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Flavor in AdS-CFT and smeared sources

1st version of the gauge/gravity correspondence (Maldacena '97):
N =4 SYM, SU(N) < type IIB strings on AdSs x S°

e Color branes — p-brane SUGRA solutions
e This correspondence contains only adjoint matter
Fundamentals? = Add N flavor D-branes (Karch '01)

» N¢ small — Flavors as probe branes — Non-dynamical, infinitely massive
quarks

» Nr large — Backreaction of flavor branes important! — Ssucra + Sbranes
(more difficult problem)

e flavor branes = sources to supergravity eoms — violation of Bianchi id. for fluxes
dF #0

e (Dp brane = codimension g-p defect)
e If the sources are localized — dF ~ §(x) Equations challenging to solve!

= Use smeared sources: a continuous distribution of branes — avoids §(x)
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The D3-D5 system

Let's add D5-flavor branes according to the array:

0|1|2|3|4|5|6|7|8]9
D3 | x | x|x|x|-|-|-1|-1-1-
D | x | x | x |- | x| x| x|-1]-1-

Creates a defect in (x%, x', x?) where fundamentals live

2+1 dim. fundamental matter coupled to gauge theory in 3+1 dim.

Work in the Veneziano limit N. — oo, Nf — oo Ne O finite

> N
D3 branes on the tip of a cone over a Sasaki-Einstein space

vVvyVvVYyVvyy

Flavor backreaction encoded in squashing between fiber and base

ds2e = dsgg + [...](dT + A)?

Previous works

e 1607.04998 (E. Conde, H. Lin, J. M. P., A. V. Ramallo and D. Zoakos):
Construction of backreacted massless anisotropic background. Scaling solution:

E: 2
dS2 |:d 12 + <4QF> (dixf) :| + R2 dr + R2 [dSKE + 8(dT+A) (1)

r3
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The D3-D5 system

© 1710.00548 (J. M. P., A. V. Ramallo and D. Zoakos). Massless black hole:

4
3

r? Ix
ds® = & { - (1 - r@)(dx")? + (dx')? + (dx?)? + (%) %} (2)
1

r3
2 f,,T 71dr2 52 2 9 2

e 1901.02020 (N. Jokela, J. M. P., A. V. Ramallo, D. Zoakos) Massive backreacted
background. Massive profile p(r) characterized by a cavity inside which p(r) = 0.
Cavity ~ quark mass.

© 2001.08218 (C. Hoyos, N. Jokela, J. M. P., A. V. Ramallo) D3-D5 with
non-monotonic 'flavor’ profiles

This work addresses

e Backreaction of a chemical potential?

e Analytic solution for Ny — 07
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Backreaction of the chemical potential

Turn on a worldvolume gauge field on the D5 F = dA = Aj(p)dp A dt, dual to a
baryon density and see how it backreacts: = Problem to solve S = Sj5 + Shranes:

e ¢ &2¢ &26
Sis = ﬁ fdlox\/jg(R —209) — S5 Hs — S F7 — <~ FF

= 1 g2 1 1
_%F3—HF5)—%J‘EC4/\H3/\F3

Sbranes:_TSZNf fMe d6€e% —det(é'—E‘i%]:)-f—SWZ
Swz=Ts [EN(Ce— CGAF+5GAFAF—5CF ANFAF) (4)

where = is the smearing form, enconding the distribution of the D5-brane charge.
Let's backreact!

dsie = dsge + (d7 + A)? (5)
Take a canonical basis of vielbeins for the KE. The Kahler form is:
Jke = el A 62 + 63 A\ 64, Jke = déA (6)

Define SAZE =¥ (e! +je2) A (e +ie*) . .
= dRe({22) = —3Im(2) A (d7 + A), dIm(£22) = 3Re(S22) A (dT + A)
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Backreaction of the chemical potential

Metric ansatz:

dsfy = h™2[—bdt>+(dx")? + (dx?)2+a?(dx*)?]+ h2 [E2 + S2dske + F2(dr+A)?]
Take F1 = H3 = 0.

Having a D3 — Fs

Fs = FO + FP 4 «F& (7)
F = K(p)(1 +*)d* A dp (8)
Féo) closed fixes K(p)
F&P = dCP (9)
CP = J(p)dx* A dx® A Re(S2) (10)
Having a D5 — F3
F3 = Qrdx® ATm(S) + Fiozdx' A dx® A dx® (11)
We obtain the smearing form:
dFs = 2k3, Ts= (12)
2k3, Ts= = —3Qrdx® A Re($2) A (d7 + A) (13)

Zero chemical potential given by J = Ay = Fi23 =0
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Backreaction of the chemical potential

Eoms: define the quantities X, Y and Z as:
X =e ?5%(8,A1)°, Y = Va2b?F2e958 — (9,A:)?, Z = FisbF?h*e®S® . (14)

02 log F = LQ2bF2e?S* — 3P PP 4 4 2ppigh _ o2 25" — Z

8 log S = 6a2bF2S% — 202bF*S* — %a2bJ254 B % _ % 3 % ’
82 log h = —bS* (, b58 ® 4+ Q2F%e? 18a2J2) B 3Qfe¢52(a2j2F258_25%)
Qzazb n g
02 log b = 18« bJ2S“ A2 20502 | 6@er +Z,
0 log v = —Q7FbF7e”S* + ‘9“” —3QrYS? 4+ 902bS2S* (15)

—0y log a0y log b — 0, log F O, log b — %&, log h O, log b — 40, log S O, log b
—0y log a0y log h — 20, log F 0, log e — 80, log F O log S — 80, log O log S
—12(8, log S)? + 1 (8, log h)? — Q2bF2e?S* — 23Qa®b’F2e?S10 | 52 F246

2 Y

2 2
—40?bF*S* — %Xt _90?p PS4+ 2 L 19,02 —Z=0.  (16)
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Backreaction of the chemical potential

955
82— 422
“ S

9sJ —9a°bS*J +3QrS*9,A. =0. (17)

QrabFe? s L Fe
\/a2b2F258 — e % (9, A:)2 2a

02p—abFS* (3 (F1223h254+20?)) =0.(18)

6Qr e 2 520, A + (QcFizs + 6QrJ)\ /a2 F258 — e 9(9,A02 =0.  (19)

Where €% =1 — Z—j.
e How to solve this system? = We can solve it perturbatively for small ¢ = 5%; and
d such that Fi3 = €d, J(p) = €dj(p). At e = =0, we impose AdSs
= Two kinds of analytic solutions:
1. Black hole with J = A; = Fi1o3 =0

2. Black hole with non zero J, A¢, Fi23
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Black holes with and without charge

Case J = A; = Fi3 = 0: Let j be the rescaled coordinate: j = p—”h , and Q(p) is:

Q(p) = % {2 arctanp + log (m) - w] . (20)

Then, at first order in ¢, we have:

b(p)=1- %, (ﬁ)=69(”)
a(p) =1-¢Q(p) , h(p) = 335 (1 —€Q (7))
G(p) = bgoph™* = 1+¢(} fz() 247 -1))
Fp@ = 5 (1+eR), ) = 5 (1+e5(7) (21)
(mz“ P+ QAIVE) + 37 -5 + %(ﬁ4+2)9(ﬁ),
Si(7) = =22 (PO IP(H) + Q)T (7)) + 177 = 3 + 5 (7 +2)2(7) -(22)
19 (x) = /1 XZZP(Z) dz , I8 (x) = / b 2Q(z) dz . (23)
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Black holes with and without charge

[
3
h

Case J = Ar = Fio3 # 0 Fios = €0, J(p) = edj(). Define § = -&
b(p) = (1- %) [1-4e8 (@) +2) ] |
9(7) = Q) — 5 (2(7) + 2) |
a(p) =1-€Q(p) - & (2p) +3) |
h7) = 4 |1 - ()~ 3¢5 () + 3) ] -
6(p) =1-3¢(5 (1-47°) - 7" p)) -
—652(3(20ﬁ3—5+ )+gﬁ49(5)) :
o = ﬁ(1+6F1(p) +ed? Fz(p))

S6) _ j (1 +€S1(p) + €8° 52(/))) (24)

Ph

6

]

F(7) = — 3% (PO IE(5) + Q(7) Iff)(ﬁ)) — 34 5 3290,
S:(0) = 75 (PAIL(0) + QA TI(D) — 577 +5 + 55 + 52— 7)20D)
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Black holes with and without charge

IO(x) = [P dr, TO(x) = [~ %W g,

WP =F 13017 . A0 = (P -1 F (333 -

L(p) = [{ 29dz, T(p) = [;° 2Pdz . (26)

Z2 Z2
And for J and the gauge field A¢:
) = — @ ) o7 4 155
J(P) = =57 (WD) La(P) + L(P) Ta () - (27)

Ap) = (A () + e A (7)) = 2ma’8 (a0(7) + c (7)) -

20(p) = — b . alp) = 285 (PP Io() + QA Ie(5)  (28)

43— (354 +1) 2
PLLAP)LCERNIR0) o (7)) 29)
e What's this expansion? Introduce the quark density: nq = _47r2g — F123 . and
N _n, ~ 4\[2(1 3 w2 2
the baryon density ny = 1 = §= %288 2 3 (14 0(%)) = =%
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Thermodynamics and applications

Thermodynamics: e Temperature from:

1 A
T= ﬁ\/gpp_lapv —8itlp—py = 2Ph(7TQ62)_1(1 - %5 - 5552)
e Entropy density s from Bekenstein-Hawking: s = VOI(SME Q2 ph(l + Be+ 652)
o Internal energy £ = Eapm V5!
e Free energy f = & — Ts. We can rewrite the expansion parameters:

1 1
A2 n¢ o Avr A2 nf,

= — + .., € =
20vrN.az T 574 N33 neT®
with 5 = oo, A = 4ngsNe, vr = Vol(M)(Vol(Ms))

Consider the case in which the number of D5 branes change — allow nf = Nngl
to vary and write 1st law of thermo, as in 1106.1637 (D. Mateos, D. Trancanelli):

d€ = TdS + ddns + pdn, (31)

1 is the ordinary (baryon) chemical potential, ® is a brane potential measuring the
cost of adding additional flavor branes

df = —sdT + ®dnr + pdng = s = —(07f)n;,n, (consistency check) (32)

+ ... (30)

Similar computations for ®, ;1. From the Gibbs free energy we can obtain the

pressures: g = f — dne —pung =>p, = —g — Pne. p, = —p
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Thermodynamics and applications

From the pressures we get speeds of sound:

~ 2 N\2 1 2
Py = (3 + R+ 8)e)€ = T5=aT 1 + 25 (525 + =2%s))

N33 wn TS

S 7_‘_2 2
pr= (3 = D1+ 8)e)E = TReaT* V2, = Depry.: (33)

e In this solution: dupx, = ng, Oup: =0
Cross-checks of thermodynamics:

» Tson—shell — Q =f_ g
» Energy density and pressures from Brown-York tensor
» Chemical potential i agrees with the UV value of A; to leading order in 5

Applications

Let's compute observables in the field theory. (Goal: study the effect of flavors)
Hydrodynamics at zero chemical potential: Use the 4d reduced action (1710.00548)
and perturb the metric to compute the shear modes. Impose a relation:

w = —iDyq* (L + 7Dy q") + ... (34)

Goal: obtain transport coefficients D, 75
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Thermodynamics and applications

n/s=TD, =1/(4n), 7s =2wT(1—log2+ €5/2(mw — 3)) (35)

with 7 the shear viscosity and s entropy density. Increase in 7 relative to the AdSs
value. At intersection between D3-D5 — (2+1)d CFT — AdSs, 7' " larger
Quark-antiquark potentials: Solve eoms of a fundamental string with the two

endpoints lying at the boundary. NG action:

s—_ L _ / drdoe? \/—det(g) (36)

Two configurationS'

1. 7=x% o =x' p=p(x*), no dependence on x?, x*

Bih nl _ os _ [ straight
2pr dpy/ 2 Y o Ty 2ra’ Vo, = 2n(S] fph dpL;] )

(F’O)
_ 5[ Vho B/ Fstael” 2 aFst aFs
_2fP0 dp<p(p —p4)\/hobs¢ #(P0) — by h es o° -2 dp62 p°
2. 7=x" o0 =x% p=p(x*), no dependence on x*, x* (analogous integrals for
dy, VL)
~. 2
Integrals expanded as: d) = dI(IO) + edl(f) + 652 \/“, = H ) + e\/H + €62 \/‘fs‘; )
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Thermodynamics and applications
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Figure 2: Quark-antiquark potential Vi = . Vg versus dg = w T'dy (a = [l. L). The upper

) PLEYY =
plots are for for different ¢ and fixed &, while the lower ones correspond to different values of 4 and
fixed e. The left plot shows the intra-layer potential, while the right one is the inter-layer one.
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Thermodynamics and applications
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Figure 3: Comparison between the corrections at different orders. In these plots V, = V
i I ¥ o= TRagp o

and f.f“ = nTd, fora=|,L and py = f'(l,f,r)l..
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Thermodynamics and applications

Physical interpretation:

» At d small, V follows the coloured curves until it reaches horizontal lines =
disconnected configuration dominant and V is flat

» Density of defects rising = separation where charges are screened is smaller.
Effect more pronounced in transverse direction to defects

» Enhanced screening is a consequence of having more color non-singlet d.o.f.
from fields at defects

» Increasing baryon density increases screening, since increasing baryon density
increases the d.o.f. contributing to screening
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Thermodynamics and applications

Entanglement entropy for slabs: Ryu-Takayanagi prescription: holographic
entanglement entropy between spatial region A in the gauge theory and its
compliment = find surface ¥ with bdy coinciding with bdy of A minimizing Sa:

8
S R (37)

Two configurations:
1. Parallel slab A = {—% <xt<l
SH _ Ly L3Vol(M5) fd 1 b F4 2 5164 y,2 + F2 582 ,

—o0 < X3, x* < o0},

4Gyg 2(p4y47 4)2
1/2 pl/2 g4

_ %) B3 ap FO 5

=2 f1 dy F /254 ar/F2hS8o2—al Feho S8
1

div _ N, —LL sl2a2 L : :
S|V =95332+ NeNca Tsﬁﬁ‘ Flavor part diverges with area law for
(2—|—1)—d theory from fields at the defect

4Gy Sres 4G Sy — 5 —

vovala) S = Lnvaae) 1S =

2 [ dy (L) = LJ™) =2p0 Qe (8 +€pn)
2. Transverse slab A = {—% <x3< %7—% <xl< %,—%2 <x*< LQ—Z},
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Thermodynamics and applications
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Figure 4: First row: rescaled parallel (left) and transverse (right) width [ = =T versus the

rescaled turning point. iy

(right) entanglement entropy S = I
o i ine e ovoil b Tt ettt entropy density according to (6.42)and (6.57)
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S™& versus the rescaled width.

Second and third rows: and rescaled parallel (left) and transverse

The slope of the
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Thermodynamics and applications
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Figure 5: Comparison between the corrections at different orders of the widths and entanglement
entropies, defined in way similar to (6.16)
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Summary and discussion

Backreacted D3-D5 intersection with massless quarks at finite T and chemical
potential

Construction of peturbative solution in 2 parameters. Regime of validity
N,
F>H >
A2
In this regime we obtain consistent thermodynamics and we can compute
quark-antiquark potentials, entanglement entropies

Results for entropy, energy density and pressures show additional d.o.f. along the
(2+1)-d intersection

These d.o.f. also increase entanglement entropy

These d.o.f. also contribute to the screening of color charges. Effected enhanced in
the transverse direction

Hydrodynamics show an increase in the second order transport coefficient (2+1)
dynamics
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Summary and discussion

Extensions

>
>

Construct a numerical solution valid for any election of parameters

Construct solutions interpolating between the black hole geometry in
1710.00548, non analytic in flavor and with Lifshitz-like scaling symmetry

Classify all possible solutions studying different boundary conditions

The regime of large chemical potential and small T can be used to extract an
equation of state to model neutron stars with anisotropic pressures (leading to
more compact neutron stars. Connections with black hole no-hair relations)

Add D7-brane probes to study anisotropic physics of holographic multilayer
theories as in 1909.01864 (U. Gran, N. Jokela, D. Musso, A. V. Ramallo, M.
Tornsd). Modelling 'graphene’

Extend analysis to other dimensions of defect and ambient theory. D2-D6
geometry of 1505.00210 (A. F. Faedo, D. Mateos, J. Tarrio) or D3-D3’
geometry 2112.13677 (N. Jokela, J. M. P., K. C. S. Rigatos)
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Summary and discussion

Thanks for your attention!
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