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Topics

1. Study of dense QCD matter

Ginzburg-Landau analysis

[work w/ T. Hatsuda, N. Yamamoto, G. Baym:
A. Schmitt and S. Stetina: M. Ruggieri]

(Gauge/Gravity duality approach

[work w/ K. Ghoroku, M. Ishihara, K. Kubo,
T. Taminato and F. Toyoda]

\-

2. Astrophysical applications
Dark matter capture in neutron stars

[in progress w/ T. Hatsuda: Y. Sanematsul]




Interesting connection
between
matters and universe

¥

Dense QCD matter and Neutron Stars

Harmony of particle, astro-, and condensed matter physics

Physics Orchestra !



Basic profile of Neutron Star
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Major guestions

/1. How to be born and evolve? \
2. Why so compact?

3. How It cools down?
4. Why so huge magnetic field?

\5. Why so rapidly rotating? /




Theorist’s view of NS structures
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(D Atmosphere: hydrogen, a mix of
heavy elements
(providing info. of temperature)

@ Envelope: a few tens of meters
(acts as a thermal insulator)

@ Crust: 500-1000m thickness

@ Nuclear Pasta: In-btw crust/core
B Outer Core: a few kilometers

® Inner Core: Big question mark!



Nuclear “Pasta”

spherical nuclel and pasta nuclel

4 uniform

matter

antl Spaghettl Swiss cheese

K.Oyamatsu, NPASG1, 431 (1993)



Yes! We love Exotica!

New states of matter present in NS.!
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paantitative differences among them?



Study of QCD matter



Grand Challenge

- Space-time evolution of QCD matter -

Nuclear

Hadrons ’ force
Nuclei

E__Q

Early universe Neutron/quark star Supernovae

The answer to the ultimate question
“Why the matter of our universe can be stable?”



QCD Lagrangian
(Han-Nambu, 1965)

Providing testing field for any new idea.

Unsolved problems (inexhaustible spring)



Basic properties of QCD

m Asymptotic freedom (Gross-Politzer-Wilczek, 1973)

“QCD coupling gets weaker as the energy grows”

%r width

Y decay
D. Gross  H. Politzer F. Wilczek
DIS :
_ o (2004, Nobel Prize)
Coupling
constant
o
~
N
I

immp Asymptotic
freedom

10
u GeV

long distance < energy scale k (GeV) » short distance



mSymmetries in QCD and their breaking pattern

] ]
Q GL=§(1—?’5)% QR=§(1+’}’5)G é

La=Lalq.A)+La(qy. A) — (g, mq, +q,mq, )

classical QCD symmetry (m=0)

g — SU(S)C X [SU(Nf)L X SU(Nf)R] X U(l)B X U(l)A

Quantum QCD vacuum (m=0)

Chiral condensate : Axial anomaly :
spontaneous mass generation quantum violation of U(1),

Qs v a
(G0,) # 0 0uT% = 2Ny R,




Origin of masses

{—> Structure of the vacuum

4%
23%
73%

baryons
dark matter

dark energy

Einstein (1917)

WMAP, Planck

~ 10 MeV
~ 1000 MeV

Nambu (1960)

RHIC, LHC

5
|
o

10 MeV

3
2

Anderson (1963)
Englert-Brout, Higgs (1964)

LHC, ILC




Confinement of quarks/gluons (Origin of us)

Chiral symmetry breaking (Origin of s

Strong coupling nature of¢ 60’\ ouum

W
Moreover recentlv "'\',\e( 1% guarks/gluons at
e .
deogchmperature/densny
QO(\.,cn intensively investigated, indicating
the created matter is yet strongly-interacting



Content

381. Introduction

82. QCD at finite baryon density
83. Ginzburg-Landau study in dense QCD
84. Astrophysical application

§5. Summary



QCD@high temperature(T )/density(p)

QCD vacuum undergoes & phase change at some values of T and p!

“Conjectured phase _
T diagram” Each phase characterized by

Quark-gluon plasma (QGP)

<5q> * chiral condensate

<qq> . diguark condensate

Color superconductor
(CSC)

— "order parameters”




Dense QCD: Why so difficult ?

1. Lattice QCD: tough

2. Experiment: hard
Entropy production brings us to higher temperature regime

3. Supersymmetry: hopeless
Nuclear world would be a very different place with bosonic quarks

4. Quantum phase transition: rich
Entanglement among different orders

As some trial, see

N. Maru and M. Tachibana,
“Color superconductivity from Supersymmetry”, hep-ph/0411079



0 (@) O
o QGP (quark-gluon plasma)
(@) (@) [ )

Barducci-Casalbuoni-De
Curtis-Gatto-Pettini('89) ©

~200 MeV Asakawa-Yazaki(’89) °

Hadronic NG
(Nambu-Goldstone)
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Similarity between QCD

and High Tc Superconductor

~

-
Pseudo Gap

—

1| g ~.T
AFM '.I / sc \
' -

Hole concencentration x

Temperature T

Common features in QCD, HTS, and ultracold atoms

1. Competition between different orders
2. Strong coupling
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Ginzburg-Landau (GL) analysis

Ginzburg-Landau (GL) approach : model independent, analytic

1. Topological structure of the phase diagram
2. Order of the phase transition
3. Ciritical properties

7/ = J [do'] exp(—J. deeﬁ(o'(x);K)) o(x); Order parameter field

1 : .
Leﬁ — E(VG)Z + E a (K)o" Same symmetry with underlying theory

K={T, m, u, ... } . External parameters

Ginzburg-Landau = Saddle point approximation
Wilson = Fluctuations by renormalization group method




Ginzburg-Landau study in dense QCD

Order parameters

Chiral field Diquark field

(dL )ia ~ gijkgabc (qL )2 (QL )c

2ia, 2iog T
d —ee" ™V, d V,

GL potential




Chiral part

Vy = Str ol + (o 970) 4 i (o10)’

4 Al

_7- (det@ + det&I)T) :

i

Pisarski-Wilczek (1984)



Diquark part

ao tr[dyd), + dpdp)]
(o« i)

B (trl(d,d})?] + tr{(dpdfy)?])
B3 tr[(dpd ) (d, dL)] + B tr(d,d ) tr(dgdt)

lida-Baym (2000)



Interplay part

1 tr[(dpdy)® + (ddy)®']
+ tr[(d, d) )PP + (dpdl,)®! @]

+ Ao tr[dLCZTL + deTR] tr[DTP]
+ A3 (det@ : tr[(deTR)q)_l] + h.(.‘)

Hatsuda-Tachibana-Yamamoto-Baym (2006)



Kobayashi-Maskawa-"tHooft (KMT) interaction

Axial anomaly

2 possible ways of contracting
6-g KMT vertex in dense QCD



A simple ansatz for condensate fields

3-flavor massless quark matter (mu =m,=m, = ())

Color-Flavor Locking (CFL)

Alford-Rajagopal-Wilczek (1998)

<q;Cy5qi> — gabcgijk (dL )Z oC 8abA8ijA — 5;511 o 53151

SU(3), xSU3), xSUQ)g = SUQ).,

CFL breaks chiral symmetry!

Srednicki-Susskind (1981)



0 ' Chiral condensate

¢ : Diquark condensate (CFL)

da, b, C, Q, ﬂ, 14 * GL parameters
Possible phases m
-d ,020 is favored
-ext. source for o

Equivalent to Ising-ferro !

d#0

o #0,d#0 Critical point !




Possible phase diagram in QCD

A
BCDGP-AY

deconfined
quarks and gluons

hadrons

Q
- —
—
-
(4N
- —
Q
Q.
-
Q
i

<qq>#0 ;
35_ color

<gg>#0 superconductor

<qq>#0 * HTVYB <qq>#0

.
baryon chemical potential

“Anomaly-induced critical point in dense QCD”
Hatsuda, Tachibana, Yamamoto & Baym, PRL(’06)




; ; week ending
PRL 97. 122001 (2006) PHYSICAL REVIEW LETTERS i

New Critical Point Induced By the Axial Anomaly in Dense QCD

Tetsuo Hatsuda,! Motoi Tachibana,” Naoki Yamamoto,' and Gordon E'.Eq,fm3
'Department of Physics, University of Tokyo, Japan
’Department of Physics, Saga University, Saga 840-8502, Japan
Department of Physics, University of Hlinois, 1110 W. Green St., Urbana, llinois 61801, USA
{Received 10 May 2006; published |8 September 2006)

We study the interplay between chiral and diguark condensates within the framework of the Ginzburg-
Landau free energy, and classify possible phase structures of two and three-flavor massless QCD. The
QD axial anomaly acts as an external field applied to the chiral condensate in a color superconductor and
leads to a crossover between the broken chiral symmetry and the color superconducting phase, and, in
particular, to a new critical point in the QCD phase diagram.

DO 1001103/PhysRevLett.97. 122001 PACS numbers: 1238 —1. 2660.4¢

- r week ending
PRL 99. 130406 (2007) PHYSICAL REVIEW LETTERS 2g sprock ending

Superfluidity and Magnetism in Multicomponent Ultracold Fermions

R.W. Ehm'ngl G. Refael.” and E. Demler’
'Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
“Department of Physics, California Institute of Technology, Pasadena, California 97125, USA
iReceived 2 May 2007; published 28 September 2007)

We study the interplay between superfluidity and magnetism in a multicomponent gas of ultracold
fermions, Ward-Takahashi identities constrain possible mean-field states describing order parameters for
both pairing and magnetization. The structure of global phase diagrams arises from competition among
these states as functions of anisotropies in chemical potential, density, or interactions. They exhibit first
and second order phase transition as well as multicritical points, metastability regions, and phase
separation. We comment on experimental signatures in ultracold atoms.

DOT: 1001 103/PhysRevLett. 99,1 30406 PACS numbers: 05.300p, 03.75.Mn, 03.75.5s
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Dark matter capture
IN neutron stars






Why the connection
between
DM and NS?



Possibly constraining WIMP-DM properties via NS
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Impacts of dark matter on NS

e NS mass-radius relation with dark matter EOS
* NS heating via dark matter annihilation

e Dark matter capture in NS and formation
of black-hole to collapse host neutron stars

cf) This is not so a new idea. People have considered
the DM capture by Sun and the Earth since 80's.

cosmion W. Press and D. Spergel (1984)
Application to NS : Goldman-Nussinov (1989)



Cooling curves of Neutron Star

Internal Temperature C. Kouvaris (‘10)

10° 10* 10° 10° 107 10°




(1) Accretion of DM
dN

dtx =C,(N Z) C, : DM capture rate

(1) Thermalization of DM (energy loss)

dE .
— =—¢n,0, ZV§E oy, - DM - nucleon cross section

dt

(2) BH formation and destruction of host NS

condition of
self-gravitation

A}

N, m
Y% —p. v, :thermal radius

47[1;,31/3_



Capturable number of DMs in NS

Capture rate due 10 DM-nucleen scattering

Self-capture rate due'to DM-DM scattering

DM self-annihilation rate



— — no self-capture/annihilation

Just linearly grows and he growth rate.

Realized when DM carries a conserved charge,

analogous to baryon number.

Below we consider this case



(D DM capture rate

The accretion rate

V(f”)

—n (N (r)e —

(Voy,)

n (r): DM density ny(r):baryon density
v =220km/s : DM velocity v(r):escape velocity
3v(r) 4u m, m,my

BZZ_ ’ ﬂ:_a
2 v: (u-1y m, m,+m,,




2 Thermalization of DM

After the capture, DMs lose energy via scattering
with neutrons and eventually get thermalized

O-NZ

¢ xTTx IOSyrs(z'l x104scm2J(O.lGeVJ[IOSK]
th ™ 1+

45 2
! 005ayrs| 21X10 e [
100GeV

O-NZ




3 Self-gravitation of DM

Then, the DM gets self-gravitating once the total
# of DM particles is larger than a critical value

r

If this condition is met, gravitational collapse takes place.



Condition

N, <N,

elf
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However...



Hadrons inside NS are in EXTREME,
and exotic matter states could appeatr.

/(e.g.) neutron superfluidity
meson condensation
guark superconductivity

A

N

4

What if those effects
are incorporated?



Some work In progress

w/ T. Hatsuda

(1) DM thermalization
(Ref.) Bertoni-Nelson-Reddy (2013)

Hyperon degrees of freedom?

2 NS mass-radius relation
(Ref.) Ciarcelluti-Sandin (2011)

TOV eq. w/ dark star core



Summary

Stellar constraints on dark matter properties

Dark matter capture in neutron stars
--Accretion, thermalization and BH formation—

Models for DM, but not considering NS seriously

Proposal of medium effects for hadrons in NS
--modified vacuum structures and collective modes--

DM study via NS Is interesting!



Summary

Study of dense QCD matter
1. Dense QCD world as “Terra Incognita”

2. Ginzburg-Landau study in dense QCD
3. Arealization of quark-hadron continuity

Astrophysical applications of dense matter
1. Neutron star(NS) as our “laboratory”

2. Recent topic for the NS observations
3. Vortex dynamics of CFL quark matter



Thank you !
RE



Summary Anime






What is Neutron Star ?




Ask our Maestro, Wikipedia

A stellar remnant after supernova explosion
o Literally, composed almost entirely of neutrons

e |lts density Is approximately equivalent to the
human population condensed to the size of

a sugar cube.




Major guestions

/1. How to be born and evolve?
2. Why so compact?

3. Why so huge magnetic field?

\4' Why so rapidly rotating?

N

v
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Oh, yes! We love Exotica!

New states of matter present in NS !

Superfluid neutron/Supercond. Proton
Bose-Einstein condensate (BEC) of mesons

Hyperons (hadrons w/ strangeness)
Deconfined quarks

Neutron star = laboratories for
studying matter in extreme!




We can even sing Neutron Star!

FIAMNS - WELAL - SWITAK

NEOTRON STAR (0L|.|510N(|.0VE 1S FUREVER}
—ro —

o SurseTit BNt iChiop Shogeatlantis §e i

NLATTHEW BELLANMY

Let’'s karaoke!

"



Study of QCD matter



QCD Lagrangian
(Han-Nambu, 1965)

Simple, bud® iy fertile in physics and math.
Providing testing field for any new idea.

Unsolved problems (inexhaustible spring)



A memory of Prof. Nambu

- In 2003, | gave a seminar in front of Nambu san
and some other people including Yanagida san.

- That was the most exciting talk I've ever had.

- After the seminar, we went lunch and there,
Yanagida san asked Nambu san why he could
identify pion as the Nambu-Goldstone boson.

- After some time, he replied “I intuitively thought

so from the mass ratio btw pion and nucleons.”



A child-like guestion

What happens to matter,
as we make It hotter and hotter




Dense OCD: Why so difficult ?

1. Lattice QCD: tough

2. Experiment: hard
Entropy production brings us to higher temperature regime

3. Supersymmetry: hopeless
Nuclear world would be a very different place with bosonic quarks

4. Quantum phase transition: rich
Entanglement among different orders

As some trial, see

N. Maru and M. Tachibana,
“Color superconductivity from Supersymmetry”, hep-ph/0411079
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Similarity between QCD
and High Tc Superconductor

Hole concencentration x

Common features in QCD, HTS, and ultracold atoms

1. Competition between different orders
2. Strong coupling




“*Anomaly-induced critical point in dense QCD”
Hatsuda, Tachibana, Yamamoto & Baym, PRL(’06)

A
BCDGP-AY

deconfined
quarks and gluons

hadrons

Q
o —
—
e
4w
o —
Q
o
-
Q
et

<qq>#0

baryon chemical potential




; ; week ending
PRL 97. 122001 (2006) PHYSICAL REVIEW LETTERS i

New Critical Point Induced By the Axial Anomaly in Dense QCD

Tetsuo Hatsuda,! Motoi Tachibana,” Naoki Yamamoto,' and Gordon E'.Eq,fm3
'Department of Physics, University of Tokyo, Japan
’Department of Physics, Saga University, Saga 840-8502, Japan
Department of Physics, University of Hlinois, 1110 W. Green St., Urbana, llinois 61801, USA
{Received 10 May 2006; published |8 September 2006)

We study the interplay between chiral and diguark condensates within the framework of the Ginzburg-
Landau free energy, and classify possible phase structures of two and three-flavor massless QCD. The
QD axial anomaly acts as an external field applied to the chiral condensate in a color superconductor and
leads to a crossover between the broken chiral symmetry and the color superconducting phase, and, in
particular, to a new critical point in the QCD phase diagram.

DO 1001103/PhysRevLett.97. 122001 PACS numbers: 1238 —1. 2660.4¢

- r week ending
PRL 99. 130406 (2007) PHYSICAL REVIEW LETTERS 2g sprock ending

Superfluidity and Magnetism in Multicomponent Ultracold Fermions

R.W. Ehm'ngl G. Refael.” and E. Demler’
'Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
“Department of Physics, California Institute of Technology, Pasadena, California 97125, USA
iReceived 2 May 2007; published 28 September 2007)

We study the interplay between superfluidity and magnetism in a multicomponent gas of ultracold
fermions, Ward-Takahashi identities constrain possible mean-field states describing order parameters for
both pairing and magnetization. The structure of global phase diagrams arises from competition among
these states as functions of anisotropies in chemical potential, density, or interactions. They exhibit first
and second order phase transition as well as multicritical points, metastability regions, and phase
separation. We comment on experimental signatures in ultracold atoms.

DOT: 1001 103/PhysRevLett. 99,1 30406 PACS numbers: 05.300p, 03.75.Mn, 03.75.5s




Dark matter capture
IN neutron stars



Why the connection
between
DM and NS?



Possibly constraining WIMP-DM properties via NS
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Impacts of dark matter on NS

e NS mass-radius relation with dark matter EOS
* NS heating via dark matter annihilation

e Dark matter capture in NS and formation
of black-hole to collapse host neutron stars

cf) This is not so a new idea. People have considered
the DM capture by Sun and the Earth since 80's.

cosmion W. Press and D. Spergel (1984)
Application to NS : Goldman-Nussinov (1989)



Interesting connection
between
matters and universe

¥

Dense QCD matter and Neutron Stars

Harmony of particle, astro-, and condensed matter physics

Physics Orchestra !



Thank you !
RE
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