(Yes, we can we learn about)

Cold Dense Phases of Matter
from Holography

Javier Tarrio
University of Helsinki

mostly arXiv:1807.09712 and work in progress
in collaboration with Antén Faedo, David Mateos, Christiana Pantelidou

Genova, March 19t" 2019



Motivation

» Holography as a means to understand strongly coupled field
theories

» Study the characteristics of a particular type of phase: those
with spontaneous breaking of the gauge group (CSC) at
strong coupling

» Of interest in astrophysical setups: neutron stars
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Applications of holography to QCD?
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Strings ho!

> | describe results from top-down models, where we extremize
type 1IB SUGRA, DBI and WZ actions

» There will be (horrendous) actions, but will try to keep
technical details to a reasonable(?) amount

» Why top-down? To have a clear interpretation of the system
under scrutiny



Geometric mechanism of color superconductivity
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Coincident D3-branes, SU(N)
Length of strings vanishes (massless gluons)



Geometric mechanism of color superconductivity
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Separate one D3-brane, SU(N-1)
Length of string is finite (massive gluons)
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In this section...

A supersymmetric
CSC

from holography
with isospin

v

>

Zero temperature
Higgsed phase, SUMNC)
Strong coupling

Not baryon density!



Setup

» D3/D7 system is the dual of N =4 SYM with charged
matter in the fundamental (not QCD)

» Work in the probe approximation [hep-th/0205236]

Ne < N

» We take Ny = 2 D7-branes: non-abelian DBI action and
Wess—Zumino [hep-th/9910053]



» The background of the D3-branes is, famously, AdSsx S°
ds® = h_%dx“dxu + he [dr? + rPww? + d(x®)? + d(x?)?]

with an RR flux F ~ N:Qg + self-dual:  rank of gauge group!

» Our brane configuration

‘ RL3 H R4 H & X9
D3 °
D7 ° ° +
D7 ° ° —

SU(2),x SU(2)x
Intersection breaks explicitly SU(2)r x U(1)g — U(1)iso



Action for two probe D7-branes

» The action for probe D7 branes is

1 1
~—— “Ptry/— H2(DX)? + F —/ FAF
S 472 D7e tr\/ |G+ H2(DX)* + |+87T2 D7C4/\(tr N

» Where

X = X7, F? = dA? + je?Pc AP AC



Action for two probe D7-branes

» The action for probe D7 branes is

1 1 1
-9 : —
S~ — e tr\/—|G+H(DX)2+F|+87T2/D7C4/\(trF/\F)

472 | s
> We take
X = ¢(r)o?*, A= ¢(r)dto® + a(r)w,o? |
and

Fimag) _ —gUk,F( 2€) D;Di¢p =0 (indices in R*)

)

[hep-th/9907014]



Action for two probe D7-branes

» The action for probe D7 branes is

1 ; 1
~ —— —¢ — 2 2 JR—
S~ e tr\/ |G + H}(D X) +F|+87T2/D?C4/\(trF/\F)
» We take
X = ¢(r)o | A= ¢(r)dt o> + a(r)wao?

and non trivial a(r) implies global symmetry breaking

U(l)iso X SU(2)R — U(l)diagonal



Instanton configuration and scale of spontaneous
symmetry breaking

» Self-duality determines the solution for the isospin function

7/\2 k = 1 trFEANF =1
TR A T Tt ArE

for Higgsing with Mg = 0 [hep-th/0504151, hep-th/0703094]

a—=

» Asymptotic behavior of a field relates to the A = 2 dual op.

log[r] =~ vev
r? 3

a = source

Spontaneous condensation of Qo2 Qt!



Quark mass and isospin chemical potential

» The solution for the scalar equation of motion is simply...

[hep-th/9907014]
2

r
¢:Mqr2+/\2

» Where M, is the source of the dual operator: mass of scalars

AND isospin density; we can read the vev from

vev
¢ = source — — + - --
2

to be
vev = (uul — dd") = (n, — ng) = M, N\?



Holographic CSC mechanism

» A D3-brane, tautologically, carries D3-brane charge

Sp3 = —NC/\/——gdtd3x+ NC/ Cs

t,X

» D7-branes also carry D3-brane charge!

5D7D/ C4/\<1 /trF/\F)
2 8m?

»

» This modifies the flux of F5 with a radial dependence. One

obtains
IR: N, , UV : N-.+ k

so branes are pulled out dynamically if k # 0!



Geometric mechanism of color superconductivity

_——




Massive spectrum

» The solution just presented has a finite isospin density. At
zero density the spectrum of fluctuations is

M. 2
w? — k? = 87rqu(n +1)(n+2)

> at finite density, charged fields uplift the degeneracy in the
spectrum

M 2
(W= 2i0)? — K* = 87r2Tq(n +1)(n+2)

» Furthermore, some fluctuations get an offset: strings
connecting both D7-branes

M 2
(w = 2pi50)% — k* = 4M,2 + 87T2Tq(n +1)(n+2)

[to be published]



Massive spectrum: pseudogoldstone

» When M, < A there is a pseudogoldstone mode: explicit
breaking of scale symmetry with energy scale much lower than
the sponatenous breaking scale

w =~ 2Mg + O(k)

[to be published]



Goldstone bosons

» Global symmetry broken

SU(2)R X U(]-)iso — U(l)diagonal

» We find two massless modes with dispersion relation
Wbty O(k%)
2;“1'50
(recall piiso = Myg)

[to be published]
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In this section...

A non-susy
normal phase

from holography
w/ baryon density

v

v

v

Finite temperature
not a Higgsed phase
Strong coupling

No isospin



Setup

» D3/D7 system is the dual of N =4 SYM with charged
matter in the fundamental (not QCD)

» Work in the Veneziano limit

N/ Nc is finite

» Yet N3 < Np < N, (and flavors are massless)



Qualitative description of the solution [1101.3560]

1 1
L=e2 R*1—§H/\*H—§d¢m*d¢

1 1 1
— §F1 A xFp — §F3 A xF3 — ZFS A *Fg

1
—§C4/\H/\F3

Nf _¢
N, €

Ne
N

—[G+dA+B[AZ,

+ A eMBIG -G+ G -GN,



Qualitative description of the solution

boundary

1
L=e"2?|Rx1 —Edgb/\*dqb

1
S—— F
2 5 N\ x5

origin

ds? = —r?dt? + r?dx? + r2dr?



Qualitative description of the solution [hep-th/os12118](1611.05808]

boundary
—2¢ 1
L=e Rx*1 —Edgb/\*dqb
1 1
—§F1/\*F1 —ZF5/\*F5
Ne | _ _
——Lxe ?/—|G A=
N |G + | A =2
N _
+WC)\ [Cg ]/\_2

origin

ds® = log r'/3 (—rzdt2 + r2d>_<’2) + r=2dr?



Qualitative description of the solution [1611.05808]

boundary
L=c¢e Rx1 —Edgb/\*dqb

1 1

—§F1/\*F1 —ZF5/\*F5
Ne . _ _

— IXe?/—|G =
N e |G+ | A =2
Nt _

+WC)\ [Cg ]/\_2

origin

ds2 = 7/3 (—rzdt2 + r2dx? + r_2dr2)



Qualitative description of the solution [1707.06989]

boundary

1
L=e"2?|Rx1 —§d¢A*d¢

1 1 1
— §F1 N *xFp — §F3 N *xF3 — ZFS A *xFg

N
—IXe/=[G+dAT B[ A S,

Ne

N _
+ Wf)\ edA [Cg — C6 + ] N =o

origin

ds2 = 7/3 (—rzdt2 + r2dx? + r_2dr2)



Qualitative description of the solution [1707.06989]

boundary

1
L=e"2?|Rx1 —§d¢A*d¢

1 1 1
— §F1 N *xFp — §F3 N *xF3 — ZFS A *xFg

N
—IXe/=[G+dAT B[ A S,

Ne

N _
+ Wf)\ edA [Cg — C6 + ] N =o

origin

ds? = —r'*de? + r2dx? + r2dr?



Geometric mechanism of color superconductivity

_——




Instability towards color superconduction work in progress

boundary

1
L=e"2|Rx1 - 5o Axdg

1 1 1
— §F1 A xfFp — §F3 A xf3 — ZFS A *Fg

Ne o _
——Ixe ?/—|G +dA
N |G + \
N
+ﬁmM [Ce — Co + ]

origin

A= Ay(r)dt



Instability towards color superconduction work in progress

boundary

26 1

L=e Rx*1 —Edgb/\*dqb
—%Fl/\*Fl—%F3/\*F3—%F5/\*F5
Ne o _
——Txe?/—|G+dA
e Ve aA |
N\ aa
4+ —Xe [Cs— Co+ G4 ]

origin /

A = Ay(r)dt +(r) w?(95s)



Instability towards color superconduction work in progress

» The BF bound in Lifshitz is

2
2 B+7)? _

—25
= 4

> 1 has mass below the BF bound, so it needs to condense to
avoid dynamic instability

» Backreaction of the mode in the supergravity fields affects the
Gauss law for D3-branes

1 r
/ Fs ~ N, + —/\/f/ W(r')dr
s5 2 Jo
the color branes are separated: SU{Af).
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Summary and conclusions

> Instability in a setup with finite baryon density and low
temperatures towards dynamic Higgsing

» Technically difficult to find end-point of instability: work in
progress

» One easier way to obtain a Higgsing is to promote to a
non-abelian configuration

» Pros: Only two extra fields, susy solution exists

» Cons: Non-abelian DBI



Summary and conclusions

» We have constructed such supersymmetric Higgsed phase at
finite isospin density

» Spontaneous condensation of 07 ~ QT2 Q and geometric
realization of CSC

» The low energy spectrum of the theory contains
non-relativistic Goldstone modes due to spontaneous breaking
of global symmetries



Thank you
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