s * Univ. of Guelph. Rozanski Room 106
* possibly other venues upon request
(at 38.117.109.110 via H323)
First lecture: Tn_esda}'._. January 12, 2010, Bob room, PL,
4-5:20pm
Office hours: by arrangement
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This course begins with a thorough miroduction to quantum field theory. Unlike the usual
quantum field theory courses which amm at applications to particle physics. this course then
focuses on those quantum field theoretic techniques that are important m the presence of
gravity. In particular. this course miroduces the properties of quantum fluctuations of fields

12/01/20
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and how they are affected by curvature and by gravitational horizons. We will cover the
highly successiul mflationary explanation of the fluctuation spectrum of the cosmuc
microwave backeround - and therefore the modem understanding of the quantum origin of
all mhomogeneities in the universe (see these amazing visualizations from the data of the
Sloan Digatal Sky Survey. They display the mhomogeneous distribution of galaxies several
billion light years mto the universe: Sloan Digital Skv Survevy).

Outline:

risa: Boroiom first to second quantization. —
e Introduction to scalar quantum field theorv.
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Content:

This course beains with a thorough mtroduction to quantum field theory. Unlike the usual
quantum field theory courses which aim at applications to particle physics. this course then
focuses on those quantum field theoretic techmiques that are important in the presence of
gravity. In particular. this course mtroduces the properties of quantum fluctuations of fields
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and how they are affected by curvature and by gravitational horizons. We will cover the
highly successiul mflationary explanation of the fluctuation spectrum of the cosmuic
microwave background - and therefore the modem understanding of the quantum ornigin of
all mhomogeneities m the universe (see these amazing visualizations from the data of the
Sloan Digatal Sky Surveyv. They display the mhomogeneous distribution of galaxies several
billion light vears mto the universe: Sloan Digital Skv Survey).

Outline:
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Content:

This course beains with a thorough mtroduction to quantum field theory. Unlike the usual
quantum field theory courses which aim at applications to particle physics. this course then
focuses on those quantum field theoretic techmiques that are important mn the presence of
gravity. In particular. this course mtroduces the properties of quantum fluctuations of fields
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and how they are affected by curvature and by grawvitational horizoiis. We will cover the
highly successful nflationary explanation of the fluctuation spectrum of the cosmic
microwave background - and therefore the modemn understanding of the quantum origin of
all mhomogeneities m the universe (see these amazing visualizations from the data of the
Sloan Digatal Sky Survey. They display the mhomogeneous distribution of galaxies several
billion light vears mto the universe: Sloan Digital Skv Survey).

QOutline:
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Content:

This course beains with a thorough mtroduction to quantum field theorv. Unlike the usual
quantum field theory courses which aim at applications to particle physics. this course then
focuses on those quantum field theoretic techmiques that are important n the presence of
gravity. In particular. this course mtroduces the properties of quantum fluctuations of fields
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and how they are affected by curvature and by gravitational horizons. We will cover the
highly successful mflationary explanation of the fluctuation spectrum of tli2 cosmic
microwave background - and therefore the modern understanding of the quantum ongin of
all mhomogeneities m the universe (see these amazing visualizations from the data of the
Sloan Digatal Sky Survey. They display the mhomogeneous distribution of galaxies several
billion light vears mto the universe: Sloan Digital Skv Survey).

Outline:
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e From first to second quantization.

e Introduction to scalar quantum field theory.

e The Unruh efiect.

e Canonical quantization m curved space-times.

e Path mtegral quantization of fields

e Quantum fluctuations of scalar fields and of the metric.

e Applications: Inflationary cosmology and the origm of structure.
e (Time permmtting:) Effective action and gravitational backreaction

L.ecture notes: o

Detailed lecture notes will be made freely available here. usually a few days before each
lecture.

In the meantime. here are the lecture notes of the previous teaching of this course. m WO08:

Pirsa: 10010071 Page 15/105
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e From first to second quantization.

e Introduction to scalar quantum field theory.

e The Unruh effect.

e Canonical quantization m curved space-times.

e Path mtegral quantization of fields

e Quantum fluctuations of scalar fields and of the metric.

e Applications: Inflationary cosmology and the onigin of structure.
e (Time permutting:) Effective action and gravitational backreaction

Lecture notes:

é“?
Detailed lecture notes will be made freely available here. usually a few davs before each

lecture.

In the meantime. here are the lecture notes of the previous teaching of this course. m W08:
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e From first to second quantization.

e Introduction to scalar quantum fild theory.

e The Unruh effect.

e Canonical quantization in curved space-times. 7
e Path mntegral quantization of fields |
e Quantum fluctuations of scalar fields and of the metric.

e Applications: Inflationary cosmology and the origin of structure.

e (Time permutting:) Effective action and gravitational backreaction

Lecture notes:

Detailed lecture notes will be made freelv available here. usually a few days before each
lecture.

In.thesmeantime. here are the lecture notes of the previous teaching of this course. m.3A&:
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e From first to second quantization.

e Introduction to scalar qlmnmﬂeld theory.

e The Unruh effect.

e Canonical quantization in curved space-times.

e Path mtegral quantization of fields

e Quantum fluctuations of scalar fields and of the metric. =
e Applications: Inflationary cosmology and the ornigin of structure.

e (Time permutting:) Effective action and gravitational backreaction

Lecture notes:

Detailed lecture notes will be made freely available here. usually a few davs before each
lecture.

In the meantime. here are the lecture notes of the previous teaching of this course. m W08:

Pirsa: 10010071 Page 18/105
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e From first to second quantization.

e Introduction to scalar qlmnnunﬂeld theory.

e The Unruh effect.

e Canonical quantization in curved space-times.

e Path mtegral quantization of fields

e Quantum fluctuations of scalar fields and of the metric.

e Applications: Inflationary cosmology and the origin of structure.
e (Time permutting:) Effective action and gravitational backreaction

Lecture notes:

Detailed lecture notes will be made freely available here. usually a few davs before each
lecture.

In the meantime. here are the lecture notes of the previous teaching of this course. m W0S:
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Lecture notes:

Detailed lecture notes will be made freely available here. usually a few days before each
lecture.

7

In the meantune. here are the lecture notes of the previous teaching of this course. m WOS:

Lecture notes of W08: 1.2.3.4.5.6.7.8.9,10,11,12.13,14,15,16.17.18.19,20,21,22.23

Additional Literature:

e We will often follow this text:

V. Mukhanov. Serge1 Wmitzki. Introduction to Quantum Effects n Gravity.
Cambnidge Unriversity Press. June 2007

Pirsa: 10010071 Page 20/105
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Lecture notes:

Detailed lecture notes will be made freelv available here. usually a few days before each
lecture.

é‘“?

In the meantime. here are the lecture notes of the previous teaching of this course. m WO0S: :

Lecture notes of W08: 1.2.3.4,5.6.7.8,9.10,11,12.13,14.15.16,17.18,19,20,21,22.23

Additional Literature:

e We will often follow this text:

V. Mukhanov. Serge1 Wmitzki. Introduction to Quantum Effects n Gravity.
Cambnidge University Press. June 2007

Pirsa: 10010071
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WWW _pdf - Adobe Reader

¢ Eit View Domment Tool Window Help

JOR ZH4$=:ic @ & 0O | -

== £
i i=-l- S EH B -
T Additionalrl Latéerature:

[

e We will often follow this text:

V. Mukhanov. Serge1 Wmitzki. Introduction to Quantum Effects m Grawvity. =
Cambndge Universitv Press. June 2007 :

Note that this text includes problems with solutions.

e Other recommended texts are:

L

N.D. Burell. P.C.W. Dawies. Quantum Fields in Curved Space. CUP. 1984
S. A. Fulling. Aspects of Quantum Field Theory in Curve Space-Time. CUP.

4|

12/01/2€
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1989.

sz 000071 © AL R Liddle. D. H. Lyth. Cosmological Inflation and Large-Scale Strirateere.
CUP. 2000.
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e We will often follow this text:

V. Mukhanov. Serge1 Winitzki. Introduction to Quantum Effects m Gravity. =
Cambridge University Press. June 2007

Note that this text mcludes problems with solutions.

e Other recommended texts are:

o N.D. Burell. P.C.W. Dawvies. Quantum Fields in Curved Space. CUP. 1984.
o S. A Fulling Aspects of Quantum Field Theory in Curve Space-Time. CUP.

12/01/201
thim Kempf Department of Applied Mathematics | Umiversity... hitp://www.math nwaterloo.ca/ ~akempf QF T-for-Cosmology-

1989.

risz 00001 0 A R Liddle. D. H. Lvth. Cosmological Inflation and Large-Scale Struesesees
CTTP 2000
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Cambnidge University Press. June 2007

Note that this text mcludes problems with solutions.

e Other recommended texts are:

him Kempf | Department of Applied Mathematics | Umversity...

Pirsa: 10010071
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N.D. Burell. P.C.W. Dawvies. Quantum Fields in Curved Space. CUP. 1984.
S. A Fulling Aspects of Quantum Field Theory in Curve Space-Time. CUP,

&«

1989.

12/01/201
hitp:/www _math uwaterloo.ca/~akempf QF T-for-Cosmology-

A_ R Liddle. D. H Lyth. Cosmological Inflation and Large-Scale Structire.

CUP. 2000.

T. Jacobson, Introduction to Quantum Fields in Curved Spacetime and the

Hawking Effect. freelv available at http://arxav.org/abs/ gr-qc/0308048

L H. Ford. Quantum Field Theory in Curved Spacetime. freely available at

http://arxav.ore/ abs/ er-qc/ 9707062

Page 24/105
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Essay:

An essay should be a review of existing literature on a given topic. The sources can be
textbooks or review articles or origmal articles or some of each. Most articles are now
available online and for example "Google Scholar” can get you there quickly. Most
electronic journals require subscription. which our hibrary usually has. For the license to
be recognized vou will need to either browse from a universitv computer (the domam 1s
what counts) or you log mto the UW library from home and go to an electronic journal
through our library’s electronic journal search engine.

Essay topics: a

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk onlme.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (Iink works on campus machines). Unruh3.
pirse 1bttan UL €T al Page 25105
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Essayv:

An essayv should be a review of existing literature on a given topic. The sources can be
textbooks or review articles or origmal articles or some of each. Most articles are now
available online and for example "Google Scholar” can get you there quickly. Most
electronic journals require subscription. which our library usually has. For the license to
be recognized yvou will need to either browse from a university computer (the domam 1s
what counts) or you log mto the UW library from home and go to an electronic journal
through our library’s electronic journal search engmne.

Essay topics:

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk onlme.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (link works on campus machines). Unruh3.
Brout et al

Pirsa: 10010071 Page 26/105
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Essay:

An essay should be a review of existing literature on a given topic. The sources can be
textbooks or review articles or original articles or some of each. Most articles are now
available online and for example "Google Scholar” can get you there quickly. Most
electronic journals require subscription. which our library usually has. For the license to
be recognized vou will need to either browse from a university computer (the domam 1s
what counts) or you log mto the UW library from home and go to an electronic journal
through our library’s electronic journal search engme.

Essay topics:

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk online.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (link works on campus machines). Unruh3.
Brout et al -

Page 27/105
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Essay:

| B

An essay should be a review of existing literature on a given topic. The sources can be
textbooks or review articles or original articles or some of each. Most articles are now
available online and for example "Google Scholar” can get vou there quickly. Most
electronic journals require subscription. which our library usually has. For the license to
be recognized you will need to erther browse from a university computer (the domam 1s
what counts) or you log mto the UW library from home and go to an electronic journal
through our library’s electronic journal search engme.

Essay topics:

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk online.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (link works on campus machines). Unruh3.
Brout et al

&' Riftionale for and models of inflationary cosmology e

T ;fnmh'li-r\ r—'l'l:wr-i'-;nﬂr-- T11..-'\ P I\nnl— 111"" I irir”n '-_IHA I 'I..I"l'h o n.l"n'rm"l | = n".‘“—l"\.ﬂd‘“;"_";f\ﬂ R



WWW _pdf - Adobe Reader - ||
x

¢ Eit View Domment Tools Window Help

O N Ze$T:/5s @ v 08 [= -] 5 S HEP T =

| ¥

=ssay topics:

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk onlme.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (Iink works on campus machmes). Unruh3.
Brout et al o

e Rationale for and models of inflationary cosmology
Literature suggestions: The text book by Liddle and Lyth (see above). An exposition
of Inflationarv Cosmology. by G.S.Watson.

Consider also other sources. e.g . other texts and this electronic archive (¥). See
also this talk onlme.

What is expected in an essav:

Show that yvou have understood and critically reflected upon the material by
Pre= 1iKing 1t yvour own. You make 1t your own by coming up with an onnginal way P>

frr yracanttnio tha matarmal thhat A1 ara oo tooathar T th ot 10 171 e
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ssay topics:

e Planck scale effects in inflationary cosmology

Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Brian Greene's talk onlne.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unruh? (link worl’s on campus machmes). Unruh3.
Brout et al

e Rationale for and models of inflationary cosmology
Literature suggestions: The text book by Liddle and Lyth (see above). An exposition =
of Inflationary Cosmology. by G.S.Watson.

Consider also other sources. e.g.. other texts and this electronic archive (*). See
also this talk online.

Vhat is expected in an essay:

Shaw that vou have understood and crtically reflected upon the matenial by
making it vour own. You make it your own by coming up with an original way

Pirsa: Page 30/105
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Essay topics:

e Planck scale effects in inflationary cosmology
Literature suggestions: Brandenberger et al.. Kempf et al.. Greene et al. see also
Bnian Greene's talk onlmne.

e Sonic analog of black holes and Hawking radiation
Literature suggestions: Unruhl. Unrmuh?2 (Iink works on campus machines). Unruh3.
Brout et al

e Rationale for and models of inflationary cosmology
Literature suggestions: The text book by Liddle and Lyth (see above). An exposition
of Inflationary Cosmology. by G.S.Watson. Y

Consider also other sources. e.g.. other texts and this electronic archive (¥). See
also this talk onlme.

What is expected in an essay:

Show that vou have understood and cnitically reflected upon the matenal by
Pirsa: TRIRINI 1t VOur ownl. Y ou make 1t yvour own by coming up with an original way raesuwos
for nresentine the matenial that vou are brimeme tocether Trv to orve 1t vour P
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a way that 1s hard to mmprove. In this case. you can make it your own by filling
mn steps m trhe calculation that the author omitted (and pomt out that you do
so). That obviously proves that you understood that calculation. No ongnal
research is expected but try to become sufficiently familiar with the topic that
vou can make educated speculations about what mteresting things could be
done m this area. Feel free to mention what comes to mind. Show creativity. In
research. just asking the right questions 1s often the key to breakthroughs.

Essayv format:

e [ength: 15-20 pages. pdf format
e Format: title—abstract page / mtroduction / maimn parts / summary (or
conclusions) ' bibliography
e It 1s very mportant that you refer to your sousces explicitly. 1e. the
bibliography 1s very important. List items m the sequence m which vou are
Pirsa; 10010071 fEfEIIjﬂg to them m the text. Page 32/105
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Essay format:

e Length: 15-20 pages. pdf format

e Format: title+abstract page / mtroduction / mam parts / summary (or
conclusions) / bibliographyv

e It 1s very mmportant that vou refer to vour sources exphicitly. 1e. the
bibliography 1s very mmportant. List items n the sequence m which you are
referring to them m the text.

Relationship to other courses:

Thais course 1s one m a group of four related graduate courses whose curricula have been
coordmated so as to optimally complement another:

o AMATHS75/PHYS786. General Relativity for Cosmology. taught FO7. FO9 etc.. see
GR for Cosmologv. -

e PHYS784/AMATHR74. Advanced Techniques in General Relativity and
Applications to Black Holes. taught W08. W10 etc.
e AMATHSR72/PHYS783. Introduction to Quantum Field Theory for Cosmology.
Pisa: 100{bl11S course) taught W08, W10 etc. Page 33/105
e PHYS703_AMATHS73. Quantum Field Theory (for hieh enerey phvsics). taught
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conclusions) / bibliography

e Ii 1s very mnportant that you refer to your sources explicitly. 1e. the
bibliography is very important. List items m the sequence m which vou are
referring to them m the text.
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Relationship to other courses:

This course 1s one m a group of four related graduate courses whose curricula have been
coordmnated so as to optimally complement another:

o AMATHS75/PHYS786. General Relativity for Cosmology. taught FO7_ FO9 etc.. see
GR for Cosmologv.

o PHYS784/AMATHR74. Addvanced Techniques in General Relativity and
Applications to Black Holes. taught W08. W10 etc.

o AMATHS72/PHYS785. Introduction to Quantum Field Theory for Cosmology.
(this course) taught WO08. W10 etc. o

e PHYS703.AMATHS873. Quantum Field Theory (for high energy physics). taught
W09. W11 etc.

These courses can be taken m arbifrary sequence and no course is a pre- or anti- requisite
for another.
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Pirsa: 100}_0071

The final will count 40%. the essayv 60%.

Page 36/105



WWW _pdf - Adobe Reader

¢ Eit View Doomment Tools Window Helpg =

J8n 49 L] ) e[ =|- o5 S HBP 5 2
| e AMATHS72 PHYSTS‘* Introduction to Quantum Field Theory for Cosmology. |a

(this course) taught W08. W10 etc.
HYS703.AMATHS73. Quantum Field Theory (for high energy physics). taught
W09. W11 etc.

These courses can be taken m arbifrary sequence and no course is a pre- or anti- requisite
for another.

Grades:

The final will count 40%. the essay 60%.
Final exam date: [BA

Essay deadline: IBA

Pirsa: 10010071 Page 374903 /7

wohim Kenmt | Denarmment of Aonlied AMathemamiges | Thivaersitse b v w math i aterl oo o3/ ~akemmt OF T-for-C osmolooy <



WWW _pdf - Adobe Reader - ||
=

¢ Eit View Domment Tool Window Help

BN Z S i e D 60 =] 4 S HEP 5 =

| ¥

o AMATHS75/PHYS786. General Relativity for Cosmology. taught FO7_ F09 etc.. see
GR for Cosmology.

o PHYS784/AMATHR74. Advanced Techniques in General Relativity and
Applications to Black Holes. taught W08. W10 etc.

o AMATHS72/PHYST7835. Introduction to Quantum Field Theory for Cosmology.
(this course) taught W08. W10 etc.

e PHYS703.AMATHS873. Quantum Field Theory (for high energy physics). taught
W09. W11 etc.

These courses can be taken in arbitrary sequence and no course 1s a pre- or anti- requisite
for another.

Grades:

The final will count 40%. the essav 60%. 7.
Final exam date: IBA

Essay deadline: IBA
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o AMATHS75/PHYS786. General Relativity for Caosmology. taught FO7. FO9 etc.. see
GR for Cosmology.

e PHYS784/AMATHR74. Advanced Techniques in General Relativity and
Applications to Black Holes. taught W08. W10 etc.

o AMATHS72/PHYST7835. Introduction to Quantum Field Theory for Cosmology.
(this course) taught W08. W10 etc.

e PHYS703. AMATHS873. Quantum Field Theory (for high energy physics). taught
W09. W11 etc.

These courses can be taken i arbitrary sequence and no course 1s a pre- or anti- requisite
for another.

Grades:

The final will count 40%.. the essav 60%.
Final exam date: IBA

Essay deadline: IBA
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