
"Intro to Thermal Field Theory:

I- (w/ a dense focus) -

- NOT TFT = Topological Field Theory

-60 min crash course focussing on introducing tools

- Assuming some QIT ∈ Stat Mech basics

- ASK QUESTION'S? And think
No coffee until about the

O

16: 15 :(

ASTRO-INCLINED FOLKS BEWARE:

h-kB=cÉ.

bubbles

Applications

✗ Neutron stars

Micro physics of Goss,

Transport

- Early Universe Cosmo

- Stat Phys/Condensed matter

(" statistical field theory")

- Heavy-ion Collisions
- Fun maths/mathphys :)



What is thermal FT?

f- w
in

(or statistical) ieldsantum
a medium

of
BY. ie

Reference .."" •
YB

Quantum
Field
in BOP

↳ Intrinsic properties

✗ Temperature T

✗ Chemical potentials M:

✗ External fields B, E...

✗ ...

all already defined

complications:

✗ New

[Cf: ∅" w/ two masses instead of one]

✗ Reference frame of the medium

Ecf: adding extra external momentum]
sold, Dhs so (d) → complicates

tensors
✗ IR problems from soft mom. scales

vector

This lecture

A highly nontrivial

open problem

intrinsic scale (s)

N
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⇔

⅔

÷

÷

≥

How is QFT .
modified in a medium?

How do QFs form a
thermal medium?



2W h a t  i s  f i n i t e  d e n s i t y ?

•  . .  o r  f i n i t e  c h e m i c a l  p o t e n t i a l

R e c a l l  y o u r  s t a t  m e c h  ( o r  c h e m i s t r y ) :

S y s t e m s  w /  p a r t i c l e  s p e c i e s  t r a n s m u t a t i n g

i s  i n  a  G i b b s  e n s e m b l e  w i t h  a  m e a s u r e

e x p  C -  3 H  +  µ  G )

H a m i l t o n i a n  N u m b e r  ⑨  = ,  f a c e d  8 °
D e n s i t y

N o e t h e r i a n
s y m m e t r y

c u r r e n t

N e u t r o n  s t a r s  a r e  p r e t t y  d e n s e ,

s o  w e ' l l  f o c u s  o n  t h i s .

E m m y ,  c a .
1 9 0 0  -  1 9 1 0

w h i c h  c o n s e r v a t i o n  l a w

f o r  N e u t r o n  S t a r s ?

W h y  i s  f i n i t e  M

P r e s e n c e  o f  a  N o e t h e r  c h a r g e ?

B e c a u s e  f i n i t e  µ  -  e x c e s s  o f  s t u
( t y p e  o f  p a r t i c l e s ,  q u a n t u m  n u m b e r . . . )

e q u i l i b r i u m  →  ⑨  c o n s t a n t  →  d i v j - o

>  G l o b a l  s y m m e t r y  o f  t h e  L a g r a n g i a n

e . g .  U c i )  s y n  o n  f e r m i o n s

 ↳  E y  ⇒  2 × - 4 2 4  ⇒  9 = 5 * 4
S p a c e



3
A trick to thermal fields

Given a GIT, how do
we describe it@ finite T, µ?

If we only care about Static Quantities

like the pressure, this is easy:

zero-components of momenta:

✗ Shift derivatives acting on
fields w/ finite chemical potentials

FE20...-741 ↳ FF20-Mf..-141

Derived from -MQ of last slide

✗ Change from minnows."

REIS'.IR'wider

(time)

*

"thermal compactification"

pots

Recall Fourier analysis]

Zant ← Bosons

a (25+1) TIME
✓ fermions

.

≥
⇐
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÷

•

§

• ✗

♂ • _

* pots po-ing

& integrals II: SEEATES-&

Matsu
Gara M ode

Complexness breaks more standard

tricks...
A lot of thermal FT is generalising

vacuum to work in medium!

129 Po P



Basic fermionic example

$121 [P? my-
d° P

[Your favourite QFT textbook]
will have something like:

How would
something like ↳ ¼Y change?

TΣ d

Brackets
= fermion

[assume Mas Tor µ: the
finite-m version has no closed form]

s
MEIR (291

" {Eat (2nd)-in]?p}-α

Σ Fps#α

[we can use the vacuum result]

M -4) & 92.x

M -R)
(CET)

(4) ½ net
Eat (2nd)-im]²

(y,eat} ½ α"
"

eat} "M-"✗ ⇔d
(4) ½4th

½ α yd-370-2×+1

☒ (½-Mut) + 9(½tim/zaT
Horwitz Zeta .

4

r

LD_At
α

(441%172)

"one-loop master integral"

What is its equivalent.

in a medium? En=-½ has plenty

4th

2¥ α pay-α

• nEN+

of applications in thermal GET:)



Quanton Field Pressure 5

Pressure ~ Free energy ~ Equation of State

Eos is the basic building block of
US modelling. How to get?

- In ① ∅ exp E- SC0B
action

path
integral

Problem: és complex@ finite µ
not a prob- measure → can't do
Monte Carlo [sign problem]

you get on EOS from microscopic
theory for your favourite GET:
Evaluate p-p (n), or p-p (pen))

ecall Stat mech Nf-Op/Omf
if you prefer densities (good in

Still, idea is there: this is how

conditions, what
about

nod. mat)

Fix action S β )
↳ Evaluate Rubfades

Use as TOV eqn. input
r

Finnish proverb:

"Rakkaalla lapsella

on Monta nimea" M

R

See if your results make sense

I like perturbation theory (weak coupling)

for pressure estimates i

pressuren SUM of bubble diagrams

+

In NS

can we assume
the scales?

② cut.
+ quart.

~ +I 4 ① 1 v
+ + +

+ + t & . . .

]Er



Non static Quantities

Quiescent Nss are "easy"
but in 2026 we want more:
NS collisions are hot fish)
and dynamic near-equilibrium
processes

> need to understand
EO5 at finite T (up to ~ 100 MeV)
and near-equilibrium physics like
transport phenomena
Ecf. heavy-ion phys. Top]

Still very little study at
finite µ.

Come talk to me about
balk viscosity :P

Dynamic processes ~ f- dependence

↳ can't cheat and use real ✗ ° to
encode thermal info
instead, need to double fields

"∅ ↳ (01,02)"
and use complex time coordinate

Imt
Schwinger

A tiny
- Keldysh
formalism

of

ip

Eg propagator GA (G"G" )
G2, G72

"Thermalness" appears as distribution
functions in Feynman rules.

A- in

6



5- Sax -rosy [free Dirac fermion]

- Index ∅

Spx R3

Quadratic action space-28k€

(Grossman) → " " "d". SQ3Gaussian integral

(free relativistic fermion gas!)

but nice sanity check

up to terms without scale,
TIME [centilat-if?p}

n

Free pressure from a QFT

β)+Th(1- e- pint)
Integrating over pERd≈IR3,

2
ROE?-45 "IT"

- ½#2 (M" + 24252)

laplacian
Can do eg. QCD
SC(Nc) gauge fields + Nf
Dirac fermions just as easily

LO

what's
2 used?

↳ up here.

7

DF Mom.

Result must agree w/stat. mech

R--hayes

=.. = Th(1+é"-"
3 knowing how to do

integrals is all well and
good, but "big" calls
are hopeless without
Mathematica

I use pQcD

but the idea is
the same w/ any
nuclear EFTor
N JL, etc.

as an example,

Caf. "Bag models" of Gcd..
this w/ some model constants]

Deep =_In Det ∅NfNc Detach

Dec-8RD +11-312%"

£3-Feldstein,)t"-IN.EE?+2T9y?
d
dis > DF (ptp)



NL0 Pressure

start by drawing diags

QCD② Nco = + +

[very easy to contract w/
Feyn Calc or similar]

= ♀"dold" ) {Ned"✗ £p⅓)

2 £124k#E- (& If
- 2ⁿᵈ" ⅔

1

Go if you did things correctly]

But this only works for OV!
In a medium, IR divergences show up!= 95 d[(Nc + ¾Nf)T"

+ ¾ µ? +277M? I
So for everything is finite!

144

d- 3

Eventually, Yes appear like
fin Vacuum QFTS: Contributions

from high energies diverge

Yes cancel against renormalisation
of the couplings, masses...i Here

gift) GE (A) [1+1%92111]

Intuitively, why are IR divergences
a problem in a medium?

(think finite T)

8

only part-for T=O!

gigCo, + g} (£+0,2)t...

↳ 921A)Co, + gift)Co?

+ GRIT)(0,13-+ 4,2%

1

1



Hard Thermal Loops

Kees going w/ R: 0

this dig 0 is a problem

It leaves a ¼ that is not
cancelled by gist? GR

Solution: resom 00°

no
+ to

Can you see
why just by looking

at it?

w

£...

LO free energy

of

- : In a medium, IR sensitive

why ½

Hard Thermal Loop

diagrams need resomming

We can compute this
(see next slide for how

to achieve this without
much headache)

½ EE Tr [IT (P) G (P1J"

→

HTL
Rio =

[Two tensor components T, L)
pP

- ES(d- 1) bull#9) + luC4 1TL/PM
P

≈ - da " [½ +1.17201+06C8HMÉ (ME)
[Effective mass α 5m²

HRS have a scale ME, normal diags
have a scale . Combining terms leaves a log

=-dame"(MEI,-(E) E) +01"+
(85172

Only talking about the IR sector at largem

here: Different tricks at large T

^ dam  ME
- ¢+5bn-

M.

of Braaten ≤ Pisarski g



More on HTLs

2" Pov: Compute self energ

~ P~gp.RO#g²p² +
K-P hard

Knp

K p soft

0 01£)

Now look at a propagator
vs Mom

with Prgp soft

#2 should be suppressed, it's No:

⅓ fee vs#siting!

arbitrarily many insertions needed:

= mint in + more

- ... =
P? MEE:[%-if P

d. 3 Snide; (Sig-Ppl?)

← -

I O In/ipo:p.-p)) + P2-1ME ¥2

8mn-PIE Sniffs;-Pip:)

1- Eph?:p

What is the physics

behind ME?

M? EG3N Ear (2Nd Nf)?

Can play
a similar

game with

3,4,...-point functions

G) P Po + SP
✗ m²

No closed
form

3ʳᵈ POV: HTC as on EFT

Can also derive standard HTC
from Lagrangian Gust gloon here)

② = FEE,FMVPFP,
H (V. D) 2

10Introduces new effective mass



fin.Thank you!

Enjoy Barcelona,

CSEC ☐ 2026,
AND ASK QUESTIONS

(Whether it's

now/later
from me/ others
about physics/

what to do in Barcelona
or whatever)



{BONUS

1) For cold NSs,

pressure computed to
3 (oops in '77 (!)

BILLIG gap while EFTS

W/ HTLS:

h an n u

7

Recent Developments (selfish pQCD Pov)

[likely not dissimilar to Aleksi's
[everything until n w

was methodology:applicable in general/Plenary's pQCD parts...

& needed new

tricks for computing
numerics.

B1

were being developed

Recent push to 01g!)

⑨ high in '18 by me
Olybing) in 123 others

01961 VERY SOON

Needed to understand
HTC past Broater Σ Pisarski:

What kind of corrections to
K4T past 0/92)

↳ Rapid recent progress

Finite T £ µ progress

progress more consistent.

Recently figured out
finite M, M,T

↳ Could calculate
Bulk viscosity

✗ mt
(w/out ms to break

chiral symmetry, matter
is con formal ⇒ ideal.

Turns out: Relativistic dense
matter is like leggings:)

Lots of other
interesting approaches:

For large µ,
holography option for

studying nearby theories
Functional Renormalisation
Group has found out inte­

resting things ab at

Conensates and ♂

And I'm sure you'll

hear lots about
nuclear phase

from ppl who
know it much,
much better

than I.



Bonus: Quick derivation of ITF

407 staff"TrOéBH, Z=Tre-BH 1 101 palpated
vs (Eval) pthint:&"in:{ theriplet,}•?,"",

u
blah

mech

402£:-2- ⊛ ① 0£ "RE-2" Tr [Oct

Take states 14,7, 10g > in Mink. 2 = SO9E"
Evaluate@ time →
f and analytically ontinue:

AC
(dfle-ilttlf.tt §, eists#e- BY  =

£1078:
E (t-ip) =#i

@-SE

ICA)-① f
I

Ict-ip) ⇒ If

& e- SE
① 1£71

Treat-Sdd.-Ad
① 41=8;

Requiring Cid) = 1,
> normalisation

K1S COMA, 1×70242,4)) ⇒ "Tr TOY, ✗ DO? (taxiety

=ZTr[0,7,,×iéβHOz(tz-PIXGIA,-ip, xD, 9Mt, 1×177

trace like

↳ BCS must be
periodic/anti periodic

periodic/
anti periodic

for static



Bonus: Briefly on RTF

In RTF, instead dut-ipl.tl" 8,181=1' 1111=1

(OCA)) = £/df df'd?"d?" ☆ of £011 £12 281018118'be
410=1" 8,107=4" £21074m

fields on a contour match

is[It-is 5%1-5,18!

' * %4E Easier basis:(¢,&a) = (& E.) ($04)
①

[example: Gillk,P)= [gr(B: 1) +4-81. of
i

)AÑp2ypo,Drr=(½+n☐Cpo)) 2=592)sgnlpo)
gloon

propagator

Normally, every diag

doubles w/ typel, 2 fields:

this simplifies:

Add" causal labelling"

r9

(arrows toward r)

a

Only bare objects Simplifying consequence:

Closed Causal loops vanish

rr-propagator " " 

contains "thermalness"

r aa-propagator vanishes

identically (all orders!)

D
r r ar ra

- 0, even
when

a

:*
a

resummed!)

r r
a

a

¼

a

9

r r ✓

L

(only for bare quantities!)"

^
v

- or?
(½ top (po) DR

DE


