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Brief Introduction to Neutrino Masses and Mixing

@ Brief Introduction to Neutrino Masses and Mixing
@ Fermion Mass Spectrum
o Standard Model: Massless Neutrinos
Extension of the SM: Massive Neutrinos
Lepton Numbers
Neutrino Oscillations
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Fermion Mass Spectrum

1012

1011

1010

c

(0]

<
@

=
(=]
>

T T Ty AT T Ty T Ty T T Ty T Iy TTTTImy T Ty T T

4_{

vl vvd vl v vwd ved vl vl vd vl vl vl vl

10"

Phenomenology of Neutrino Mixing and Oscillations — 17 March 2009, APC Kolloquium, Paris




Standard Model: Massless Neutrinos
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Standard Model: v;,v5 == no Dirac mass term
LP ~ mPy vk (no vg, vf)

Majorana Neutrino: v¢ =v
)
Vp =Vg = Majorana mass term
LM ~ mMy g

Standard Model: Majorana mass term not allowed by SU(2); x U(1)y
(no Higgs triplet)
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Extension of the SM: Massive Neutrinos

Standard Model can be extended with vg (er, er; ur, ug; di,dg; ...)
vi + vg = Dirac neutrino mass term £° ~ mPv vg = mP <100 GeV

surprise: Majorana neutrino mass for vg is allowed! LM ~ m¥vfug

. D+M c 0 mD l/,C?
total neutrino mass term L ~e vl b
mP ml ) \vg

mM can be arbitrarily large (not protected by SM symmetries)

mM ~ scale of new physics beyond Standard Model = m} >> mP

Dy2

. o 0 mP m

diagonalization of { p ' 'm = m ( M) . my~m¥
m me meg

natural explanation of smallness
of light neutrino masses

massive neutrinos are Majorana!

. 3-GEN = effective low-energy 3-v mixing
see-saw_mechanism

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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Lepton Numbers

Standard Model:

Lepton numbers are conserved

Le L, L Le L, L
(ve,e7) +1 0 O (vS,et) -1 0 O
(Vu,w™) 0 +1 0 || (vg,p") O -1 0
vry7) 0 0 41| (v&,77) 0 0 -1
|L=Lo+Lu+L]
mg. mo, m VeR
Dirac mass term m v vg — (ver Vur vrL) | mhe my, mﬁ’ VuR
Mre m‘rl?u, mer Vrr
Le, Ly, Ly are not conserved, but L is conserved L(vqr) = L(vgr) = |AL| =0
A
Majorana mass term m"v,vf — (Ver vur vrL) m, mmu m ViR
m!l\'/le m‘ru, m!l\'/l‘r V'ﬁR
L, Le, Ly, Ly are not conserved L(vg) = —L(vg) = |AL| =2
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Neutrino Oscillations

[Eliezer, Swift, NPB 105 (1976) 45] [Fritzsch, Minkowski, PLB 62 (1976) 72] [Bilenky, Pontecorvo, SINP 24 (1976) 316]

[Bilenky, Pontecorvo, Nuovo Cim. Lett. 17 (1976) 569] [Bilenky, Pontecorvo, Phys. Rep. 41 (1978) 225]

Flavor Neutrino Production: JCV L=2 Z Val Y Lol Vol = Z Uak Vi

a=e,u,T

Fields DgL = Z Uy Ukt |Ve) = Z K |vk)  States
K

|I/k(t,X)) _ e—iEkt"l‘iPkX |Vk> = |I/a(t,X)) _ Z U;k e—iEkt+ika |Vk>
k

vy = > Usklvg) = Ia(t,x))= > | D Use BPUgy | |ug)

B=e,p,T B=e,u, 7 \ k

Avg—vg (t,X)
Transition Probability

2 o .
Puasa(t, %) = [(plVa(t, X)) = [Avu g (6,2)] = 3 Usie™ P Uy
k
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ultra-relativistic neutrinos =— t~x =L source-detector distance

E2 _ 2 m2 m2
Ekt—kaZ(Ek—pk)L:EI;_’_z: :Ek+kpkL22—Ek
2
—im?
Prasvg(LE) = |3 Usy e ™28 Ugy
k
i i AmiL
= Z UakUpkUajUgjexp | —i 5E
k.
Amij =m; — mJ2

* * . 2 AmijL
Prasvp(L/E) = 5aﬁ—4ZRe[UakuﬁkUajUﬁj] sin

e 4E
>J 5
o (AmgL
+23° Im| Uz Upk U U | s.n< o >
k>j
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Two-Neutrino Mixing and Oscillations

v
vy,
2
Va) = > Uak k) (@ =e,p) v
k=1
J
U
U— cos?¥  sind |Ve) = cos® |v1) + sin® |v2)
~ \—sin? cos? |Vu) = —sin® [v1) + cost? |v)
Am? = Am3 = m3 — m?
Transition Probability: P = = sin? 20 sin? ALzL
y: Ve—vy — T vp—ve — 4E
Survival Probabilities: P, = P,,#_,,,# =1- P,,e_,,,#
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Three-Neutrino Mixing and Oscillations

@ Three-Neutrino Mixing and Oscillations
o Solar Neutrinos and KamLAND
@ Atmospheric Neutrinos and LBL
@ Three-Neutrino Mixing
o Allowed Three-Neutrino Schemes
e Mixing Matrix
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Atmospheric Neutrinos and LBL

Noutrino B

\ R
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Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A 764+ 0.2) x 10-5 a2
Ve = Vyu, Vr Super-Kamiokande _ mSOL ( ) X €
N
SNO tan? dsoL ~ 0.47 % 0.06
BOREXino
Reactor
- . (KamLAND)
v, disappearance
Kamiokande
. IMB
Atmospheric i
v sy Super-Kamiokande AmATM (2 4 + 0. ]_) X ]_O V
K T MACRO -
Soudan-2 sin? ®atm ~ 0.50 £ 0.07

Accelerator

. (K2K & MINOS)
v, disappearance

Two scales of Am*: Amimy ~ 30 AmZo,

Large mixings: ¥Yatm ~ 45°, UsoL ~ 34°
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Three-Neutrino Mixing

3
Var = Uakvie (o =e,p,7)
k=1

three flavor fields: ve, vy, v,

three massive fields: vy, v», v3

Am3 + Am3, + Amiz =m3 —m3 +m3 —m3+m; —m3 =0

Amio = Amd ~ (7.6 £0.2) x 107°eV?

AmBog =~ |Am3)| ~ |AmZ,| ~ (2.4 +0.1) x 10 3eV?
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Allowed Three-Neutrino Schemes

m? m?
V3 2
— ) —
Amgoy, <__
141
5
ATTLATM Am’?\TM
)
e 2
__> Amgoy, 1
%1 1253
"normal” "inverted"”

different signs of Am%; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

e (ev?)

SOL Ua Ues |Us

2 5 U= Un U |Us
‘ Amyy K [Ams| ‘

Un Up |Us

ATM

Am%HOOZ =Am3; = A’"2ATM

sin® 20crooz = 4|Ues?(1 — |Ues|?)
g

| [VesP £5x10°2 |

CHOOZ: {

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED!

|Uel|2 ~ cos® ¥soL |U32|2 ~

|U“3|2 ~ Sil’l2 7-9ATM |UT3|2 >~

AndlysisA

Ve -V,

5 90% CL Kamiokande (muti-GeV)

7 B 90% CL Kamiokande (sub+multi-GeV)

T T T T T T
01 02 03 04 05 06 07 08 03, 1
sin’(26)

[CHOOZ, PLB 466 (1999) 415]
[Palo Verde, PRD 64 (2001) 112001]

Sin2 ’1.950|_

COS2 7-9ATM
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Bilarge Mixing

1 0 0 C13 0 51367'.(5:l3 cip s12 0 1 0 0
U=10 C23 523 0 1 0 —S512 C12 0 0 6'>‘2 0
0 —523 (23 —5136'513 0 C13 0 01 00 e’>‘3
P23 ~ FATM 913 ~ FcHooZ P12 ~ FsoL BBov
c12€13 s12€13 s13e~ 7013 10 0
= | —spos—crsn3size®3  cpos-spsssize3 spas 0e?* 0
s12S3—Cr203513€013  —crosi—sinexssize¥3 oscs 0 0 e?3
- 2 _ +0.022 s 2 _ +0.07
sin“ 1> = 0.304" 5076 sin“ 923 = 0.50" g6

sin? 3 < 0.035 (90% C.L.)

[Schwetz, Tortola, Valle, New J. Phys. 10 (2008) 113011]

Hint of %13 > 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801; Balantekin, Yilmaz, JPG 35 (2008) 075007]

Sin2 19]_3 = 0016 + 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
@ Mass Hierarchy or Degeneracy?
@ Tritium Beta-Decay
@ Neutrinoless Double-Beta Decay
o Cosmological Bound on Neutrino Masses
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Mass Hierarchy or Degeneracy?

normal scheme inverted scheme
10° T T T 10° T T T
QUASI QUASI
DEGENERATE DEGENERATE
W0 E oy E 0tE E
_ N A o
= 102 E = 102f E
NORMAL INVERTED
10-5F SCHEME | 4 10-5F SCHEME
my ms
NORMAL INVERTED
HIERARCHY HIERARCHY
104K ‘, " ‘, 101K ‘, " ‘,
10~ 107% 1072 107! 10° 10~ 107% 1072 107! 10°
Lightest Mass:  m; [eV] Lightest Mass:  my  [eV]

2 _ 2 2 2 2 2 2 2 2 2
my = mi + Amyy = my + Amgsop mi = m3 — Am3; = m3 + Amjyy
2 _ 2 2 2 2 2 _ 2 2 2 2
m3 = mi + Am3; = mi + Ay my = mi + Amyy > m3 + Amjpyy

Quasi-Degenerate for my >~ mp ~ m3 ~ m, > \/Amipy, =5 x 10 2eV
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Tritium Beta-Decay

2
*Ho*He+e + 7. j—;_ = 7((:05;:3&) IMPP F(EYpPE(Q — T)/(Q — T)* — m2,

Q = M3H — /WEIHe — Me = 18.58 keV

Kurie plot

1/2
dr/dT
K= | et - [@-nyie-17 -]
o3 [MJF(E) pE
|m,, <22eV (95% C.L)]|
Mainz & Troitsk
\E ] [Weinheimer, hep-ex/0210050]
0.1§ m,, = 1006V i future: KATRIN (start 2012)
ot ! ! ! [arXiv:0810.3281]
18.1 182 183 184 185 186 o
T Q-m,  Q sensitivity: m,, ~ 0.2eV (3y)
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1/2
Neutrino Mixing — K(T) = l(Q — T)Z |Uek |1/ (Q — T)2 — mi]
K

D20 0 ) ]
o ) analysis of data is
[Ua]* =05 my =10eV
0.15 o ) ] different from the
[Ue2|* = 0.5 my = 100V o
S o ] no-mixing case:
< 2N — 1 parameters
0.05 \ 7
2
0 L L L L L n n n L n n n n L L L Z |Uek| = 1
184 18.45 18.5 18.55 18.6 k
Q—ms T Q—m

if experiment is not sensitive to masses (m, < Q — T)

effective mass: mé = Z |Uek|*m3
K

2 2 2 mj 2 2 1 m
K*=(Q-T) Zk:|uek| */1_ﬁ:(Q_T) Zk:|uek| {1—5ﬁ]

5 1 m? 2 P
=(Q-T) {1—5ﬁ] ~(Q-T)\/(Q-T) —m?
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mg = |Ue1|* mf + [Uea|* m3 + | Ues|* m3

10! T T T T 10! T T T T
NORMAL SCHEME INVERTED SCHEME
| Mainz & Troitsk | | Mainz & Troitsk |
10 3 10°F 3
3 KATRIN 2 KATRIN
107! 3 3
$ E 3
g = My, My
102 4 102 4
’,"r'm ’/'VVI'L;;
1073 - L L L 1073 v L 1 1
104 107% 1072 107! 10° 10! 104 10% 1072 107! 100 10!
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]

Quasi-Degenerate: my ~mo ~ m3 ~ m, — mé ~ mlz, Z |Ue;<|2 = m,%
k
FUTURE: IF mg S4x 1072eV =— NORMAL HIERARCHY
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Neutrinoless Double-Beta Decay

2+
B+ 0As
ot B,
Ge

676"

ot

Se

Effective Majorana Neutrino Mass: mgg = Z U2, my
k
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Two-Neutrino Double-@ Decay: AL =0

d N u
N1
NAZ) 5 N(AZ+2)+e +e + e+ =
Ve
(T52)7H = G [May?
. . 176
second order weak interaction process 0 e~
in the Standard Model d o .
Neutrinoless Double-8 Decay: AL =2
d AN u
NAZ) s NAZ+2)+e +e Y )

(7—1()/V2)_1 = Goy [IMoy|? |mﬁl3|2

effective
Majorana  mgg = » U2, mi Vet e
mass k d W .
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Uex = possible cancellations
k

mgg = |Ue1|2 my + |Uez|2 eio‘2 mo + |Ue3|2 ei°‘3 ms3

Op = 2)\2 a3 =2 (>\3 - 513)

Tm[mgs) Tm[mgs)]

[Ues|*e’*¢m

Mpp
(6% . Q-
g |Ue3)?e*my 4
. mpp _—
|Uea|?€*2miy |Uez|* €2y
(&) [€5)
|LT61|27711 Re[mﬁﬁ] ‘U(?l‘QT’Ll Re[mﬁﬁ]
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Experimental Bounds
CUORICINO (130Te) [PRC 78 (2008) 035502]

T >3x10%y (90% C.L.)| = |[mgp| < 0.19 — 0.68eV

Heidelberg-Moscow ("©Ge) (epsa 12 (2001) 147
T/ > 1.9 x10%y  (90% C.L.)| = ||mgp| $0.32 —1.0eV

IGEX (76Ge) [PRD 65 (2002) 092007]
T > 157 x 10%°y  (90% C.L.)| = ||mpg| < 0.33 — 1.35eV

NEMO 3 (IOOMO) [PRL 95 (2005) 182302]
Tf/"2 > 4.6 x10%y (90% C.L.)| = ||mgg| < 0.7 —2.8eV

FUTURE EXPERIMENTS
COBRA, XMASS, CAMEO, CANDLES
|m,3ﬁ| ~ few 1071 eV
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|m,3ﬁ| ~ few 1072 eV
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levy

1mggl

Bounds from Neutrino Oscillations

mgg = |Uel|2 my + |U62|2 eiazl mo + |Ue3|2 eia31 ms

10! 10!
NORMAL SCHEME INVERTED SCHEME
Iy & 10°
10-1 LEXP | N 1041
s
CP violation — =
1072 g 1072
1073 103
1074 -4 - -2 -1 1 1074 —4 - -2 -1 1
10 107 10 10 10° 10 10 1072 10 10 10° 10
m [eV] ms [eV]

FUTURE: IF |mgg| < 1072eV = NORMAL HIERARCHY
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BBo, Decay < Majorana Neutrino Mass

e |re=vh=-1
u P S
— F>— Ii)_ _>“J Ny
e~ e~ .
ﬁ 3 Ov —— /3cﬁ()1/
e e .
—>— —>— T
d u d u ,I"ur

Ve = ve(h = +1)

[Schechter, Valle, PRD 25 (1982) 2951]  [Takasugi, PLB 149 (1984) 372]

Majorana Mass Term

M 1 7,c —
Lef = =75 Mee (VgL Vel + Vel VgL)
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Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 522 (2004) 371; PLB 586 (2004) 198]
TOV bf

Tt =119 x10%y T7j, = (0.69 — 4.18) x 10°° y(30) 4.20 evidence

— SSE
— 2n2b Rosen - Primakov

4

Counts/keV
w
Counts / keV

n
]

i © Q=2039 keV
e 201; e Eneré?fgev o zééz 0 500 00 TS0 200 2500 3000
pulse-shape selected spectrum 3.80 evidence [PLB 586 (2004) 198]

the indication must be checked by other experiments
1.35 < Moy | S412 = 0.22eV < |mgg| < 1.6eV

if confirmed, very exciting (Majorana v and large mass scale)
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Cosmological Bound on Neutrino Masses

neutrinos are in equilibrium in primeval plasma through weak interaction reactions
_ S =) =) (=) _ - .
S etem vesS ve VNS UN venSpe UepSnet nS pe i

weak interactions freeze out

Mweak = Nov ~ GET®~T?/Mp ~ \/GNT* ~ +/Gnp ~ H =" Tgec ~1MeV

neutrino decoupling

1
4\ 3
Relic Neutrinos: T, = (—) Ty ~1945K = k T, ~ 1.676 x 107%eV

11 (Toy=2.725£0.001K)
. 3((3
number density: nf = Z%gf T} — ny,.7. ~ 0.1827 T3~112cm™3
. o NyooemMe 1 my o Dok Mk
density contribution: Qj = —% ~ — (Q b= = =
A g pe 1 94.14eV Y
(p6787"GN ) [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669]

h~07, Q,<03 = > m$14eV
k
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Power Spectrum of Density Fluctuations

Wavelength A [h~! Mpc]
10* 1000 100

T

10 1

T

2

T

T

1000

® Cosmic Microwave Background
®SDSS galaxies

Current power spectrum P(k) [(h-! Mpc)?]
o
S)

10 #Cluster abundance
= Weak lensing

4 Lyman Alpha Forest

TE vl v vl il
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model

(@), =0.28, h=0.72, Q% /0% =0.16)

3
Dashed Curve: E my, = 1leV
k=1

hot dark matter
prevents early galaxy formation

—

5(%) = @
3 T = —
(6(R8() = | % %% p(F)

small scale suppression

P(k) = T Q
- —08 kak 0.1
- ’ leV Qum h?

for

k > ko 7 0.026 4/ 1”;:/\/9,,, hMpc !

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
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WMAP (First Year), AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la = Flat ACDM
To=13.7+02Gyr  h=0.71"33%

Qo =1.02£0.02 Qp = 0.044 £ 0.004 Q,=0.27£0.04

3
Quh* <0.0076 (95% conf.) == > my <0.71eV
k=1

WMAP (Five Years), AJS 180 (2009) 330, astro-ph/0803.0547

CMB + HST + SN-la + BAO

To = 13.72 £ 0.12 Gyr h = 0.705 & 0.013
—0.0179 < Qo — 1 < 0.0081 (95% C.L.)
Qp = 0.0456 + 0.0015 Qm = 0.274 £0.013
3
> m <0.67eV (95% C.L.) Negr = 4.4 £ 1.5
k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

[PRD 78 (2008) 033010, hep-ph/0805.2517]

Flat ACDM
Case Cosmological data set Y (at 20)
1 CMB < 1.19 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lya < 0.19 eV

20 (95% C.L.) constraints on the sum of ¥ masses X.
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3
Y m $06eV (~20)

k=1
3
> S (~ 20)
me S 0.2eV ~ 20
k=1
NORMAL SCHEME
10°
| CMBFHST+SN4a+BAY|
| CMB+HY ABAO+Lya |
= ,
=
ITL;
S my
103 2 . . ,
1073 1072 107! 10°
Lightest Mass:  m; [eV]

3

CMB + HST + SN-la + BAO

CMB + HST + SN-la + BAO + Lya

10°

INVERTED SCHEME

| CMB+HST+S

- BAY|

m

1072

1073

7 mg

‘BAO+Lya |

107

1072 07

Lightest Mass:  mg

100
leV]

FUTURE: IF Z mi <9 x1072eV = NORMAL HIERARCHY

k=1
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Experimental Neutrino Anomalies

@ Experimental Neutrino Anomalies
o LSND
e MiniBooNE
@ Gallium Radioactive Source Experiments
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Beam Excess

LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL

Uy — Ve L~30m
175 ® Beam Excess
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MiniBooNE

[PRL 98 (2007) 231801]

Vy — Ve L~541m 475MeV < E < 3GeV

Nsz £
3 < f g
. Data L 6.462E20 POT
= [ Ve fromp F =
2 == v, fromK* [ &
g + == v, from K° | =
ir = P misid official E>475MeV 90%CL
ANy y N
4 = i 10p
I other E
Total Background F
14 15 1
EXE (Gev) F
> r F
3 osp ®  data- expected background [
P e bestfitv, - i
é 06 est-fit v, - ve |
& sin26=0.004, A m’=1.0eV?
Py .
g o4 5in?26=0.2, A m’=0.1eV? 107
3 F
02 .
. S i S f
[ t T T 1]
0l L T e T qo2lbeod vl vl
ES* (Gev) 10° 102 10"

1
sIn?(26)
[arXiv:0812.2243]

[arXiv:0901.1648]

Low-Energy Anomaly!
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p(measured)/ p(predicted)

Gallium Radioactive Source Experiments

tests of solar neutrino detectors
GALLEX  [pLB 342 (1995) 440; PLB 420 (1998) 114]

SAGE [PrL 77 (1096) 4708; PRC 50 (1999) 2246; PRC 73 (2006) 045805; arXiv:0901.2200]
Sources: e~ 4+ °1Cr — %V 41, e” +3Ar = ¥Cl+ v,

Detector:  ve+ 1Ga — "Ge+ e~

71 GALLEXCr1
114 SAGE Cr

1.0

: &\\\\\N&\\\w&\\\\& Rga = 0.87 4 0.05

[SAGE, arXiv:0901.2200]

0.7 1

GALLEX Cr2 sSAGE Ar

[SAGE, PRC 73 (2006) 045805]
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Conclusions

Ve — Vy,vr with Amig ~83x107°eV? (SOL, KamLAND)

vy — v with Amapy 2.4 x 1073eV?  (ATM, K2K, MINOS)

U
Bilarge 3v-Mixing with |Ues)? <1 (CHOOZ)

B & BBo, Decay and Cosmology =— m, < 1eV

FUTURE
Theory: Why lepton mixing # quark mixing?

(Due to Majorana nature of v's?)
Why only |Ues|? < 17
Explain experimental neutrino anomalies (sterile v's?).
Exp.: Measure |Uez| > 0 = CP viol., matter effects, mass hierarchy.
Check experimental neutrino anomalies.
Check BBo, signal at Quasi-Degenerate mass scale.
Improve B & BBy, Decay and Cosmology measurements.
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Hint of %13 > 0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801; Balantekin, Yilmaz, JPG 35 (2008) 075007]

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
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sin“ Yy, sin“ 1, sin“ Y,
Sin2 19]_3 == 0016 :l: 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

_f (1 =sin?815)° (1 - 0.5sin>915) SOL low-energy & KamLAND

Al (1 —sin® 1913)2 sin? 91, SOL high-energy (matter effect)
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Lyman-alpha Forest

Ly-ox emission

o

Q1422+2309
z=3.62

flux

550t
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to
Earth
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0.8
% oo !
B oaf ]
oaf E
0.0 E 1 1 1 L 9
4880 4900 4920 4940 4960 4980 5000
AL
[Springel, Frenk, White, astro-ph/0604561]
Rest-frame Lyman o, B, y wavelengths: A%, = 1215.67 A, AOB =1025.72 A, A}, = 972.54 A
Lyman-a forest: The region in which only Lyer photons can be absorbed: [(1 + zq)Aoﬁ, (1+ zq)A?x]
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