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OUTLINE
• THE GRAVITINO PROBLEM

• SUSY FLAT DIRECTIONS AND THEIR 
COSMOLOGIAL IMPLICATIONS

• SUSY DARK MATTER

SUMMARY
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PREAMBLE

A BRIEF HISTORY OF OUR 
UNIVERSE

OBSERVATIONS + GENERAL THEORY 
OF RELATIVITY

14 b yr, COMPOSITION, EXPANDING, 
PAST – HOT AND DENSE 3



A BRIEF HISTORY OF OUR 
UNVIERSE

• First second – hot primordial plasma of electrons,.. 
photons, quarks/protons, neutrons, dark matter, …

• 1 s – 3 min – light nuclei (helium, lithium, ..)

• 400,000 years – Atoms form, CMBR

• 300 million years – First stars form

• 1 billion years – First galaxies form

• 9 billion years – Solar system formed, DE domin                       

• 14 billion years – Today 4



THE FIRST SECOND
• 10-44 s – Planck time (E ~ 1019 GeV)  [Q Gravity]

Grand Unified Theory
• 10-38 s – GUT Phase Transition (E ~ 1016 GeV, 

T ~ 1029 K)                      

Standard Model [q, l, H, GB] /Modified SM
• 10-11 s – Electroweak Phase Transition 

(E ~ 100 GeV,  T ~ 1015 K)

• 10-6 s – quarks à protons, neutrons  (E ~ 1 GeV, 
T ~ 1013 K)

• 1 s – Primordial Nucleosynthesis begins 
(E ~ 1 MeV,  T ~ 1010 K)
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INFLATION and REHEATING

INFLATION – PERIOD OF ACCELERATED EXPANSION
IN THE EARLY UNIVERSE (t ~ 10-38 s or later)

WHEN THE ENERGY DENSITY OF A SLOWLY VARYING 
FIELD CALLED THE INFLATON Φ DOMINATES

V(Φ)

ΦΦe

SLOW ROLL OSCILLATE AND DECAY
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ENERGY DENSITY DOMINATES, DETERMINES EVOL OF UNIV



DURING THE SLOW ROLL PHASE

ENERGY DENSITY = T + V ~ V ~ CONSTANT

V(Φ)

ΦΦe

SLOW ROLL OSCILLATE AND DECAY
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Ṙ

R

!2

=
8⇡

3
G⇢

<latexit sha1_base64="skYc6BIlyD6QES0BL/jgawyRUVM="></latexit><latexit sha1_base64="skYc6BIlyD6QES0BL/jgawyRUVM="></latexit><latexit sha1_base64="skYc6BIlyD6QES0BL/jgawyRUVM="></latexit><latexit sha1_base64="skYc6BIlyD6QES0BL/jgawyRUVM="></latexit>

R IS THE SCALE FACTOR; IN EXPANDING UNIV d = d1  R(t)/R(t1) 
G = 1/M2

Pl
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INFLATION and REHEATING

DURING INFLATION, R~ exp(HI t)  

n OF ALL SPECIES → 0. COLD

INFLATON DECAY PRODUCTS THERMALISE,   Treh
THERMAL BATH HAS q, l, h, dm, BSM INCLUDING SUSY, 
GUT PARTICLES AND HEAVY NEUTRINOS REHEATING

V(Φ)

ΦΦe

INFLATION REHEATING
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MATTER-ANTIMATTER ASYMMETRY 
OF THE UNIVERSE

SOLAR SYSTEM, MILKY WAY, CLUSTER (20 Mpc) 

• ANTIMATTER RULED OUT TILL d~1000 Mpc

• SIZE OF OBSERVABLE UNIVERSE ~ 14000 Mpc

(1 Mpc = 3 x 1019 km = 3 x 106 lt-yr)

MATTER-ANTIMATTER ASYMMETRY OF THE 
UNIV
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HOW GENERATE ASYMMETRY?

• EARLY TIMES ( t << 1 s = PRIM. NUCL.)  EQUAL 
AMOUNTS OF MATTER AND ANTIMATTER

• DISEQUILIBRIUM IN THE EARLY UNIVERSE

100 M + 100 Aà 103 M + 101 Aà 2 M

X à M X à A

rM > rA , GET MORE MATTER THAN ANTIMATTER

• X = GUT BOSONS (MX ~ 1016 GeV), HEAVY 
NEUTRINOS (MN ~ 1010 GeV)

GUT BARYOGENESIS, LEPTOGENESIS 11



MATTER-ANTIMATTER ASYMMETRY

WHEREFROM GUT BOSONS, HEAVY NEUTRINOS?

In the hot early Universe when temperatures 
were very high (kBT > M)             (kB=1)
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THE GRAVITINO PROBLEM
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SUPERSYMMETRIC PARTNER OF THE GRAVITON

SUPERSYMMETRY

• EXTENSION OF THE STANDARD MODEL (GAUGE HIERARCHY) 

• SUPERPARTNERS: FERMION – BOSON

PHOTON – PHOTINO,   ELECTRON – SELECTRON    

LOCAL (spacetime dep) SUPERSYMMETRY:  SUPERGRAVITY

GRAVITON – GRAVITINO

BROKEN   (EQUAL m, IF SUSY) 

GRAVITINOS
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SUPERSYMMETRY BREAKING 
ÞSM SUPERPARTNERS GET A MASS m0 ~ 100 GeV
ÞGRAVITINO GETS A MASS

GAUGE MEDIATED SUSY BREAKING (V. LIGHT, LIGHT < 100 
GeV)

GRAVITY MEDIATED SUSY BREAKING (HEAVY ≳ 100 GeV)

ANOMALY MEDIATED SUSY BREAKING (V. HEAVY≫100 GeV)

GRAVITINO MASS

15



SUPERSYMMETRIC PARTNER OF THE GRAVITON

PRODUCED AFTER INFLATION

COSMOLOGICAL CONSEQUENCES (m, n)

• STABLE      : AFFECTS EXPANSION RATE, (L/H) 

• UNSTABLE :   AFFECT EXPANSION RATE PRIOR TO DECAY

DECAY PRODUCTS 

DESTROY LIGHT ELEMENTS
(NUCLEOSYNTHESIS) 

GRAVITINOS

GRAVITINO PROBLEM(S)   16



SUPERSYMMETRIC PARTNER OF THE GRAVITON
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GRAVITINO PROBLEM(S)   GRAVITINO PROBLEM(S)   =>   UPPER BOUND ON 17



STANDARD PICTURE OF GRAVITINO PRODUCTION

INFLATION      → REHEATING  (OSC. + DECAY)

→ RADIATION DOMINATED UNIV
(Relativistic particles)

THERMAL SCATTERING  →
(gluons, quarks, squarks, gluinos)

V(Φ)

ΦΦe
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ALSO PROD DURING 
P/REHEATING



GRAVITINO PRODUCTION
PRODUCED BY THE SCATTERING OF INFLATON 

DECAY PRODUCTS

PRADLER AND STEFFEN

A

B C

G
~

A

B C

G
~

e.g. q + q̄ ! g̃ + G̃ q + ¯̃q ! g + G̃ g + g̃ ! g + G̃



STANDARD CALC OF GRAVITINO PRODUCTION

CALCULATE GRAVITINO PRODUCTION IN THE RAD DOM ERA

MAINLY PRODUCED AT THE BEGINNING OF THE RAD DOM ERA
WHEN  ,  AND

UPPER BOUND ON 

UPPER BOUND ON  Treh OF 106—9 GeV (MASS 100 GeV – 10 TeV)

kBT in GeV kB=1 1 GeV =1013 K 
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GRAVITINOS, REHEAT 
TEMPERATURE AND MATTER-

ANTIMATTER ASYMMETRY
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REHEATING, GRAVITINOS AND 
MATTER-ANTIMATTER ASYMMETRY

• THE UPPER BOUND ON THE REHEAT 
TEMPERATURE 106-9 GeV TO SUPPRESS 
GRAVITINO PRODUCTION

22

1 GeV =1013 K 



REHEATING, GRAVITINOS AND 
MATTER-ANTIMATTER ASYMMETRY

• THE UPPER BOUND ON THE REHEAT 
TEMPERATURE 106-9 GeV TO SUPPRESS 
GRAVITINO PRODUCTION

• MATTER-ANTIMATTER ASYMMETRY GENESIS 
MODELS REQUIRE HEAVY X, MASS 1010, 1016 GeV

23

1 GeV = PROTON MASS 



REHEATING, GRAVITINOS AND 
MATTER-ANTIMATTER ASYMMETRY

• THE UPPER BOUND ON THE REHEAT 
TEMPERATURE 106-9 GeV TO SUPPRESS 
GRAVITINO PRODUCTION

• MATTER-ANTIMATTER ASYMMETRY GENESIS 
MODELS REQUIRE HEAVY X, MASS 1010, 1016 GeV

DIFFICULT TO HAVE  ENOUGH HEAVY X IN THE 
RADIATION DOMINATED UNIV AFTER REHEATING

nX ~ exp(- M c2/kBT)
24



REHEATING, GRAVITINOS AND 
MATTER-ANTIMATTER ASYMMETRY

• THE UPPER BOUND ON THE REHEAT 
TEMPERATURE 106-9 GeV TO SUPPRESS 
GRAVITINO PRODUCTION

• MATTER-ANTIMATTER ASYMMETRY GENESIS 
MODELS REQUIRE HEAVY X, MASS 1010, 1016 GeV

DIFFICULT TO HAVE  ENOUGH HEAVY X IN THE 
RADIATION DOMINATED UNIV AFTER REHEATING

LOW REHEAT TEMP TO SUPPRESS GRAVITINOS IS A 
PROBLEM FOR GUT BARYOGENESIS AND LEPTOGENESIS



SOLUTIONS TO THE GRAVITINO 
PROBLEM

INCREASE GUT BOSON/HEAVY NEUTRINO 
PRODUCTION, OR SUPPRESS GRAVITINO PRODUCTION

• SCATTERINGS DURING REHEATING BEFORE TOTAL 
THERMALISATION (NOT X DECAYS)

• T: 0 à Tmax à Treh Tmax ~ 1000 Treh

• PREHEATING

• SUPPRESS GRAVITINOS USING SUSY FLAT 
DIRECTIONS

CAVEAT (ALWAYS CHECK)



SUSY FLAT DIRECTIONS AND THEIR 
COSMOLOGIAL IMPLICATIONS
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FLAT DIRECTIONS

V’ = 0 ALONG BOTTOM.  POTENTIAL IS FLAT

MAG NOT CHANGE, PHASE DOES



SUSY FLAT DIRECTIONS

SCALAR POTENTIAL V IN SUSY IS A FUNCTION OF

DIRECTIONS IN FIELD SPACE OF SCALARS  ALONG 
WHICH THE SCALAR POTENTIAL IS MINIMISED 

V’ = 0, POTENTIAL IS FLAT — FLAT DIRECTIONS

[POTENTIAL IS CONSTANT AND ZERO ALONG FLAT DIRECTION
NOT JUST PHASE CHANGE, MAGNITUDE CHANGE TOO]

STANDARD MODEL , H SCALAR (SPIN 0)
MINIMISE V 



SUSY FLAT DIRECTIONS

SM:     PHASE

UDD: PHASES

PARAMETER     IS REPRESENTED BY A COMPLEX 
SCALAR FIELD (AFFLECK-DINE FIELD) WHOSE 
EXP VALUE IS 

FLAT DIRECTION FIELD      IS NOT THE INFLATON

GHERGHETTA, KOLDA AND MARTIN

h�i = v
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FLAT DIRECTION à QUADRATIC POT WITH CURV m0
2

DUE TO QUANTUM FLUCTUATIONS DURING
INFLATION; OTHER REASONS   

A FIELD CONFIGURATION WITH THE FIELD AWAY FROM ITS 
MINIMUM IS OFTEN CALLED A CONDENSATE, CAN TREAT
LIKE CLASSICAL FIELD, DO EOM

SUSY BREAKING



FLAT DIRECTION à QUADRATIC POT WITH CURV m0
2

DUE TO QUANTUM FLUCTUATIONS DURING
INFLATION; OTHER REASONS   

WHEN tU~ tF (OR H ~ m0),         OSCILLATES, 

THEN  IT DECAYS (BEFORE EWSB t~10-11 s)

SUSY BREAKING



COSMOLOGICAL CONSEQUENCES

AFFLECK-DINE BARYOGENESIS

SUPPRESS GRAVITION PRODUCTION VIA
DELAYED THERMALISATION  DURING REHEATING

GENERATION OF PRIMORDIAL MAGNETIC FIELDS

33



AFFLECK-DINE BARYOGENESIS

TO CREATE A BARYON ASYMMETRY REQUIRES

– B VIOLATION
– CP VIOLATION
– OUT OF THERMAL EQUILIBRIUM

B(   ) =1/3 =>     B VIOLATION VIA QUARTIC COUPLINGS

B VIOLATING COUPLINGS ARE COMPLEX => CP VIOLATION
34

V ( ) = m2 ⇤ +
i

2
�( 4 �  ⇤4)
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AFFLECK AND DINE, LINDE



jBµ = �i( ⇤@µ � @µ 
⇤  )B 

<latexit sha1_base64="HqOf92ivIRbG21W+KEf1MZhLVxA="></latexit><latexit sha1_base64="HqOf92ivIRbG21W+KEf1MZhLVxA="></latexit><latexit sha1_base64="HqOf92ivIRbG21W+KEf1MZhLVxA="></latexit> Z
jB0 dV = B

<latexit sha1_base64="BljRfw/zuc889izerfA4iBwMKso=">AAAB+XicbVDLSsNAFL3xWesr1aWbwSK4KokI6kIodeOygmkLbQyTyaQdO3kwM1FK7Ke4caHi1j9x5984bbPQ1gMDh3Pu5Z45fsqZVJb1bSwtr6yurZc2yptb2zu7ZmWvJZNMEOqQhCei42NJOYupo5jitJMKiiOf07Y/vJr47QcqJEviWzVKqRvhfsxCRrDSkmdWeixW6N6z7hooaKFL1PDMqlWzpkCLxC5IFQo0PfOrFyQki2isCMdSdm0rVW6OhWKE03G5l0maYjLEfdrVNMYRlW4+jT5GR1oJUJgI/XSQqfp7I8eRlKPI15MRVgM5703E/7xupsJzN2dxmikak9mhMONIJWjSAwqYoETxkSaYCKazIjLAAhOl2yrrEuz5Ly8S56R2UbNvTqv1RtFGCQ7gEI7BhjOowzU0wQECj/AMr/BmPBkvxrvxMRtdMoqdffgD4/MHGDOSIg==</latexit><latexit sha1_base64="BljRfw/zuc889izerfA4iBwMKso=">AAAB+XicbVDLSsNAFL3xWesr1aWbwSK4KokI6kIodeOygmkLbQyTyaQdO3kwM1FK7Ke4caHi1j9x5984bbPQ1gMDh3Pu5Z45fsqZVJb1bSwtr6yurZc2yptb2zu7ZmWvJZNMEOqQhCei42NJOYupo5jitJMKiiOf07Y/vJr47QcqJEviWzVKqRvhfsxCRrDSkmdWeixW6N6z7hooaKFL1PDMqlWzpkCLxC5IFQo0PfOrFyQki2isCMdSdm0rVW6OhWKE03G5l0maYjLEfdrVNMYRlW4+jT5GR1oJUJgI/XSQqfp7I8eRlKPI15MRVgM5703E/7xupsJzN2dxmikak9mhMONIJWjSAwqYoETxkSaYCKazIjLAAhOl2yrrEuz5Ly8S56R2UbNvTqv1RtFGCQ7gEI7BhjOowzU0wQECj/AMr/BmPBkvxrvxMRtdMoqdffgD4/MHGDOSIg==</latexit><latexit sha1_base64="BljRfw/zuc889izerfA4iBwMKso=">AAAB+XicbVDLSsNAFL3xWesr1aWbwSK4KokI6kIodeOygmkLbQyTyaQdO3kwM1FK7Ke4caHi1j9x5984bbPQ1gMDh3Pu5Z45fsqZVJb1bSwtr6yurZc2yptb2zu7ZmWvJZNMEOqQhCei42NJOYupo5jitJMKiiOf07Y/vJr47QcqJEviWzVKqRvhfsxCRrDSkmdWeixW6N6z7hooaKFL1PDMqlWzpkCLxC5IFQo0PfOrFyQki2isCMdSdm0rVW6OhWKE03G5l0maYjLEfdrVNMYRlW4+jT5GR1oJUJgI/XSQqfp7I8eRlKPI15MRVgM5703E/7xupsJzN2dxmikak9mhMONIJWjSAwqYoETxkSaYCKazIjLAAhOl2yrrEuz5Ly8S56R2UbNvTqv1RtFGCQ7gEI7BhjOowzU0wQECj/AMr/BmPBkvxrvxMRtdMoqdffgD4/MHGDOSIg==</latexit><latexit sha1_base64="BljRfw/zuc889izerfA4iBwMKso=">AAAB+XicbVDLSsNAFL3xWesr1aWbwSK4KokI6kIodeOygmkLbQyTyaQdO3kwM1FK7Ke4caHi1j9x5984bbPQ1gMDh3Pu5Z45fsqZVJb1bSwtr6yurZc2yptb2zu7ZmWvJZNMEOqQhCei42NJOYupo5jitJMKiiOf07Y/vJr47QcqJEviWzVKqRvhfsxCRrDSkmdWeixW6N6z7hooaKFL1PDMqlWzpkCLxC5IFQo0PfOrFyQki2isCMdSdm0rVW6OhWKE03G5l0maYjLEfdrVNMYRlW4+jT5GR1oJUJgI/XSQqfp7I8eRlKPI15MRVgM5703E/7xupsJzN2dxmikak9mhMONIJWjSAwqYoETxkSaYCKazIjLAAhOl2yrrEuz5Ly8S56R2UbNvTqv1RtFGCQ7gEI7BhjOowzU0wQECj/AMr/BmPBkvxrvxMRtdMoqdffgD4/MHGDOSIg==</latexit>

UNIFORM

 I
<latexit sha1_base64="UuetuXouxr57OcBAqRujtJfkS0I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYNpCG8pmu2nXbnbD7kYIof/BiwcVr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrK6tb5Q3K1vbO7t71f2DlpapItQnkkvVCbGmnAnqG2Y47SSK4jjktB2Ob6Z++4kqzaR4MFlCgxgPBYsYwcZKrV6iWf+uX625dXcGtEy8gtSgQLNf/eoNJEljKgzhWOuu5yYmyLEyjHA6qfRSTRNMxnhIu5YKHFMd5LNrJ+jEKgMUSWVLGDRTf0/kONY6i0PbGWMz0oveVPzP66YmugxyJpLUUEHmi6KUIyPR9HU0YIoSwzNLMFHM3orICCtMjA2oYkPwFl9eJv5Z/aru3Z/XGtdFGmU4gmM4BQ8uoAG30AQfCDzCM7zCmyOdF+fd+Zi3lpxi5hD+wPn8Adztjto=</latexit><latexit sha1_base64="UuetuXouxr57OcBAqRujtJfkS0I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYNpCG8pmu2nXbnbD7kYIof/BiwcVr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrK6tb5Q3K1vbO7t71f2DlpapItQnkkvVCbGmnAnqG2Y47SSK4jjktB2Ob6Z++4kqzaR4MFlCgxgPBYsYwcZKrV6iWf+uX625dXcGtEy8gtSgQLNf/eoNJEljKgzhWOuu5yYmyLEyjHA6qfRSTRNMxnhIu5YKHFMd5LNrJ+jEKgMUSWVLGDRTf0/kONY6i0PbGWMz0oveVPzP66YmugxyJpLUUEHmi6KUIyPR9HU0YIoSwzNLMFHM3orICCtMjA2oYkPwFl9eJv5Z/aru3Z/XGtdFGmU4gmM4BQ8uoAG30AQfCDzCM7zCmyOdF+fd+Zi3lpxi5hD+wPn8Adztjto=</latexit><latexit sha1_base64="UuetuXouxr57OcBAqRujtJfkS0I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYNpCG8pmu2nXbnbD7kYIof/BiwcVr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrK6tb5Q3K1vbO7t71f2DlpapItQnkkvVCbGmnAnqG2Y47SSK4jjktB2Ob6Z++4kqzaR4MFlCgxgPBYsYwcZKrV6iWf+uX625dXcGtEy8gtSgQLNf/eoNJEljKgzhWOuu5yYmyLEyjHA6qfRSTRNMxnhIu5YKHFMd5LNrJ+jEKgMUSWVLGDRTf0/kONY6i0PbGWMz0oveVPzP66YmugxyJpLUUEHmi6KUIyPR9HU0YIoSwzNLMFHM3orICCtMjA2oYkPwFl9eJv5Z/aru3Z/XGtdFGmU4gmM4BQ8uoAG30AQfCDzCM7zCmyOdF+fd+Zi3lpxi5hD+wPn8Adztjto=</latexit><latexit sha1_base64="UuetuXouxr57OcBAqRujtJfkS0I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL3qrYNpCG8pmu2nXbnbD7kYIof/BiwcVr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32ymtrK6tb5Q3K1vbO7t71f2DlpapItQnkkvVCbGmnAnqG2Y47SSK4jjktB2Ob6Z++4kqzaR4MFlCgxgPBYsYwcZKrV6iWf+uX625dXcGtEy8gtSgQLNf/eoNJEljKgzhWOuu5yYmyLEyjHA6qfRSTRNMxnhIu5YKHFMd5LNrJ+jEKgMUSWVLGDRTf0/kONY6i0PbGWMz0oveVPzP66YmugxyJpLUUEHmi6KUIyPR9HU0YIoSwzNLMFHM3orICCtMjA2oYkPwFl9eJv5Z/aru3Z/XGtdFGmU4gmM4BQ8uoAG30AQfCDzCM7zCmyOdF+fd+Zi3lpxi5hD+wPn8Adztjto=</latexit>

 R
<latexit sha1_base64="eWK39/qRtH5vCDeENp0W7cKG/GU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1GlmRQPZpLQIMZDwSJGsLFSq5do1r/vV2tu3Z0BLROvIDUo0OxXv3oDSdKYCkM41rrruYkJMqwMI5xOK71U0wSTMR7SrqUCx1QH2ezaKTqxygBFUtkSBs3U3xMZjrWexKHtjLEZ6UUvF//zuqmJLoOMiSQ1VJD5oijlyEiUv44GTFFi+MQSTBSztyIywgoTYwOq2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHAo/wDK/w5kjnxXl3PuatJaeYOYQ/cD5/AOqIjuM=</latexit><latexit sha1_base64="eWK39/qRtH5vCDeENp0W7cKG/GU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1GlmRQPZpLQIMZDwSJGsLFSq5do1r/vV2tu3Z0BLROvIDUo0OxXv3oDSdKYCkM41rrruYkJMqwMI5xOK71U0wSTMR7SrqUCx1QH2ezaKTqxygBFUtkSBs3U3xMZjrWexKHtjLEZ6UUvF//zuqmJLoOMiSQ1VJD5oijlyEiUv44GTFFi+MQSTBSztyIywgoTYwOq2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHAo/wDK/w5kjnxXl3PuatJaeYOYQ/cD5/AOqIjuM=</latexit><latexit sha1_base64="eWK39/qRtH5vCDeENp0W7cKG/GU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1GlmRQPZpLQIMZDwSJGsLFSq5do1r/vV2tu3Z0BLROvIDUo0OxXv3oDSdKYCkM41rrruYkJMqwMI5xOK71U0wSTMR7SrqUCx1QH2ezaKTqxygBFUtkSBs3U3xMZjrWexKHtjLEZ6UUvF//zuqmJLoOMiSQ1VJD5oijlyEiUv44GTFFi+MQSTBSztyIywgoTYwOq2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHAo/wDK/w5kjnxXl3PuatJaeYOYQ/cD5/AOqIjuM=</latexit><latexit sha1_base64="eWK39/qRtH5vCDeENp0W7cKG/GU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GTZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf+gpWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfjm9xvP1GlmRQPZpLQIMZDwSJGsLFSq5do1r/vV2tu3Z0BLROvIDUo0OxXv3oDSdKYCkM41rrruYkJMqwMI5xOK71U0wSTMR7SrqUCx1QH2ezaKTqxygBFUtkSBs3U3xMZjrWexKHtjLEZ6UUvF//zuqmJLoOMiSQ1VJD5oijlyEiUv44GTFFi+MQSTBSztyIywgoTYwOq2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHAo/wDK/w5kjnxXl3PuatJaeYOYQ/cD5/AOqIjuM=</latexit>

jB0 = B/V = nB
<latexit sha1_base64="s8sZsBnRtPlz6/tMNxwjVJky0ws=">AAAB+nicbVDLTgIxFL2DL8TXiEs3jcTEFc4YE3VhQsaNS0wcIIGBdEqBSqczaTtGMuFX3LhQ49YvceffWB4LBU9yc0/OuTe9PWHCmdKO823lVlbX1jfym4Wt7Z3dPXu/WFNxKgn1Scxj2QixopwJ6mumOW0kkuIo5LQeDm8mfv2RSsVica9HCQ0i3BesxwjWRurYxYeO0/bQNULeac000fY6dskpO1OgZeLOSQnmqHbsr1Y3JmlEhSYcK9V0nUQHGZaaEU7HhVaqaILJEPdp01CBI6qCbHr7GB0bpYt6sTQlNJqqvzcyHCk1ikIzGWE9UIveRPzPa6a6dxlkTCSppoLMHuqlHOkYTYJAXSYp0XxkCCaSmVsRGWCJiTZxFUwI7uKXl4l/Vr4qu3fnpYo3TyMPh3AEJ+DCBVTgFqrgA4EneIZXeLPG1ov1bn3MRnPWfOcA/sD6/AGMvpG7</latexit><latexit sha1_base64="s8sZsBnRtPlz6/tMNxwjVJky0ws=">AAAB+nicbVDLTgIxFL2DL8TXiEs3jcTEFc4YE3VhQsaNS0wcIIGBdEqBSqczaTtGMuFX3LhQ49YvceffWB4LBU9yc0/OuTe9PWHCmdKO823lVlbX1jfym4Wt7Z3dPXu/WFNxKgn1Scxj2QixopwJ6mumOW0kkuIo5LQeDm8mfv2RSsVica9HCQ0i3BesxwjWRurYxYeO0/bQNULeac000fY6dskpO1OgZeLOSQnmqHbsr1Y3JmlEhSYcK9V0nUQHGZaaEU7HhVaqaILJEPdp01CBI6qCbHr7GB0bpYt6sTQlNJqqvzcyHCk1ikIzGWE9UIveRPzPa6a6dxlkTCSppoLMHuqlHOkYTYJAXSYp0XxkCCaSmVsRGWCJiTZxFUwI7uKXl4l/Vr4qu3fnpYo3TyMPh3AEJ+DCBVTgFqrgA4EneIZXeLPG1ov1bn3MRnPWfOcA/sD6/AGMvpG7</latexit><latexit sha1_base64="s8sZsBnRtPlz6/tMNxwjVJky0ws=">AAAB+nicbVDLTgIxFL2DL8TXiEs3jcTEFc4YE3VhQsaNS0wcIIGBdEqBSqczaTtGMuFX3LhQ49YvceffWB4LBU9yc0/OuTe9PWHCmdKO823lVlbX1jfym4Wt7Z3dPXu/WFNxKgn1Scxj2QixopwJ6mumOW0kkuIo5LQeDm8mfv2RSsVica9HCQ0i3BesxwjWRurYxYeO0/bQNULeac000fY6dskpO1OgZeLOSQnmqHbsr1Y3JmlEhSYcK9V0nUQHGZaaEU7HhVaqaILJEPdp01CBI6qCbHr7GB0bpYt6sTQlNJqqvzcyHCk1ikIzGWE9UIveRPzPa6a6dxlkTCSppoLMHuqlHOkYTYJAXSYp0XxkCCaSmVsRGWCJiTZxFUwI7uKXl4l/Vr4qu3fnpYo3TyMPh3AEJ+DCBVTgFqrgA4EneIZXeLPG1ov1bn3MRnPWfOcA/sD6/AGMvpG7</latexit><latexit sha1_base64="s8sZsBnRtPlz6/tMNxwjVJky0ws=">AAAB+nicbVDLTgIxFL2DL8TXiEs3jcTEFc4YE3VhQsaNS0wcIIGBdEqBSqczaTtGMuFX3LhQ49YvceffWB4LBU9yc0/OuTe9PWHCmdKO823lVlbX1jfym4Wt7Z3dPXu/WFNxKgn1Scxj2QixopwJ6mumOW0kkuIo5LQeDm8mfv2RSsVica9HCQ0i3BesxwjWRurYxYeO0/bQNULeac000fY6dskpO1OgZeLOSQnmqHbsr1Y3JmlEhSYcK9V0nUQHGZaaEU7HhVaqaILJEPdp01CBI6qCbHr7GB0bpYt6sTQlNJqqvzcyHCk1ikIzGWE9UIveRPzPa6a6dxlkTCSppoLMHuqlHOkYTYJAXSYp0XxkCCaSmVsRGWCJiTZxFUwI7uKXl4l/Vr4qu3fnpYo3TyMPh3AEJ+DCBVTgFqrgA4EneIZXeLPG1ov1bn3MRnPWfOcA/sD6/AGMvpG7</latexit>

nB = �i( ⇤ ̇ �  ̇⇤  )B =
1

2
( R ̇I �  ̇R  I)B 

<latexit sha1_base64="pbFYOobS07o63tUW+P3AFa3gXBk="></latexit><latexit sha1_base64="pbFYOobS07o63tUW+P3AFa3gXBk="></latexit><latexit sha1_base64="pbFYOobS07o63tUW+P3AFa3gXBk="></latexit><latexit sha1_base64="pbFYOobS07o63tUW+P3AFa3gXBk="></latexit>



AFFLECK-DINE BARYOGENESIS

WHEN      IS LARGE B AND CP VIOLATING QUARTIC 
COUPLINGS DOMINATE.  nB IS CREATED

LATER QUADRATIC TERMS DOMINATE. NO NEW nB

DECAYS  (e.g.  ) AND GET BAU

36

V ( ) = m2 ⇤ +
i

2
�( 4 �  ⇤4)

<latexit sha1_base64="f9fIOUNSzEJI7JE5EEFjSgNficY="></latexit><latexit sha1_base64="f9fIOUNSzEJI7JE5EEFjSgNficY="></latexit><latexit sha1_base64="f9fIOUNSzEJI7JE5EEFjSgNficY="></latexit>

 
<latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit>
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SUSY FLAT DIRECTIONS

DECREASE  

DELAYED THERMALISATION  
DURING REHEATING

37



e.g., 

NON-ZERO VALUE OF      GIVES MASS TO GAUGE 
BOSONS (BREAKS GAUGE SYMMETRY),

FLAT DIRECTION EXPECTATION VALUE CAN BE 
1013 GEV OR HIGHER

THERMALISATION DURING REHEATING DUE TO 
PROCESSES MEDIATED BY GAUGE BOSONS –
PHOTONS (EM), GLUONS (STRONG)

38

q̃⇤q̃AµAµ



IF ALL GAUGE BOSONS GET MASS [LLddd, QuQue], 
IT SLOWS DOWN THERMALISATION  AFTER 
INFLATION

A

B

C

D

PHOTON



STANDARD PICTURE OF REHEATING:
INFLATON DECAYS → → THERMALISE

KINETIC EQM
CHEMICAL EQM

FLAT DIRECTIONS:
INFLATON DECAYS → → DELAYED THERMALISATION

DILUTE PLASMA

GRAVITINOS PRODUCED BY SCATTERING OF INFLATON 
DECAY PRODUCTS  [n.n]

↓↓ ALLAHVERDI AND MAZUMDAR; RR AND A. SARKAR 



• WITH SOME FLAT DIRECTIONS, HIT A RESONANCE

• GRAVITINO ABUNDANCE GENERATED IS VERY
LARGE AND GREATER THAN THE COSMOLOGICAL
UPPER BOUND FOR MOST PARAMETER SPACE

• COSMOLOGICAL UPPER BOUND IS Y < 10-14

• FOR DIFFERENT SETS OF PARAMETERS

Y = 10-8 ― 10-2

WHY AMBIGUITY?

GRAVITINO PROBLEM AGAIN!

41

MAHAJAN, RR AND A. SARKAR 



SUSY FLAT DIRECTIONS

GENERATE PRIMORDIAL MAGNETIC FIELDS
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• DETECTED MAGNETIC FIELDS ON DIFFERENT
COSMOLOGICAL LENGTH SCALES FROM GALAXIES
TO CLUSTERS

• ORIGIN IS UNKNOWN

• DYNAMO THEORY: PRIMORDIAL MAGNETIC FIELD,
AMPLIFIED BY DYNAMO PROCESS

• SOURCE OF PRIMORDIAL MAGNETIC FIELD
UNKNOWN

PRIMORDIAL MAGNETIC FIELDS

43
KANDASWAMY 



• GENERATE THE PRIMORDIAL MAGNETIC FIELD
DURING INFLATION

• GAUGE FIELD

• SOLVE EOM FOR Ak IN CURVED SPACETIME

• |Ak(t)| CAN GROW IF mA ≠ 0
EQUIVALENT TO CREATING E AND B FIELDS

E DISAPPEARS. GET PRIMORDIAL B.

PRIMORDIAL MAGNETIC FIELDS

A

µ
(x) =

X

�

Z
d

3
k ✏

µ
�(k)Ak(t) exp(ik.x)ak + h.c.

<latexit sha1_base64="Th3QaitZwzTbyRNz0c8exffcfJw="></latexit><latexit sha1_base64="Th3QaitZwzTbyRNz0c8exffcfJw="></latexit><latexit sha1_base64="Th3QaitZwzTbyRNz0c8exffcfJw="></latexit><latexit sha1_base64="Th3QaitZwzTbyRNz0c8exffcfJw="></latexit>



NON-ZERO VALUE OF AFFLECK-DINE FIELD      
GIVES MASS TO Aμ

FLAT DIRECTIONS CAN GIVE RISE TO 
PRIMORDIAL MAGNETIC FIELDS

45

q̃⇤q̃AµAµ

PRIMORDIAL MAGNETIC FIELDS

ENQVIST, JOKINEN AND MAZUMDAR



SUSY DARK MATTER
• IF R PARITY IS CONSERVED, LSP IS STABLE

• IF IT IS FEEBLY INTERACTING WITH LIGHT AND 
OTHER PARTICLES (NEUTRAL, COLOURLESS), AND 
HAS THE RIGHT ENERGY DENSITY TODAY IT CAN 
BE THE DARK MATTER

• IT TURNS OUT THAT AN LSP (NEUTRALINO, 
SNEUTRINO) SATISFIES THESE PROPERTIES AND 
WITH THE MASS ~ 100 GeV HAS THE RIGHT 
ENERGY DENSITY  (WIMP MIRACLE)
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SUSY DARK MATTER
• EARLY UNIVERSE ALL SUSY AND SM PARTICLES IN 

THERMAL EQUILIBRIUM, 

Γ > H

• AS PARTICLES BECOME NON-RELATIVISTIC THEY 
TEND TO ANNIHILATE AND DISAPPEAR (HEAVY 
QUARKS, MUONS, TAU, HIGGS, SUSY PARTICLES)

• ONLY THE LIGHTEST SURVIVE (ELECTRON; u, d à
p, n; PHOTON, LIGHT NEUTRINOS, LSP)

47



• SOME LIGHTEST PARTICLES GO OUT OF 
EQUILIBRIUM WHEN THEY ARE RELATIVISTIC (LIGHT 
NEUTRINOS) AND SOME AFTER THEY BECOME NON-
RELATIVISTIC (ELECTRON, n, p, LSP)

Γ = H    (FREEZE OUT CONDITION)

• AFTER OUT OF EQUILIBRIUM, n ~ 1/R3, Y=n/s FROZEN

48

= mn(Teq)
T 3
0

T 3
eq
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⇢0 = mn0 = mneq
R3

eq

R3
0
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R ~ 1/T IF NO ENTROPY RELEASE



• KNOWING Teq IS IMPORTANT.  OBTAIN IT FROM

Γ = n < ! v > = H

• < .. > IS FOR THERMALLY AVERAGED CROSS 
SECTION

WHEN A SPECIES BECOMES NON-RELATIVISTIC, 
n ~ exp(-m/T) AND ! FALL, AND Γ < H

• FOR THE LSP, WE FIND Teq = m/20

(WEAK INTERACTIONS.  FOR ELECTRON IT IS m/106

AND FOR PROTON IT IS m/109 )
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• FOR THE LSP, WE FIND Teq = m/20

• FOR m ~ 100 GeV, 

• WIMP MIRACLE 50

⇢ = mn(Teq)
T 3
0

T 3
eq
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n(T ) = g
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CANDIDATE SUSY DARK MATTER
• NEUTRALINOS (LIGHTEST COMBO OF WINO, BINO, 

2 NEUTRAL HIGGSINOS)

• SNEUTRINOS 

• m ~ 100 GeV; WIMP MIRACLE

• NEUTRALINO NOT SEEN YET (MODEL DEPENDENT)

• SNEUTRINOCURRENTLY RULED OUT IN MSSM
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CANDIDATE SUSY DARK MATTER

• GRAVITINO 
VERY WEAKLY COUPLED, DIFFICULT TO DETECT; 
CREATED THROUGH DECAY OF NLSP AS NOT 
THERMAL IN EARLY UNIV DUE TO VERY WEAK 
COUPLING, m ~ eV

• AXINO 
CREATED THROUGH THERMAL SCATTERING OF 
PARTICLES (LIKE GRAVITINO) OR OUT OF EQM 
DECAY OF NLSP
m ~ keV - TeV
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SUMMARY
1. POPULAR MODELS OF GENERATING THE 

MATTER-ANTIMATTER ASYMMETRY OF THE 
UNIVERSE  REQUIRE A LARGE REHEAT 
TEMPERATURE AFTER INFLATION

BUT THAT GENERATES TOO MANY GRAVITINOS IN 
THE UNIVERSE

COSMOLOGISTS ARE LOOKING FOR MECHANISMS 
TO ENHANCE NEUTRINO ABUNDANCE/SUPPRESS 
GRAVITINO ABUNDANCE
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SUMMARY
2. SUSY FLAT DIRECTIONS CAN 

GENERATE THE MATTER ANTIMATTER ASYMMETRY 
OF THE UNIVERSE (AFFLECK-DINE BARYOGENESIS),  

SOLVE OR AGGRAVATE THE GRAVITINO  PROBLEM

GENERATE PRIMORDIAL MAGNETIC FIELDS
(DETAILS OF THE SUSY MODEL)

3. SUSY DARK MATTER – NEUTRALINOS, SNEUTRINOS, 
GRAVITINOS, AXINOS
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