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Production rate 𝜞 of electron and positron pairs under the  strong 
electric field E

𝐽. 𝑆𝑐ℎ𝑤𝑖𝑛𝑔𝑒𝑟, 1951

𝑬

By using the holographic duality,  we consider quark-antiquark 
pair production rate 𝚪

𝑬

・ 𝚪 at  finite temperature phase

・ 𝚪 at chiral symmetry breaking phase
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Quark-antiquark pair production rate 𝚪 at  finite 
temperature phase by holography



Holographic dictionary 

D7-branes in 𝑨𝒅𝑺𝟓𝑩𝑯 × 𝑺
𝟓Quarks at finite temperature 

SU(𝑵𝒄) gauge theory

Black Hole  horizon 𝒓𝑻Temperature T

Color 𝑁𝑐 curvature radius  𝑹 ∝ 𝑵𝒄

𝟏

𝟒

𝑰𝒎𝑳𝑫𝟕

𝟐𝝅𝟐𝝉𝟕
𝜞

Schwinger pair production rate Imaginary part of D7 Lagrangian

current quark mass,   
chiral condensate

D7-brane embedding

Electric field 𝑬 Electric  field E in D7-brane

K.Hashimoto and T. Oka ‘13

Holography

J.M. Maldacena 

1998

A. Karch and E. Katz ‘02



D7-brane embedding

𝒅𝒔𝟐 =
𝒓𝟐

𝑹𝟐
−𝒇𝟐 𝒓 𝒅𝒕𝟐 + 𝒅𝒙𝒊

𝟐
+
𝟏

𝒇𝟐(𝒓)

𝑹𝟐

𝒓𝟐
𝒅𝒓𝟐 +𝑹𝟐𝒅𝜴𝟓

𝟐

𝒇 𝒓 = 𝟏 −
𝒓𝑻
𝒓

𝟒
𝑻 =
𝒓𝑻
𝝅𝑹𝟐

𝒊 = 𝟏, 𝟐, 𝟑

𝑹: AdS curvature radius

D7-brane action  in 𝑨𝒅𝑺𝟓 Black Hole × 𝑺𝟓

𝑺𝑫𝟕 = −𝝉𝟕∫ 𝒅
𝟖𝝃 −𝒅𝒆𝒕 𝒈𝒂𝒃 = −𝟐𝝅

𝟐𝝉𝟕∫ 𝒅
𝟒𝒙𝒅𝝆
𝑹𝟐𝒓𝟐

𝑼𝟒
𝝆𝟑 𝟏 +𝒘′ 𝝆 𝟐

𝒓𝟒𝒇𝟐

𝑹𝟒

D7-brane:  (𝒕, 𝒙, 𝒚, 𝒛, 𝑿𝟒,𝑿𝟓, 𝑿𝟔,𝑿𝟕) 𝝆𝟐 ≡ 𝑿𝟒
𝟐
+ 𝑿𝟓

𝟐
+ 𝑿𝟔

𝟐
+ 𝑿𝟕

𝟐

𝑼𝟐 ≡ 𝝆𝟐 + 𝒘 𝝆 𝟐 =
𝒓𝟐 𝟏 + 𝒇 𝒓

𝟐
𝑿𝟖 = 𝒘 𝝆 𝑿𝟗 = 𝟎

𝑨𝒅𝑺𝟓 Black Hole × 𝑺𝟓 metric



Solution of D7-brane

Black Hole type:  D7-brane attaches to the BH horizon

Minkowski type:  D7-brane is off  the BH horizon

D7-brane embedding solution 𝐰 𝝆

𝒘 𝝆 = 𝒎𝒒+
𝒄

𝝆𝟐
+⋯ Current quark  mass   𝒎𝒒

VEV of chiral condensate   𝒄 ≡ −⟨ 𝝍𝝍⟩

At large 𝝆

A. Karch and E. Katz 2002

Stable mesons exist

Mesons are unstable.

𝒘 𝝆

𝝆

D. Mateos, R. C. Myers, R.M. Thomson, 2007



Pair creation rate 𝚪

𝑺𝑫𝟕 = −𝟐𝝅
𝟐𝝉𝟕∫ 𝒅

𝟒𝒙𝑳𝑫𝟕

The production rate Γ of quark-antiquark pair

𝜞 ≡
𝑰𝒎𝑳𝑫𝟕

𝟐𝝅𝟐𝝉𝟕
𝑳𝑫𝟕 =  𝒅𝝆

𝑹𝟐𝒓𝟐

𝑼𝟒
𝝆𝟑 𝟏+ 𝒘 𝝆 𝟐

𝒓𝟒𝒇𝟐

𝑹𝟒
− 𝑬𝟐

w(𝝆) :  D7-brane solution with 𝑬 = 𝟎

Sudden application of  an electric field 

𝑺𝑫𝟕 = −𝝉𝟕∫ 𝒅
𝟖𝝃 −𝒅𝒆𝒕 𝒈𝒂𝒃 + 𝑭𝒂𝒃 𝑨𝒙 = −𝑬𝒕

K.Hashimoto and T. Oka, ‘13



𝚪 for zero temperature (𝑨𝒅𝑺𝟓 × 𝑺
𝟓)

At T=0,  𝐴𝑑𝑆5𝐵𝐻× 𝑆
5 becomes 𝐴𝑑𝑆5 × 𝑆

5.

𝐬𝐢𝐧 𝜽𝟎 ≡
𝒎𝒒
𝟐

𝑹𝟐𝑬

𝒎𝒒: current quark mass 

Pair production rate 𝜞𝑻=𝟎 is obtained analytically.

D7-brane solution :    w 𝝆 = 𝒄𝒐𝒏𝒔𝒕 ≡ 𝒎𝒒

𝜞𝑻=𝟎 = ∫𝟎
𝝆∗ 𝒅𝝆 𝝆𝟑

𝑹𝟒𝑬𝟐

𝒓𝟒
− 𝟏

𝝆∗ = 𝑹𝟐𝑬𝟐 −𝒎𝒒
𝟐 𝒓𝟐 = 𝝆𝟐 + 𝒎𝒒

𝟐

=
𝑹𝟒𝑬𝟐

𝟐

𝝅

𝟒
− 𝜽𝟎+

𝟏

𝟐
𝒔𝒊𝒏𝜽𝟎 𝒄𝒐𝒔𝜽𝟎− 𝒍𝒐𝒈

𝟏+𝒄𝒐𝒔𝜽𝟎

𝟏−𝒄𝒐𝒔𝜽𝟎

𝜞𝑻=𝟎

𝒎𝒒

• At  𝑚𝑞 =
𝐸

𝑅
, 𝛤𝑇=0 = 0

• Quarks with  small 𝑚𝑞 is easy to be pair created

𝐸 = 2



𝚪 at finite temperature

Blue line:  Minkowski Type of  of D7 brane

Red line:  Black Hole Type of D7 brane

Γ − 𝑇 curve near  𝑻𝒄 for 𝑚𝑞 = 1

𝜞

𝑻

𝜞

𝑻

•  𝜞 increases rapidly at the temperature between Minkowski type and BH type of 
D7-brane with 1st order phase transition 

Γ − 𝑇 curve with 𝐸 = 2 and 𝑚𝑞 = 0.5, 1, 1.5

from the above

𝜞𝑻≠𝟎 ≡
𝑰𝒎𝑳𝑫𝟕

𝟐𝝅𝟐𝝉𝟕
is  given numerically.

• 𝚪 increases with 𝑻 Effective quark mass decreases with 𝑻



Effective quark mass
By comparing Γ ∣𝑇≠0 with  Γ ∣𝑇=0,

we derive  effective quark mass 𝑚𝑞
𝑒𝑓𝑓

at finite temperature  𝑇. 

𝜞𝑻≠𝟎 𝒎𝒒 = 𝜞𝑻=𝟎 𝒎𝒒
𝒆𝒇𝒇
(𝑻)

The temperature effect is absorbed  into the effective quark mass. 

𝒎𝒒𝒎𝒒

𝜞

𝒎𝒒
𝒆𝒇𝒇
(𝑻) 𝒎𝒒

𝒆𝒇𝒇
(𝑻)

𝑻 = 𝟎𝑻 ≠ 𝟎

𝜞

𝜞𝑻=𝟎(𝒎𝒒
𝒆𝒇𝒇
) =
𝑹𝟒𝑬𝟐

𝟐

𝝅

𝟒
− 𝜽𝒆𝒇𝒇 +

𝟏

𝟐
𝒔𝒊𝒏𝜽𝒆𝒇𝒇 𝒄𝒐𝒔𝜽𝒆𝒇𝒇 − 𝒍𝒐𝒈

𝟏+𝒄𝒐𝒔 𝜽𝒆𝒇𝒇

𝟏−𝒄𝒐𝒔 𝜽𝒆𝒇𝒇

𝐬𝐢𝐧𝜽𝒆𝒇𝒇 ≡
𝒎𝒒
𝒆𝒇𝒇

𝑹

𝟐

/𝑬



Effective quark mass

Temperature dependence  of   𝑚𝑞
𝑒𝑓𝑓

𝑇

𝑚𝑞
𝑒𝑓𝑓

𝑚𝑞
𝑒𝑓𝑓

decreases with  temperature.

Blue line:  Minkowski Type of D7 brane 

Red line:  BH Type of D7 brane 

𝐸 = 2 ,  𝑚𝑞 = 1



Comparing with NJL model 

𝑻

𝒎𝒒
𝒆𝒇𝒇

𝒎𝒒
𝒆𝒇𝒇
𝑻 = 𝒎𝒒 + 𝟐𝑮𝒔 𝑻 𝑵𝒄

𝒎𝒒
𝒆𝒇𝒇
𝑻

𝝅𝟐
∫
𝟎

𝜦
𝒅𝒑
𝒑𝟐

𝑬𝒑
𝐭𝐚𝐧𝐡

𝑬𝒑

𝟐𝑻

𝑻𝒄 = 𝟎, 𝐠 = 𝟔. 𝟓, 𝚲 = 𝟑, 𝒎𝒒 = 𝟏

At high Temperature, holographic results (red dots) can be fitted 
with the effective mass of the NJL model  at finite temperature (solid line)

𝑮𝑺 𝑻 𝑵𝒄 = 𝐠(𝑻𝒄
𝟐− 𝑻𝟐)

𝒎𝒒 = 𝟏

He, Li, Shakin and Sun PRD 67, 114012 (2003)



Quark-antiquark pair production rate 𝚪 at  chiral 
symmetry  breaking phase by holography
(zero temperature)



Quarks for the chiral symmetry breaking phase 

𝒅𝒔𝟐 = 𝒆
𝚽

𝟐
𝒓𝟐

𝑹𝟐
𝑨𝟐 𝒓 −𝒅𝒕𝟐 + 𝒅𝒙𝒊

𝟐
+
𝑹𝟐

𝒓𝟐
𝒅𝒓𝟐 +𝑹𝟐𝒅𝛀𝟓

𝟐

10-dim gravity  dual to the field theory at chiral symmetry breaking  phase
A.Kehagias and K.Sfetsos '99

𝒆𝚽 =

𝒓

𝒓𝟎

𝟒

+𝟏

𝒓

𝒓𝟎

𝟒

−𝟏

𝟑/𝟐

𝑨 𝒓 = 𝟏 −
𝒓𝟎
𝒓

𝟖
𝟏

𝟒

At  𝒓𝟎 = 𝟎, the 10-dim metric becomes 𝑨𝒅𝑺𝟓 × 𝑺
𝟓

D7-brane in 
the  10D gravity background
with finite 𝒓𝟎

Quarks 
with chiral symmetry breaking Holography

K. Ghoroku and M.Yahiro ‘04



D7 action

= −𝟐𝝅𝟐𝝉𝟕∫𝒅
𝟒𝒙𝒅𝝆𝑨𝟐𝒆

𝜱

𝟐
𝑹

𝒓

𝟐
𝝆𝟑 𝟏 +𝒘 𝝆 𝟐 𝑨𝟒𝒆𝜱

𝑹

𝒓

𝟒

D7-brane action 

𝝆𝟐 ≡ 𝑿𝟒
𝟐
+ 𝑿𝟓

𝟐
+ 𝑿𝟔

𝟐
+ 𝑿𝟕

𝟐
𝑿𝟖,𝑿𝟗 ≡ 𝒘 𝝆 ,𝟎

𝒓𝟐 = 𝝆𝟐+𝒘 𝝆 𝟐

𝒆𝚽 =

𝒓

𝒓𝟎

𝟒

+𝟏

𝒓

𝒓𝟎

𝟒

−𝟏

𝟑/𝟐

𝑨 = 𝟏 −
𝒓𝟎

𝒓

𝟖
𝟏

𝟒

𝑺𝑫𝟕 = −𝝉𝟕∫ 𝒅
𝟖𝝃 −𝒅𝒆𝒕 𝒈𝒂𝒃



Effective quark mass

𝒘 𝝆

𝝆

𝒘 𝝆 = 𝒎𝒒+
𝒄

𝝆𝟐
+⋯

Current quark  mass:   𝒎𝒒

VEV of chiral condensate:   𝒄 ≡ −  𝝍𝝍 > 𝟎

D7-brane embedding solution 𝒘 𝝆

chiral symmetry breaking 

The value of 𝒄 depends on   𝒓𝟎

𝒓𝟎

𝒄

𝑚𝑞 = 1

At 𝒓𝟎 = 𝟎,    𝒄 = 𝟎



Production rate and effective quark mass

The production rate Γ of quark-antiquark pair 

𝜞 ≡
𝑰𝒎𝑳𝑫𝟕

𝟐𝝅𝟐𝝉𝟕

w(𝝆) :  D7-brane solution with 𝑬 = 𝟎

Sudden application of  an electric field 

𝑺𝑫𝟕 = −𝝉𝟕∫ 𝒅
𝟖𝝃 −𝒅𝒆𝒕 𝒈𝒂𝒃 + 𝑭𝒂𝒃

𝑳𝑫𝟕 =  𝒅𝝆𝑨
𝟐𝒆
𝚽
𝟐
𝑹

𝒓

𝟐

𝝆𝟑 𝟏 +𝒘 𝝆 𝟐 𝑨𝟒𝒆𝚽
𝑹

𝒓

𝟒

− 𝑬𝟐

𝑨𝒙 = −𝑬𝒕



Production rate

𝜞

𝑐

Relation between 𝚪 and c  with𝒎𝒒 = 𝟏 and  𝑬 = 𝟐

Γ decreases with 𝒄 ≡ −  𝝍𝝍

At large 𝑐,  effective quark mass becomes large
and it becomes difficult to be pair created.



Effective quark mass

𝜞𝒄≠𝟎 𝒎𝒒 = 𝜞𝒄=𝟎 𝒎𝒒
𝒆𝒇𝒇
(𝒄)

The effect of chiral condensate is absorbed  into the effective quark  mass. 

𝒎𝒒𝒎𝒒

𝜞

𝒎𝒒
𝒆𝒇𝒇
(𝒄) 𝒎𝒒

𝒆𝒇𝒇
(𝒄)

𝒄 = 𝟎

𝜞

𝜞𝒄=𝟎(𝒎𝒒
𝒆𝒇𝒇
) =
𝑹𝟒𝑬𝟐

𝟐

𝝅

𝟒
− 𝜽𝒆𝒇𝒇 +

𝟏

𝟐
𝒔𝒊𝒏 𝜽𝒆𝒇𝒇 𝒄𝒐𝒔 𝜽𝒆𝒇𝒇 −𝒍𝒐𝒈

𝟏+𝒄𝒐𝒔 𝜽𝒆𝒇𝒇

𝟏−𝒄𝒐𝒔 𝜽𝒆𝒇𝒇

𝐬𝐢𝐧𝜽𝒆𝒇𝒇 ≡
𝒎𝒒
𝒆𝒇𝒇

𝑹

𝟐

/𝑬

𝒄 ≡ −  𝝍𝝍 > 𝟎

By comparing 𝜞𝒄=𝟎 with 𝜞𝒄≠𝟎,   we derive the effective quark mass for 
the chiral symmetry breaking phase.



Effective quark mass

𝒎𝒒
𝒆𝒇𝒇

𝒄 ≡ −⟨ 𝝍𝝍⟩

Dots: Results from D7-brane 

The effective quark mass agrees with  NJL model.

Numerical results for 𝒎𝒒
𝒆𝒇𝒇
(𝒄)

𝐸 = 6 𝑚𝑞 = 1

𝒈𝒔= 𝟎. 𝟕𝟒/𝑬
𝐦𝐪
𝐞𝐟𝐟 = 𝒎𝒒 − 𝟐𝒈𝒔  𝚿𝚿 +⋯ ,

𝒎𝒒: current quark mass



Summary
• We calculate  quark-antiquark pair production rate  𝜞 from  the imaginary part 

of on-shell  D7-brane  Lagrangian

• For finite temperature phase,  𝚪 increases rapidly at the temperature between 
Minkowski and Black Hole embedding.  There is a 1st order phase transition.

𝒎𝒒
𝒆𝒇𝒇
= 𝒎𝒒− 𝟐𝒈𝒔  𝜳𝜳 +⋯

• The effective mass    𝒎𝒒
𝒆𝒇𝒇

increases with c and it agrees with NJL model.

Γ

• We derive the effective quark mass 𝒎𝒒
𝒆𝒇𝒇

from 𝚪,  and it decreases with 𝑻.

• We also calculate    𝜞 at chiral symmetry breaking phase. 

𝜞 decreases with  𝒄 ≡ −  𝝍𝝍 .

𝒎𝒒: current quark mass

𝒈𝒔= 𝟎. 𝟕𝟒/𝑬


