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AdS/CFT correspondence
Quantum Gravity on AdS = CFT on the boundary of AdS

How the bulk geometry encoded in the boundary theory?

”bulk” ”boundary”

�~ Entanglement (Ryu-Takayanagi ’06)

Min area of co-dim 2 surface 
= Entanglement entropy

Entanglement is enough??�~ (Susskind ’14)

(Maldacena ’97)



�~ The wormhole geometry connecting two boundaries

Consider the maximal volume 
which connects two boundaries

It grows linearly with time (at late 
times).

Classically, it grows forever.



�~ What is there in boundary theory that can  
    capture the continuing growth of the volume?

Entanglement? → No

The entanglement entropy SA 
=the minimal cross-sectional area 

of the wormhole

(Hartman-Maldacena ’13)

When t~ (the size of the region A), the entanglement 
stops growing.

→Entanglement is not enough (Susskind ‘14)



Complexity
Susskind ’14 proposed the continuing growth of the 
wormhole is related to ``complexity’’ in the boundary theory.

Complexity: the measure of the difficulty of transforming 
                    a reference state to some other state

| 0i
Complexity of a state     : minimal # of gates necessary for 
                                         transforming        to | i

| i

| i| 0i
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�~ reference state | 0i
�~ elementary gate set (simple operation) {Gi}

simple unitary1 or 2 qubit operators

complexity also grows linearly in t <— wormhole growth?



A good def. of complexity for generic QFTs 
has not been known yet.

There are many attempts recently
�~ 2d CFT [Caputa-Kundu-Miyaji-Takayanagi-Watanabe, 1703.00456]  

�~ Free scalars [Jefferson-Myers, 1707.08570, Chapman-Heller-Marrochio- Pastawski,1707.08582], 

...  

In order to give a good definition of the complexity, 
we should know much about the corresponding 
bulk quantity.→ Today’s focus



Holographic Complexity
There are two proposals on how to measure ``the size’’ 
of  the wormhole

Complexity=Volume

CV ⇠ V

Gl2AdS

WDW patch

CA ⇠ 1

~SWDW

(Susskind ‘14)

On-shell action evaluated in the  
Wheeler-DeWitt (WDW) patch

Complexity=Action (Brown et al.’15)

Both grow linearly with t  at late times at least for 
eternal neutral BHs and the shockwave geometry etc. 



2-dim dilaton gravity describing AdS2 spacetime

Today we mainly consider the holographic complexity 
in the so-called Jackiw-Teitelboim model (JT model).

It can be derived from the higher dim charged black 
holes by the dimensional reduction in the throat limit

⇡ AdS2 ⇥ S2
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⇡ AdS4
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horizon

r
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near-horizon region
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   Near horizon  
   region  

Horizon 



JT model is holographically dual to the SYK model: 
It can describe IR dynamics of SYK, which is governed 
by Schwarzian action (Maldacena-Stanford-Yang ‘16)

Sachdev-Ye-Kitaev (SYK) model:
quantum mechanical model of Majorana fermion

Ji1,...,iq
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:random coupling



�~ We expect it easier to define complexity in the  
    bdy theory←SYK model: QM of Majorana fermions 

�~ Einstein eq. can be solved (Almheiri-Polchinski ’14) 

�y→Can calculate complexity in various geometries: 
�y�y Shockwave geometry & Traversable wormhole… 

Motivation

Interesting to see the effect of the perturbation on 
complexity 

→Holographic complexity in the JT model gives a hint  
    about complexity in the SYK model ??



�~ We computed the holographic complexity in the JT  
    model both in the CV and the CA proposal

What we have done

→ Behavior of complexity in the CA proposal  
    disagrees with the CV result! 

CA stops growing :  ❌ linear growth at late times

�~ The JT model: derived from a 4d magnetically  
    charged black holes by the dimensional reduction 

    →observed the similar behavior in a 4d black hole!



�~ We found: complexity of a 4d electric black holes  
                     shows linear growth rate  at late times!

On the other hand…

→derived another 2d dilaton gravity theory “JT-like”  
    model, which describes the electric black holes and  
    found linear growth rate!

�~ d.o.f of adding Maxwell boundary term to the action
→also changes the late time behavior of complexity



Jackiw-Teitelboim model
�~ Jackiw-Teitelboim model: 2d (solvable) dilaton  
    gravity which describes AdS2 geometry  
                                 [Jackiw, Teitelboim, Almheiri-Polchinski]

�~ derived from the near-horizon region of 4d near- 
    extremal magnetic black holes by the dim reduction

⇡ AdS2 ⇥ S2
<latexit sha1_base64="lSuJWWeKzpTWIsjonm8MUREyZTs=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyEJhdpdxY3LSu0D2hgmk0k7dPJgZiKWUNz4K25cKOLWr3Dn3zhNI6jogQuHc+7l3nu8hFEhTfNDKy0tr6yuldcrG5tb2zv67l5XxCnHpINjFvO+hwRhNCIdSSUj/YQTFHqM9LzJ+dzv3RAuaBxdyWlCnBCNIhpQjKSSXP1giJKEx7fwzG+7mT0bShoSAdvXtqtXTaORAy5IvVaQhgUtw8xRBQVarv4+9GOchiSSmCEhBpaZSCdDXFLMyKwyTAVJEJ6gERkoGiG1yMnyF2bwWCk+DGKuKpIwV79PZCgUYhp6qjNEcix+e3PxL2+QyuDUyWiUpJJEeLEoSBmUMZznAX3KCZZsqgjCnKpbIR4jjrBUqVVUCF+fwv9J1zYs07Aua9WmXcRRBofgCJwAC9RBE1yAFugADO7AA3gCz9q99qi9aK+L1pJWzOyDH9DePgEsB5dA</latexit><latexit sha1_base64="lSuJWWeKzpTWIsjonm8MUREyZTs=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyEJhdpdxY3LSu0D2hgmk0k7dPJgZiKWUNz4K25cKOLWr3Dn3zhNI6jogQuHc+7l3nu8hFEhTfNDKy0tr6yuldcrG5tb2zv67l5XxCnHpINjFvO+hwRhNCIdSSUj/YQTFHqM9LzJ+dzv3RAuaBxdyWlCnBCNIhpQjKSSXP1giJKEx7fwzG+7mT0bShoSAdvXtqtXTaORAy5IvVaQhgUtw8xRBQVarv4+9GOchiSSmCEhBpaZSCdDXFLMyKwyTAVJEJ6gERkoGiG1yMnyF2bwWCk+DGKuKpIwV79PZCgUYhp6qjNEcix+e3PxL2+QyuDUyWiUpJJEeLEoSBmUMZznAX3KCZZsqgjCnKpbIR4jjrBUqVVUCF+fwv9J1zYs07Aua9WmXcRRBofgCJwAC9RBE1yAFugADO7AA3gCz9q99qi9aK+L1pJWzOyDH9DePgEsB5dA</latexit><latexit sha1_base64="lSuJWWeKzpTWIsjonm8MUREyZTs=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyEJhdpdxY3LSu0D2hgmk0k7dPJgZiKWUNz4K25cKOLWr3Dn3zhNI6jogQuHc+7l3nu8hFEhTfNDKy0tr6yuldcrG5tb2zv67l5XxCnHpINjFvO+hwRhNCIdSSUj/YQTFHqM9LzJ+dzv3RAuaBxdyWlCnBCNIhpQjKSSXP1giJKEx7fwzG+7mT0bShoSAdvXtqtXTaORAy5IvVaQhgUtw8xRBQVarv4+9GOchiSSmCEhBpaZSCdDXFLMyKwyTAVJEJ6gERkoGiG1yMnyF2bwWCk+DGKuKpIwV79PZCgUYhp6qjNEcix+e3PxL2+QyuDUyWiUpJJEeLEoSBmUMZznAX3KCZZsqgjCnKpbIR4jjrBUqVVUCF+fwv9J1zYs07Aua9WmXcRRBofgCJwAC9RBE1yAFugADO7AA3gCz9q99qi9aK+L1pJWzOyDH9DePgEsB5dA</latexit><latexit sha1_base64="lSuJWWeKzpTWIsjonm8MUREyZTs=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyEJhdpdxY3LSu0D2hgmk0k7dPJgZiKWUNz4K25cKOLWr3Dn3zhNI6jogQuHc+7l3nu8hFEhTfNDKy0tr6yuldcrG5tb2zv67l5XxCnHpINjFvO+hwRhNCIdSSUj/YQTFHqM9LzJ+dzv3RAuaBxdyWlCnBCNIhpQjKSSXP1giJKEx7fwzG+7mT0bShoSAdvXtqtXTaORAy5IvVaQhgUtw8xRBQVarv4+9GOchiSSmCEhBpaZSCdDXFLMyKwyTAVJEJ6gERkoGiG1yMnyF2bwWCk+DGKuKpIwV79PZCgUYhp6qjNEcix+e3PxL2+QyuDUyWiUpJJEeLEoSBmUMZznAX3KCZZsqgjCnKpbIR4jjrBUqVVUCF+fwv9J1zYs07Aua9WmXcRRBofgCJwAC9RBE1yAFugADO7AA3gCz9q99qi9aK+L1pJWzOyDH9DePgEsB5dA</latexit>

⇡ AdS4
<latexit sha1_base64="Tr3OTMcCoc5aARkf76nQkEI4IA4=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJSqN1V3LisaB/QhjCZTNuhk5kwMxFr6Je4caGIWz/FnX/jNI2gogcuHM65l3vvCRNGlXbdD2tldW19Y7O0Vd7e2d2r2PsHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71werHwe7dEKir4jZ4lxI/RmNMRxUgbKbArQ5QkUtzB8+g6yOrzwK66TjMHXJJGvSBND3qOm6MKCrQD+30YCZzGhGvMkFIDz020nyGpKWZkXh6miiQIT9GYDAzlKCbKz/LD5/DEKBEcCWmKa5ir3ycyFCs1i0PTGSM9Ub+9hfiXN0j16MzPKE9STTheLhqlDGoBFynAiEqCNZsZgrCk5laIJ0girE1WZRPC16fwf9KtOZ7reFf1aqtWxFECR+AYnAIPNEALXII26AAMUvAAnsCzdW89Wi/W67J1xSpmDsEPWG+fIjyTXQ==</latexit><latexit sha1_base64="Tr3OTMcCoc5aARkf76nQkEI4IA4=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJSqN1V3LisaB/QhjCZTNuhk5kwMxFr6Je4caGIWz/FnX/jNI2gogcuHM65l3vvCRNGlXbdD2tldW19Y7O0Vd7e2d2r2PsHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71werHwe7dEKir4jZ4lxI/RmNMRxUgbKbArQ5QkUtzB8+g6yOrzwK66TjMHXJJGvSBND3qOm6MKCrQD+30YCZzGhGvMkFIDz020nyGpKWZkXh6miiQIT9GYDAzlKCbKz/LD5/DEKBEcCWmKa5ir3ycyFCs1i0PTGSM9Ub+9hfiXN0j16MzPKE9STTheLhqlDGoBFynAiEqCNZsZgrCk5laIJ0girE1WZRPC16fwf9KtOZ7reFf1aqtWxFECR+AYnAIPNEALXII26AAMUvAAnsCzdW89Wi/W67J1xSpmDsEPWG+fIjyTXQ==</latexit><latexit sha1_base64="Tr3OTMcCoc5aARkf76nQkEI4IA4=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJSqN1V3LisaB/QhjCZTNuhk5kwMxFr6Je4caGIWz/FnX/jNI2gogcuHM65l3vvCRNGlXbdD2tldW19Y7O0Vd7e2d2r2PsHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71werHwe7dEKir4jZ4lxI/RmNMRxUgbKbArQ5QkUtzB8+g6yOrzwK66TjMHXJJGvSBND3qOm6MKCrQD+30YCZzGhGvMkFIDz020nyGpKWZkXh6miiQIT9GYDAzlKCbKz/LD5/DEKBEcCWmKa5ir3ycyFCs1i0PTGSM9Ub+9hfiXN0j16MzPKE9STTheLhqlDGoBFynAiEqCNZsZgrCk5laIJ0girE1WZRPC16fwf9KtOZ7reFf1aqtWxFECR+AYnAIPNEALXII26AAMUvAAnsCzdW89Wi/W67J1xSpmDsEPWG+fIjyTXQ==</latexit><latexit sha1_base64="Tr3OTMcCoc5aARkf76nQkEI4IA4=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJSqN1V3LisaB/QhjCZTNuhk5kwMxFr6Je4caGIWz/FnX/jNI2gogcuHM65l3vvCRNGlXbdD2tldW19Y7O0Vd7e2d2r2PsHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71werHwe7dEKir4jZ4lxI/RmNMRxUgbKbArQ5QkUtzB8+g6yOrzwK66TjMHXJJGvSBND3qOm6MKCrQD+30YCZzGhGvMkFIDz020nyGpKWZkXh6miiQIT9GYDAzlKCbKz/LD5/DEKBEcCWmKa5ir3ycyFCs1i0PTGSM9Ub+9hfiXN0j16MzPKE9STTheLhqlDGoBFynAiEqCNZsZgrCk5laIJ0girE1WZRPC16fwf9KtOZ7reFf1aqtWxFECR+AYnAIPNEALXII26AAMUvAAnsCzdW89Wi/W67J1xSpmDsEPWG+fIjyTXQ==</latexit>

horizon

r
<latexit sha1_base64="DpWPUnFWWfZoqnOtJqpkiZ/cUEI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyGQMwt4MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfONmsoKIFDUVVN91dXiy40rb9YRU2Nre2d4q7pb39g8Oj8vFJT0WJZNhlkYjkwKMKBQ+xq7kWOIgl0sAT2Pfm1yu/f49S8Si81YsY3YBOQ+5zRrWROnJcrtjVZgayJo16TpoOcap2hgrkaI/L76NJxJIAQ80EVWro2LF2Uyo1ZwKXpVGiMKZsTqc4NDSkASo3zQ5dkgujTIgfSVOhJpn6fSKlgVKLwDOdAdUz9dtbiX95w0T7V27KwzjRGLL1Ij8RREdk9TWZcIlMi4UhlElubiVsRiVl2mRTMiF8fUr+J71a1bGrTqdeadXyOIpwBudwCQ40oAU30IYuMEB4gCd4tu6sR+vFel23Fqx85hR+wHr7BK2LjXk=</latexit><latexit sha1_base64="DpWPUnFWWfZoqnOtJqpkiZ/cUEI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyGQMwt4MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfONmsoKIFDUVVN91dXiy40rb9YRU2Nre2d4q7pb39g8Oj8vFJT0WJZNhlkYjkwKMKBQ+xq7kWOIgl0sAT2Pfm1yu/f49S8Si81YsY3YBOQ+5zRrWROnJcrtjVZgayJo16TpoOcap2hgrkaI/L76NJxJIAQ80EVWro2LF2Uyo1ZwKXpVGiMKZsTqc4NDSkASo3zQ5dkgujTIgfSVOhJpn6fSKlgVKLwDOdAdUz9dtbiX95w0T7V27KwzjRGLL1Ij8RREdk9TWZcIlMi4UhlElubiVsRiVl2mRTMiF8fUr+J71a1bGrTqdeadXyOIpwBudwCQ40oAU30IYuMEB4gCd4tu6sR+vFel23Fqx85hR+wHr7BK2LjXk=</latexit><latexit sha1_base64="DpWPUnFWWfZoqnOtJqpkiZ/cUEI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyGQMwt4MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfONmsoKIFDUVVN91dXiy40rb9YRU2Nre2d4q7pb39g8Oj8vFJT0WJZNhlkYjkwKMKBQ+xq7kWOIgl0sAT2Pfm1yu/f49S8Si81YsY3YBOQ+5zRrWROnJcrtjVZgayJo16TpoOcap2hgrkaI/L76NJxJIAQ80EVWro2LF2Uyo1ZwKXpVGiMKZsTqc4NDSkASo3zQ5dkgujTIgfSVOhJpn6fSKlgVKLwDOdAdUz9dtbiX95w0T7V27KwzjRGLL1Ij8RREdk9TWZcIlMi4UhlElubiVsRiVl2mRTMiF8fUr+J71a1bGrTqdeadXyOIpwBudwCQ40oAU30IYuMEB4gCd4tu6sR+vFel23Fqx85hR+wHr7BK2LjXk=</latexit><latexit sha1_base64="DpWPUnFWWfZoqnOtJqpkiZ/cUEI=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKeyGQMwt4MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfONmsoKIFDUVVN91dXiy40rb9YRU2Nre2d4q7pb39g8Oj8vFJT0WJZNhlkYjkwKMKBQ+xq7kWOIgl0sAT2Pfm1yu/f49S8Si81YsY3YBOQ+5zRrWROnJcrtjVZgayJo16TpoOcap2hgrkaI/L76NJxJIAQ80EVWro2LF2Uyo1ZwKXpVGiMKZsTqc4NDSkASo3zQ5dkgujTIgfSVOhJpn6fSKlgVKLwDOdAdUz9dtbiX95w0T7V27KwzjRGLL1Ij8RREdk9TWZcIlMi4UhlElubiVsRiVl2mRTMiF8fUr+J71a1bGrTqdeadXyOIpwBudwCQ40oAU30IYuMEB4gCd4tu6sR+vFel23Fqx85hR+wHr7BK2LjXk=</latexit>

near-horizon region

r+
<latexit sha1_base64="Z+7YBShq6wNNpW52BSyJH+DM1vE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEpiBT0WvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp357SeujYjVI04S7kd0qEQoGEUrPej+Rb9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdK6rHq1qnt/Vam7eRxFOIFTOAcPrqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AH0pY2E</latexit>

rc
<latexit sha1_base64="OjP+Mx26P+QARFhgBjrPXV+c1HQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6UAM2qNbcupuDrBKvIDUo0BxUv/rDmKURSsME1brnuYnxM6oMZwJnlX6qMaFsQkfYs1TSCLWf5afOyJlVhiSMlS1pSK7+nshopPU0CmxnRM1YL3tz8T+vl5rwxs+4TFKDki0WhakgJibzv8mQK2RGTC2hTHF7K2FjqigzNp2KDcFbfnmVtC/q3mXdvb+qNdwijjKcwCmcgwfX0IA7aEILGIzgGV7hzRHOi/PufCxaS04xcwx/4Hz+AEmUjbw=</latexit>

r = 1
<latexit sha1_base64="dQ369OXxpRTb2Wrka9ByIIwJaBk=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0hKofYgFLx4rGA/oA1ls920SzebuDsRQuif8OJBEa/+HW/+G7dpBBV9MPB4b4aZeX4suAbH+bBKa+sbm1vl7crO7t7+QfXwqKejRFHWpZGI1MAnmgkuWRc4CDaIFSOhL1jfn18t/f49U5pH8hbSmHkhmUoecErASAN1OeIygHRcrTl2KwdekWajIC0Xu7aTo4YKdMbV99EkoknIJFBBtB66TgxeRhRwKtiiMko0iwmdkykbGipJyLSX5fcu8JlRJjiIlCkJOFe/T2Qk1DoNfdMZEpjp395S/MsbJhBceBmXcQJM0tWiIBEYIrx8Hk+4YhREagihiptbMZ0RRSiYiComhK9P8f+kV7ddx3ZvGrV2vYijjE7QKTpHLmqiNrpGHdRFFAn0gJ7Qs3VnPVov1uuqtWQVM8foB6y3T+pOkII=</latexit><latexit sha1_base64="dQ369OXxpRTb2Wrka9ByIIwJaBk=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0hKofYgFLx4rGA/oA1ls920SzebuDsRQuif8OJBEa/+HW/+G7dpBBV9MPB4b4aZeX4suAbH+bBKa+sbm1vl7crO7t7+QfXwqKejRFHWpZGI1MAnmgkuWRc4CDaIFSOhL1jfn18t/f49U5pH8hbSmHkhmUoecErASAN1OeIygHRcrTl2KwdekWajIC0Xu7aTo4YKdMbV99EkoknIJFBBtB66TgxeRhRwKtiiMko0iwmdkykbGipJyLSX5fcu8JlRJjiIlCkJOFe/T2Qk1DoNfdMZEpjp395S/MsbJhBceBmXcQJM0tWiIBEYIrx8Hk+4YhREagihiptbMZ0RRSiYiComhK9P8f+kV7ddx3ZvGrV2vYijjE7QKTpHLmqiNrpGHdRFFAn0gJ7Qs3VnPVov1uuqtWQVM8foB6y3T+pOkII=</latexit><latexit sha1_base64="dQ369OXxpRTb2Wrka9ByIIwJaBk=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0hKofYgFLx4rGA/oA1ls920SzebuDsRQuif8OJBEa/+HW/+G7dpBBV9MPB4b4aZeX4suAbH+bBKa+sbm1vl7crO7t7+QfXwqKejRFHWpZGI1MAnmgkuWRc4CDaIFSOhL1jfn18t/f49U5pH8hbSmHkhmUoecErASAN1OeIygHRcrTl2KwdekWajIC0Xu7aTo4YKdMbV99EkoknIJFBBtB66TgxeRhRwKtiiMko0iwmdkykbGipJyLSX5fcu8JlRJjiIlCkJOFe/T2Qk1DoNfdMZEpjp395S/MsbJhBceBmXcQJM0tWiIBEYIrx8Hk+4YhREagihiptbMZ0RRSiYiComhK9P8f+kV7ddx3ZvGrV2vYijjE7QKTpHLmqiNrpGHdRFFAn0gJ7Qs3VnPVov1uuqtWQVM8foB6y3T+pOkII=</latexit><latexit sha1_base64="dQ369OXxpRTb2Wrka9ByIIwJaBk=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0hKofYgFLx4rGA/oA1ls920SzebuDsRQuif8OJBEa/+HW/+G7dpBBV9MPB4b4aZeX4suAbH+bBKa+sbm1vl7crO7t7+QfXwqKejRFHWpZGI1MAnmgkuWRc4CDaIFSOhL1jfn18t/f49U5pH8hbSmHkhmUoecErASAN1OeIygHRcrTl2KwdekWajIC0Xu7aTo4YKdMbV99EkoknIJFBBtB66TgxeRhRwKtiiMko0iwmdkykbGipJyLSX5fcu8JlRJjiIlCkJOFe/T2Qk1DoNfdMZEpjp395S/MsbJhBceBmXcQJM0tWiIBEYIrx8Hk+4YhREagihiptbMZ0RRSiYiComhK9P8f+kV7ddx3ZvGrV2vYijjE7QKTpHLmqiNrpGHdRFFAn0gJ7Qs3VnPVov1uuqtWQVM8foB6y3T+pOkII=</latexit>

   Near horizon  
   region  

Horizon 



magnetic:

�~ 4d Maxwell-Einstein  action

ansatz for the metric and the Maxwell field: 

fix the spherical part and  

perform the dim reduction 
keep the off-shell d.o.f in 2d 

ds2 = gab(xa)dxadxb + ! 2(xa)(d! 2 + sin 2 ! d" 2)
<latexit sha1_base64="gwvKZuXb2AqYMWC7ilQqMY4HFg0="></latexit>
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<latexit sha1_base64="DhrPOMfCuGwIrdKy4LzhM/8TU00="></latexit>

�~ Near-horizon & near-extremal→expand      around 
   the area of the horizon of the extremal BH

! 2
<latexit sha1_base64="7RHLcH9tD+srIRoBOb3vjF5p548=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8lWQY8FLx4r2A9o15JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7C2vrG5Vdwu7ezu7R+UD49aRqWasiZVQulOSAwTXLKm5VawTqIZiUPB2uH4Zua3n5g2XMl7O0lYEJOh5BGnxDqp1WsY/lDrlyu4iudAq8TPSQVyNPrlr95A0TRm0lJBjOn6OLFBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187RWdOGaBIaVfSorn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFsgrNXkcDrhm1YuIIoZq7WxEdEU2odQGVXAj+8surpFWr+hdVfHdZqeM8jiKcwCmcgw9XUIdbaEATKDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8ARZSjr4=</latexit>

! 2 =
1

4!
(" 0 + " ) , " 0 = 4 ! r 2

h Q = Qext
<latexit sha1_base64="TyTllEBFu0gXHyQh2Lk/Da6rIsM="></latexit>

, Qm = Qext (r h )
<latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit>

area of the 
extremal BH

charge of the  
extremal BH

! / ! 0 ! 1
<latexit sha1_base64="oWVB/SIhcBagDdtFeKGAFg2/Ako=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVc2ooMuCG5cV7AM6w5BJM21oJjMkmUIZ+iduXCji1j9x59+YtrPQ6oF7OZxzL7k5USa4Nhh/OZW19Y3Nrep2bWd3b//APTzq6DRXlLVpKlLVi4hmgkvWNtwI1ssUI0kkWDca38397oQpzVP5aKYZCxIylDzmlBgrha7rt0b8Yt5C7AuBvNCt4wZeAP0lXknqUKIVup/+IKV5wqShgmjd93BmgoIow6lgs5qfa5YROiZD1rdUkoTpoFhcPkNnVhmgOFW2pEEL9edGQRKtp0lkJxNiRnrVm4v/ef3cxLdBwWWWGybp8qE4F8ikaB4DGnDFqBFTSwhV3N6K6IgoQo0Nq2ZD8Fa//Jd0LhveVQM/XNebuIyjCidwCufgwQ004R5a0AYKE3iCF3h1CufZeXPel6MVp9w5hl9wPr4B5/+SeA==</latexit>

with

I JT =
! 0

16! GN

! "

M
d2x

!
" gR + 2

"

! M
dx

!
" " K

#

+
1

16! GN

! "

M
d2x! (R " 2" 2) + 2

"

! M
dx

!
" " ! bK

#

<latexit sha1_base64="55/RTBEe0ZGiIeIz/iSvSqgUZ58="></latexit>

The action of the JT model:

dynamical d.o.f : gab , !
<latexit sha1_base64="wC+0Pf2vB8V7qI8BRbbv5XGyJK8=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KCVRQY8FLx4r2A9oY5lsN+3SzSbsbpQS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwupn6rUemNI/lvRknzI9wIHnIKRorPQx6GQaTboVUuvUh75XKbtWdgSwTLydlyFHvlb66/ZimEZOGCtS647mJ8TNUhlPBJsVuqlmCdIQD1rFUYsS0n82unpBTq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMphGQPleMGjG2BKni9lZCh6iQGhtU0YbgLb68TJrnVe+i6t5dlmtuHkcBjuEEzsCDK6jBLdShARQUPMMrvDlPzovz7nzMW1ecfOYI/sD5/AF7rJHI</latexit>

2d cosmological const: ! 2 ! ! "
Qext

4! r 4
h

<latexit sha1_base64="kqnlVyxTtxgyLRP8a2S3u64zeis=">AAACH3icbVDLTgIxFO34RHyhLt00EhM3khkk6pLEjQsXkMgjYXDSKXegofOw7RDJZP7Ejb/ixoXGGHf8jQVmoeBJmpyec27ae9yIM6lMc2KsrK6tb2zmtvLbO7t7+4WDw6YMY0GhQUMeirZLJHAWQEMxxaEdCSC+y6HlDm+mfmsEQrIwuFfjCLo+6QfMY5QoLTmFS/tOh3vEKdvwGLMRzu7nticITepOYgsfw5NK06RiRwwLZ/BQSZ1C0SyZM+BlYmWkiDLUnMK33Qtp7EOgKCdSdiwzUt2ECMUohzRvxxIiQoekDx1NA+KD7Caz/VJ8qpUe9kKhT6DwTP09kRBfyrHv6qRP1EAuelPxP68TK++6m7AgihUEdP6QF3OsQjwtC/eYAKr4WBNCBdN/xXRAdDFKV5rXJViLKy+TZrlkXZTMeqVYNbM6cugYnaAzZKErVEW3qIYaiKJn9Ire0YfxYrwZn8bXPLpiZDNH6A+MyQ8AgqLl</latexit>



Solution of the JT model

R ! 2! 2 = 0

" a" b" ! gab" 2" ! gab! 2" = 0
<latexit sha1_base64="KA/p4DjSWIdWVHSNm/rmzIjM5vg="></latexit>

EOMs:

AdS2 black hole solution:
! = ! br

ds2 = !
r 2 ! µ

L 2
2

dt2 +
L 2

2

r 2 ! µ
dr2

<latexit sha1_base64="RO3ni+UVVI2kKChjo0r2lAN1ZpU="></latexit>

Near-horizon & near-extremal 
→ cut off the spacetime at r = r c

<latexit sha1_base64="AhKWGJkFm0uON4Dg1SuANtpmmCQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ8OKxgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O72Z++wmV5ol8NJMUg5gOJY84o8ZKvrpVfdav1ty6OwdZJV5BalCg2a9+9QYJy2KUhgmqdddzUxPkVBnOBE4rvUxjStmYDrFrqaQx6iCfHzslZ1YZkChRtqQhc/X3RE5jrSdxaDtjakZ62ZuJ/3ndzEQ3Qc5lmhmUbLEoygQxCZl9TgZcITNiYgllittbCRtRRZmx+VRsCN7yy6ukdVH3Luvuw1Wt4RZxlOEETuEcPLiGBtxDE3xgwOEZXuHNkc6L8+58LFpLTjFzDH/gfP4AnzCOfw==</latexit>

the dilaton blows up as r ! "
<latexit sha1_base64="JUcVL79D8d8XRQ41Fo5Mfq3Y2p8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KooMeCF48V7Ae0oWy2m3bpZjfsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzwkRwA5737ZTW1jc2t8rblZ3dvf0D9/CobVSqKWtRJZTuhsQwwSVrAQfBuolmJA4F64STm5nfeWDacCXvIUtYEJOR5BGnBKw0cKu6r/loDERr9Yj7XEaQDdyaV/fmwKvEL0gNFWgO3K/+UNE0ZhKoIMb0fC+BICcaOBVsWumnhiWETsiI9SyVJGYmyOfHT/GpVYY4UtqWBDxXf0/kJDYmi0PbGRMYm2VvJv7n9VKIroOcyyQFJuliUZQKDArPksBDrhkFkVlCqOb2VkzHRBMKNq+KDcFffnmVtM/r/kXdu7usNbwijjI6RifoDPnoCjXQLWqiFqIoQ8/oFb05T86L8+58LFpLTjFTRX/gfP4APi6VFg==</latexit>

r ± = ±
!

µ
<latexit sha1_base64="y+ZjhsA2qr2ozpnU2q86Qf7tIdw=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEBb0IBS8eK9haaELYbDft0t0k7m6EEgL+FS8eFPHq7/Dmv3Hb5qCtD2Z4vDfDzr4w5Uxpx/m2KkvLK6tr1fXaxubW9o69u9dRSSYJbZOEJ7IbYkU5i2lbM81pN5UUi5DT+3B0PfHvH6lULInv9DilvsCDmEWMYG2kwD6QQe6lorgyzVMPUueeyIrArjsNZwq0SNyS1KFEK7C/vH5CMkFjTThWquc6qfZzLDUjnBY1L1M0xWSEB7RnaIwFVX4+Pb9Ax0bpoyiRpmKNpurvjRwLpcYiNJMC66Ga9ybif14v09Gln7M4zTSNyeyhKONIJ2iSBeozSYnmY0MwkczcisgQS0y0SaxmQnDnv7xIOqcN96zh3J7Xm04ZRxUO4QhOwIULaMINtKANBHJ4hld4s56sF+vd+piNVqxyZx/+wPr8AUA4lkE=</latexit>



Complexity=Volume

Compute the complexity in the  
Complexity=Volume proposal

From the perspective of the dim reduction, 
the most natural definition of “volume” is:

→



At late times, the complexity grows linearly with time

S0
<latexit sha1_base64="SIhrXWyFWecVvHLa2yPg9s/tmwM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKcyqoMeAF4+RmAckS5id9CZDZmeXmVkhhHyCFw+KePWLvPk3TpI9aLSgoajqprsrTKUwltIvr7C2vrG5Vdwu7ezu7R+UD49aJsk0xyZPZKI7ITMohcKmFVZiJ9XI4lBiOxzfzv32I2ojEvVgJykGMRsqEQnOrJMajT7tlyu0Shcgf4mfkwrkqPfLn71BwrMYleWSGdP1aWqDKdNWcImzUi8zmDI+ZkPsOqpYjCaYLk6dkTOnDEiUaFfKkoX6c2LKYmMmceg6Y2ZHZtWbi/953cxGN8FUqDSzqPhyUZRJYhMy/5sMhEZu5cQRxrVwtxI+Yppx69IpuRD81Zf/ktZF1b+s0vurSo3mcRThBE7hHHy4hhrcQR2awGEIT/ACr570nr03733ZWvDymWP4Be/jG8z/jWo=</latexit>

T
<latexit sha1_base64="4TJAuHNH507CYRcdRHT/0fAOibw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPBi8cW+gVtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZUazUG54lbdBcg68XJSgRz1QfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrzzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmRD8FZfXiftq6p3XXUbN5Wam8dRhDM4h0vw4BZq8AB1aAEDhGd4hTfn0Xlx3p2PZWvByWdO4Q+czx+q6YzI</latexit>

:extremal entropy :temperature

→Lloyd bound (upper bound of the complexity growth)

Lloyd bound = 2 ST ! 2S0T (T " ! 0/L 2
2)



Complexity=Action
The bulk action of the JT model

The action complexity:

where

I JT
bulk =

! 0

16! GN

!

M
d2x

!
" gR +

1
16! GN

!

M
d2x! (R " 2" 2)

<latexit sha1_base64="DO1VG5qh2Hto/rleOAlqmWbw+io="></latexit>

+ I JT
boundary

<latexit sha1_base64="mSl888tRGC0GhCTfKrnEDCTx2oU=">AAACA3icdVDLSgMxFM3UV62vqjvdBIsgCENmWmjdFdyoqwp9QVtLJk3b0ExmSDLCMBTc+CtuXCji1p9w59+YTiuo6IELJ+fcS+49XsiZ0gh9WJml5ZXVtex6bmNza3snv7vXVEEkCW2QgAey7WFFORO0oZnmtB1Kin2P05Y3OZ/5rVsqFQtEXcch7fl4JNiQEayN1M8fnF72k670oRdEYoBlPL1Jn1f1aT9fQDZyiwhVILJd98wplwwpuSVUdqFjoxQFsECtn3/vDgIS+VRowrFSHQeFupdgqRnhdJrrRoqGmEzwiHYMFdinqpekN0zhsVEGcBhIU0LDVP0+kWBfqdj3TKeP9Vj99mbiX14n0sNKL2EijDQVZP7RMOJQB3AWCBwwSYnmsSGYSGZ2hWSMJSbaxJYzIXxdCv8nTdd2ija6LhWqaBFHFhyCI3ACHFAGVXABaqABCLgDD+AJPFv31qP1Yr3OWzPWYmYf/ID19gn6Apex</latexit>

CA ! I JT
bulk

<latexit sha1_base64="XlIDc2VjpuCOs2zeSWz44iJ4NUo=">AAACD3icbZC7TsMwFIadcivlFmBksahATFUCSDAWdQGmIvUmNSFyXLe1aifBdipVUd6AhVdhYQAhVlY23gY3zQAtv2Tp03/O0fH5/YhRqSzr2ygsLa+srhXXSxubW9s75u5eS4axwKSJQxaKjo8kYTQgTUUVI51IEMR9Rtr+qDatt8dESBoGDTWJiMvRIKB9ipHSlmceJw5GDNa8q9QhDzEdwxsvcQSHfsxG6X2Gt43UM8tWxcoEF8HOoQxy1T3zy+mFOOYkUJghKbu2FSk3QUJRzEhacmJJIoRHaEC6GgPEiXST7J4UHmmnB/uh0C9QMHN/TySISznhvu7kSA3lfG1q/lfrxqp/6SY0iGJFAjxb1I8ZVCGchgN7VBCs2EQDwoLqv0I8RAJhpSMs6RDs+ZMXoXVasc8q1t15uWrlcRTBATgEJ8AGF6AKrkEdNAEGj+AZvII348l4Md6Nj1lrwchn9sEfGZ8/dZWcPA==</latexit>

I JT
boundary !

<latexit sha1_base64="MiZw9UAcmoPKAHrB7zWFC4Ep4vA=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVQJIMFZiAaYi9SU1IXIcp7XqOMF2KlVRVhZ+hYUBhFj5Azb+BjfNAC1HutLxOffK9x4/YVQqy/o2lpZXVtfWKxvVza3tnV1zb78j41Rg0sYxi0XPR5IwyklbUcVILxEERT4jXX90NfW7YyIkjXlLTRLiRmjAaUgxUlryTHjjZY6IoB+nPEBikt8Xz9tW7pCHlI6hZ9asulUALhK7JDVQoumZX04Q4zQiXGGGpOzbVqLcDAlFMSN51UklSRAeoQHpa8pRRKSbFZfk8FgrAQxjoYsrWKi/JzIUSTmJfN0ZITWU895U/M/rpyq8dDPKk1QRjmcfhSmDKobTWGBABcGKTTRBWFC9K8RDJBBWOryqDsGeP3mRdE7r9lndujuvNawyjgo4BEfgBNjgAjTANWiCNsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxucPkgCaLw==</latexit>

I JT
joint

<latexit sha1_base64="aovbCNLu2Hd9bQ8rvoX2OzL0kfA=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpGq7W7ght1VaEvaGvJpJk2NskMSUYoYxf+ihsXirj1N9z5N6bTCip64MLhnHu59x4v5EwbhD6c1Nz8wuJSejmzsrq2vpHd3KrrIFKE1kjAA9X0sKacSVozzHDaDBXFwuO04Q3PJn7jlirNAlk1o5B2BO5L5jOCjZW62Z2LbtxWAt4ETJrxdcIvq+NuNofyJYSKhRJEeZRgQo4LxZMCdGdKDsxQ6Wbf272ARIJKQzjWuuWi0HRirAwjnI4z7UjTEJMh7tOWpRILqjtxcv8Y7lulB/1A2ZIGJur3iRgLrUfCs50Cm4H+7U3Ev7xWZPzTTsxkGBkqyXSRH3FoAjgJA/aYosTwkSWYKGZvhWSAFSbGRpaxIXx9Cv8n9cO8e5RHV4VcGc3iSINdsAcOgAuKoAzOQQXUAAF34AE8gWfn3nl0XpzXaWvKmc1sgx9w3j4BHMWWHA==</latexit>

I JT
GHY

<latexit sha1_base64="qanjTJK0TDWw+TeTAyUG+Zz018o=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4GjJttV0WXFhdVehL2nHIpGkbmnmQZIQ6DP6KGxeKuPU/3Pk3ptMKKnrgcg/n3EtujhtyJhVCH8bC4tLyympmLbu+sbm1ndvZbckgEoQ2ScAD0XGxpJz5tKmY4rQTCoo9l9O2Oz6b+u1bKiQL/IaahNT28NBnA0aw0pKT279w4p7w4HntOrlJ2WUjcXJ5ZKJisXBiQWQWdCtXNCkVStZpGVomSpEHc9Sd3HuvH5DIo74iHEvZtVCo7BgLxQinSbYXSRpiMsZD2tXUxx6Vdpxen8AjrfThIBC6fAVT9ftGjD0pJ56rJz2sRvK3NxX/8rqRGlTsmPlhpKhPZg8NIg5VAKdRwD4TlCg+0QQTwfStkIywwETpwLI6hK+fwv9Jq2BaRRNdlfJVNI8jAw7AITgGFiiDKqiBOmgCAu7AA3gCz8a98Wi8GK+z0QVjvrMHfsB4+wTpsZTU</latexit>

I JT
boundary ,ct

<latexit sha1_base64="gWExuJKo9FURhomcw1jviEMpPgw=">AAACBnicdVDLSgMxFM34rPU16lKEYBFcyJBpq+2y4EZdVegL2rFk0rQNzWSGJCOUoSs3/oobF4q49Rvc+Tem0woqeuByD+fcS3KPH3GmNEIf1sLi0vLKamYtu76xubVt7+w2VBhLQusk5KFs+VhRzgSta6Y5bUWS4sDntOmPzqd+85ZKxUJR0+OIegEeCNZnBGsjde2Dy27SkQH0w1j0sByfQKInN6l0VZt07RxyUKGQP3UhcvKmlcqGFPNF96wEXQelyIE5ql37vdMLSRxQoQnHSrVdFGkvwVIzwukk24kVjTAZ4QFtGypwQJWXpGdM4JFRerAfSlNCw1T9vpHgQKlx4JvJAOuh+u1Nxb+8dqz7ZS9hIoo1FWT2UD/mUIdwmgnsMUmJ5mNDMJHM/BWSIZaYaJNc1oTwdSn8nzTyjltw0HUxV0HzODJgHxyCY+CCEqiAC1AFdUDAHXgAT+DZurcerRfrdTa6YM139sAPWG+fCgyYzQ==</latexit>

+
<latexit sha1_base64="ox+mh9Eop0KLYj+96CFa+pIv8Ho=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu6q6jetKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbMWMnw==</latexit>

+
<latexit sha1_base64="ox+mh9Eop0KLYj+96CFa+pIv8Ho=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu6q6jetKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbMWMnw==</latexit>

I JT
boundary ! 2S0T

<latexit sha1_base64="oShD033sYgxtQJdDFDyOB+Rjsjs=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoUoKEoyVWICpiL6kJkSO67ZWHTuyHVAU9R9Y+BUWBhBiZWHjb3DTDtBypCsdn3OvfO8JY0aVdpxva2FxaXlltbBWXN/Y3Nq2d3abSiQSkwYWTMh2iBRhlJOGppqRdiwJikJGWuHwYuy37olUVPC6TmPiR6jPaY9ipI0U2MdXQebJCIYi4V0k09Fd/ryujzxJ+wONpBQPsHIbOPXALjllJwecJ+6UlMAUtcD+8roCJxHhGjOkVMd1Yu1nSGqKGRkVvUSRGOEh6pOOoRxFRPlZftMIHhqlC3tCmuIa5urviQxFSqVRaDojpAdq1huL/3mdRPfO/YzyONGE48lHvYRBLeA4INilkmDNUkMQltTsCvEASYS1ibFoQnBnT54nzUrZPSk7N6elqjONowD2wQE4Ai44A1VwCWqgATB4BM/gFbxZT9aL9W59TFoXrOnMHvgD6/MH7eqeGg==</latexit>

IJTbulk ! �2S0T
<latexit sha1_base64="cp6K8dryVEUgBKJqYhDmLdQ5Yzk=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFROQYKxEgswFdGb1ITIcd3WqnOR7YCqKI/AwquwMIAQKyMbb4ObZoCWX7L06T/n6Pj8XsSZVAh9G4WFxaXlleJqaW19Y3PL3N5pyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3upjU2/dUSBYGDTWOqOPjQcD6jGClLdc8vHITW/jQi/kovcvwupHagg2GCgsRPsDj6q2LGq5ZRhWUCc6DlUMZ5Kq75pfdC0ns00ARjqXsWihSToKFYoTTtGTHkkaYjPCAdjUG2KfSSbKDUnignR7sh0K/QMHM/T2RYF/Kse/pTh+roZytTcz/at1Y9c+dhAVRrGhApov6MYcqhJN0YI8JShQfa8BEMP1XSIZYYKJ0hiUdgjV78jy0qhXrpIJuTss1lMdRBHtgHxwBC5yBGrgEddAEBDyCZ/AK3own48V4Nz6mrQUjn9kFf2R8/gD2bZxz</latexit>

At late times,

cancel out !



Action complexity stops growing at a finite time!

Can see the same behavior in the 4d near extremal BHs? 

→The A=C behavior is completely different from V=C.

4! GN L 2
2

! 0

dCA

dt
<latexit sha1_base64="TrRNPZPzRs3OiVeL+CvEv0ErbKc=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSlILuqx0oQuRCvYBTQyTyaQdOnkwMxHKkB9x46+4caGICzfi3zhts9DWAxcO59zLvff4KaNCWta3sbS8srq2Xtoob25t7+yae/sdkWQckzZOWMJ7PhKE0Zi0JZWM9FJOUOQz0vVHzYnffSBc0CS+k+OUuBEaxDSkGEkteWbdCTnCqu6kFF56N/Daq93XcuW0htSz8pkZQAcjBpueushzFcjcMytW1ZoCLhK7IBVQoOWZn06Q4CwiscQMCdG3rVS6CnFJMSN52ckESREeoQHpaxqjiAhXTb/L4bFWAhgmXFcs4VT9PaFQJMQ48nVnhORQzHsT8T+vn8nw3FU0TjNJYjxbFGYMygROooIB5QRLNtYEYU71rRAPkU5E6kDLOgR7/uVF0qlV7dOqdVuvNKwijhI4BEfgBNjgDDTAFWiBNsDgETyDV/BmPBkvxrvxMWtdMoqZA/AHxtcPVeqhbA==</latexit>

lim
t!1

dCA
dt

= 0
<latexit sha1_base64="Vyz/VhGTCAaEJ/ll83gD3ZzzpnM=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVRIr6EaodOOygn1AU8JkMmmHTiZh5kYpIR/ixl9x40IRNy4E/8bpY6GtBy4czrmXe+/xE8E12Pa3VVhZXVvfKG6WtrZ3dvfK+wdtHaeKshaNRay6PtFMcMlawEGwbqIYiXzBOv6oMfE790xpHss7GCesH5GB5CGnBIzklWuu4JGXgav4YAhEqfgBu1yGMM7dUBGaBdilROCGl13neRZAfmV75YpdtafAy8SZkwqao+mVP90gpmnEJFBBtO45dgL9jCjgVLC85KaaJYSOyID1DJUkYrqfTZ/L8YlRAhzGypQEPFV/T2Qk0noc+aYzIjDUi95E/M/rpRBe9jMukxSYpLNFYSowxHiSFA64YhTE2BBCFTe3YjokJhMweZZMCM7iy8ukfVZ1alX79rxSt+dxFNEROkanyEEXqI5uUBO1EEWP6Bm9ojfryXqx3q2PWWvBms8coj+wvn4AGaSihQ==</latexit>



The Reissner-Nordstrom black hole 

ds2 = �f(r)dt2 +
1

f(r)
dr2 + r2d⌦2

electrically/ magnetically charged BHs in AdS

f(r) = 1� 2GNM

r
+

4⇡(Q2
e +Q2

m)

r2
+

r2

L2

�~ 4d Einstein-Maxwell  action

electric

magnetic A� = Qm(1� cos ✓) , F✓� = @✓A� = Qm sin ✓
<latexit sha1_base64="UntEWckHDPIUm2MdmO/fgg5Iqos="></latexit>

At = �1 � Qe

r
,

<latexit sha1_base64="BKdnO0pn+8YswnsNJo4/Y4jizcg=">AAACDnicbVDLSsNAFJ3UV62vqks3g6XgopZEBd0IFTcuW7APaEqYTCft0MkkzNwIJeQL3Pgrblwo4ta1O//G6WOhrQcuHM65l3vv8WPBNdj2t5VbWV1b38hvFra2d3b3ivsHLR0lirImjUSkOj7RTHDJmsBBsE6sGAl9wdr+6Hbitx+Y0jyS9zCOWS8kA8kDTgkYySuWb7wUsmu3PuRe6nIZwDg7dQNFaNrwWJaqzK3gilcs2VV7CrxMnDkpoTnqXvHL7Uc0CZkEKojWXceOoZcSBZwKlhXcRLOY0BEZsK6hkoRM99LpOxkuG6WPg0iZkoCn6u+JlIRaj0PfdIYEhnrRm4j/ed0EgqteymWcAJN0tihIBIYIT7LBfa4YBTE2hFDFza2YDonJAkyCBROCs/jyMmmdVZ3zqt24KNXseRx5dISO0Qly0CWqoTtUR01E0SN6Rq/ozXqyXqx362PWmrPmM4foD6zPHzX5nCA=</latexit>

Frt = @rAt =
Qe

r2
<latexit sha1_base64="98riDYi4Pmsu3BvBdqj0JioF3hE=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQF2WmCroRKoK4bME+oDMOmTTThmYeJBmhhPkHN/6KGxeKuHXjzr8x085CWw8Ezj3nXm7u8RNGhbSsb6O0tLyyulZer2xsbm3vmLt7HRGnHJM2jlnMez4ShNGItCWVjPQSTlDoM9L1x9e5330gXNA4upOThLghGkY0oBhJLXnmiQNvPMVldukkiEuKmK6yK0/lSsARVi2PZIrf1zPPrFo1awq4SOyCVEGBpmd+OYMYpyGJJGZIiL5tJdJV+RrMSFZxUkEShMdoSPqaRigkwlXTmzJ4pJUBDGKuXyThVP09oVAoxCT0dWeI5EjMe7n4n9dPZXDhKholqSQRni0KUgZlDPOA4IBygiWbaIIwp/qvEI+QTkLqGCs6BHv+5EXSqdfs05rVOqs2rCKOMjgAh+AY2OAcNMAtaII2wOARPINX8GY8GS/Gu/Exay0Zxcw++APj8wcI057V</latexit>



Complexity=Action of RN BHs
Evaluate the action complexity in RN BHs

Bulk contribution:

Boundary contribution:

CA = IEM
bulk + Iboundary

<latexit sha1_base64="QJyIFJVXX6bRVx56gEgHkXcl4cM=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARBKHMqKAboVIEXQgV7AXaccikaRuaSYYkI5RhnsONr+LGhSLuxI1vY9qOoK0/BD7+cw4n5w8iRpV2nC8rNze/sLiUXy6srK6tb9ibW3UlYolJDQsmZDNAijDKSU1TzUgzkgSFASONYFAZ1Rv3RCoq+K0eRsQLUY/TLsVIG8u33aSNEYMV/zw9u/KTtgxhELNBejfGi+v04McVMe8gOUx9u+iUnLHgLLgZFEGmqm9/tDsCxyHhGjOkVMt1Iu0lSGqKGUkL7ViRCOEB6pGWQY5CorxkfFoK94zTgV0hzeMajt3fEwkKlRqGgekMke6r6drI/K/WinX31Esoj2JNOJ4s6sYMagFHOcEOlQRrNjSAsKTmrxD3kURYmzQLJgR3+uRZqB+W3KOSc3NcLDtZHHmwA3bBPnDBCSiDS1AFNYDBA3gCL+DVerSerTfrfdKas7KZbfBH1uc35vegvw==</latexit>

dSbulk

dt
=

1

2GN


r3

L2
± 4⇡Q2

r

�r1m

r2m

electric

magnetic

dIEM
bulk

dt
<latexit sha1_base64="OCb0VHkL1IjIYgFbcbcHeakt0KA=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJCrosiKALoYK9QBPDZDJph04mYWYilJC9G1/FjQtF3PoC7nwbp2kW2vrDwMd/zuHM+f2EUaks69uoLC2vrK5V12sbm1vbO+buXlfGqcCkg2MWi76PJGGUk46iipF+IgiKfEZ6/vhiWu89ECFpzO/UJCFuhIachhQjpS3PrDuhQDiDwbWXOSKCfsrG+X2Blzd5ngUq98yG1bQKwUWwS2iAUm3P/HKCGKcR4QozJOXAthLlZkgoihnJa04qSYLwGA3JQCNHEZFuVtySw0PtBDCMhX5cwcL9PZGhSMpJ5OvOCKmRnK9Nzf9qg1SF525GeZIqwvFsUZgyqGI4DQYGVBCs2EQDwoLqv0I8QjocpeOr6RDs+ZMXoXvctE+a1u1po2WVcVTBAaiDI2CDM9ACV6ANOgCDR/AMXsGb8WS8GO/Gx6y1YpQz++CPjM8fPaqbHw==</latexit>

∵ F 2 ⇠ B2 � E2
<latexit sha1_base64="l3TzwLQvnQbT4GJU3nVtFDErc3Q=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXixJFfRYFMVjBfsBbVo22027dDcJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzz485U9pxvq3cyura+kZ+s7C1vbNbtPf2GypKJKF1EvFItnysKGchrWumOW3FkmLhc9r0R9dTv/lIpWJR+KDHMfUEHoQsYARrI/Xs4m230lFMoKtu5fSmW+nZJafszICWiZuREmSo9eyvTj8iiaChJhwr1XadWHsplpoRTieFTqJojMkID2jb0BALqrx0dvgEHRulj4JImgo1mqm/J1IslBoL33QKrIdq0ZuK/3ntRAeXXsrCONE0JPNFQcKRjtA0BdRnkhLNx4ZgIpm5FZEhlphok1XBhOAuvrxMGpWye1Z27s9LVSeLIw+HcAQn4MIFVOEOalAHAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AII1kaA=</latexit>

dSboundary

dt
= � 1

4GN

⇥
2rf(r) log |f(r)|+ r2@rf(r)

⇤r1m
r2m

dIEM
boundary

dt
<latexit sha1_base64="WbZPEzCAwomQUhsg27wXqqLOYgw=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIVdFkQQRdCBfuAJobJZNIOnUzCzEQoIX/gxl9x40IRt27d+TdO0yy09cCFM+fcy9x7/IRRqSzr26gsLC4tr1RXa2vrG5tb5vZOR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6GLidx+IkDTmd2qcEDdCA05DipHSkmceOqFAOIPBtZc5IoJ+nPIAiXF+Xzwvb/I8C1TumXWrYRWA88QuSR2UaHnmlxPEOI0IV5ghKfu2lSg3Q0JRzEhec1JJEoRHaED6mnIUEelmxT05PNBKAMNY6OIKFurviQxFUo4jX3dGSA3lrDcR//P6qQrP3YzyJFWE4+lHYcqgiuEkHBhQQbBiY00QFlTvCvEQ6YCUjrCmQ7BnT54nneOGfdKwbk/rTauMowr2wD44AjY4A01wBVqgDTB4BM/gFbwZT8aL8W58TFsrRjmzC/7A+PwBo3qc/Q==</latexit>



Electric:
dCA
dt

=
1

2GN


4⇡Q2

r

�r1m

r2m

�

rf(r)

2⇡GN
log |f(r)|

�r1m

r2m

Magnetic:

! 1

2GN


4⇡Q2

r�
� 4⇡Q2

r+

�

dCA
dt

= �

rf(r)

2⇡GN
log |f(r)|

�r1m

r2m

! 0

Consistent with the fact that JT model is derived from a 
magnetically charged BHs!



Comments on the Maxwell bdy term
One can add the Maxwell boundary term

CA = IEM
bulk + Iboundary

<latexit sha1_base64="QJyIFJVXX6bRVx56gEgHkXcl4cM=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARBKHMqKAboVIEXQgV7AXaccikaRuaSYYkI5RhnsONr+LGhSLuxI1vY9qOoK0/BD7+cw4n5w8iRpV2nC8rNze/sLiUXy6srK6tb9ibW3UlYolJDQsmZDNAijDKSU1TzUgzkgSFASONYFAZ1Rv3RCoq+K0eRsQLUY/TLsVIG8u33aSNEYMV/zw9u/KTtgxhELNBejfGi+v04McVMe8gOUx9u+iUnLHgLLgZFEGmqm9/tDsCxyHhGjOkVMt1Iu0lSGqKGUkL7ViRCOEB6pGWQY5CorxkfFoK94zTgV0hzeMajt3fEwkKlRqGgekMke6r6drI/K/WinX31Esoj2JNOJ4s6sYMagFHOcEOlQRrNjSAsKTmrxD3kURYmzQLJgR3+uRZqB+W3KOSc3NcLDtZHHmwA3bBPnDBCSiDS1AFNYDBA3gCL+DVerSerTfrfdKas7KZbfBH1uc35vegvw==</latexit>

+ IMax-boundary
<latexit sha1_base64="iyoMpRSGcX8uCagaQ7t4fxYXMBM="></latexit>

where
IMax-boundary =

�

GN

Z

@M
d3x

p
��Fµ⌫Aµn⌫

<latexit sha1_base64="lsfSws3wXigPp7BSDXaDn29uO5g="></latexit>

nµ :the outward directed normal vector to the boundary

It changes the late time behavior of the complexity:

Electric:

Magnetic:

lim
t!1

dCA
dt

= (1� �)
2⇡Q2

e

r

����
r�

r+
<latexit sha1_base64="N+IzRABl1DbRT/JL6tvMQ0ElW5k="></latexit>

lim
t!1

dCA

dt
= !

2" Q2
m

r

!
!
!
!

r!

r+
<latexit sha1_base64="grt0Vitv99GvWDN4Q7lmRBA1ZKE="></latexit>

! ! 1
<latexit sha1_base64="7cVy3pxS/CEadfMd11gDippucKw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KooMeCF48V7Ac0oUy2m3TpbhJ2N0oI9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMEtohCU9kPwBFOYtpRzPNaT+VFETAaS+Y3Mz83gOViiXxvc5T6guIYhYyAtpIQ7vuRSAEeJJFYw1SJo/YHdoNp+nMgVeJW5IGKtEe2l/eKCGZoLEmHJQauE6q/QKkZoTTac3LFE2BTCCiA0NjEFT5xfz4KT41ygiHiTQVazxXf08UIJTKRWA6BeixWvZm4n/eINPhtV+wOM00jcliUZhxrBM8SwKPmKRE89wQIJKZWzEZgwSiTV41E4K7/PIq6Z433Yumc3fZaDllHFV0jE7QGXLRFWqhW9RGHURQjp7RK3qznqwX6936WLRWrHKmjv7A+vwBn02Urg==</latexit>

! ! 1
<latexit sha1_base64="7cVy3pxS/CEadfMd11gDippucKw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KooMeCF48V7Ac0oUy2m3TpbhJ2N0oI9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMEtohCU9kPwBFOYtpRzPNaT+VFETAaS+Y3Mz83gOViiXxvc5T6guIYhYyAtpIQ7vuRSAEeJJFYw1SJo/YHdoNp+nMgVeJW5IGKtEe2l/eKCGZoLEmHJQauE6q/QKkZoTTac3LFE2BTCCiA0NjEFT5xfz4KT41ygiHiTQVazxXf08UIJTKRWA6BeixWvZm4n/eINPhtV+wOM00jcliUZhxrBM8SwKPmKRE89wQIJKZWzEZgwSiTV41E4K7/PIq6Z433Yumc3fZaDllHFV0jE7QGXLRFWqhW9RGHURQjp7RK3qznqwX6936WLRWrHKmjv7A+vwBn02Urg==</latexit>

0
<latexit sha1_base64="GksInnwocgBvukRIVd7jhN5p4bU=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hVkV9Bjw4jEB84BkCbOT3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUymMpfTbW1vf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmHDCiuxnWpkcSixFY7uZn7rCbURiXqw4xSDmA2UiARn1kl12iuVaYXOQVaJn5My5Kj1Sl/dfsKzGJXlkhnT8WlqgwnTVnCJ02I3M5gyPmID7DiqWIwmmMwPnZJzp/RJlGhXypK5+ntiwmJjxnHoOmNmh2bZm4n/eZ3MRrfBRKg0s6j4YlGUSWITMvua9IVGbuXYEca1cLcSPmSaceuyKboQ/OWXV0nzsuJfVWj9ulyleRwFOIUzuAAfbqAK91CDBnBAeIZXePMevRfv3ftYtK55+cwJ/IH3+QN0WYyk</latexit>

finite

electric charge doesn’t contribute to the complexity!



→changes the thermodynamic ensemble to which  
�y gravitational solutions belong from the Euclidean  
    path integral perspective [Hawking-Ross ’93]

The Max bdy term for a physical boundary: 
changes the b.c. imposed on the gauge field Aµ

<latexit sha1_base64="51Ntt185TfZDQEiNLul2wUGCIkc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMeIF48RzAOSJcxOJsmQmdllplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx3cxvPXFjRawfcZLwUNGhFgPBKDqpddvLuiqd9soVv+rPQVZJkJMK5Kj3yl/dfsxSxTUySa3tBH6CYUYNCib5tNRNLU8oG9Mh7ziqqeI2zObnTsmZU/pkEBtXGslc/T2RUWXtREWuU1Ec2WVvJv7ndVIc3ISZ0EmKXLPFokEqCcZk9jvpC8MZyokjlBnhbiVsRA1l6BIquRCC5ZdXSfOiGlxW/YerSs3P4yjCCZzCOQRwDTW4hzo0gMEYnuEV3rzEe/HevY9Fa8HLZ47hD7zPH11ij4Y=</latexit>

magnetic without Max bdy term

electric with Max bdy term fixed-charge  
ensemble

lim
t !"

dCA

dt
= 0

<latexit sha1_base64="5eKhRhWOu1Pyb5u5of3liAZBNRE=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwVZIq6EaodOOygn1AU8JkMmmHTiZh5kYpIf/hxl9x40IRV4IL/8bpY6GtBy4czrmXe+/xE8E12Pa3VVhZXVvfKG6WtrZ3dvfK+wdtHaeKshaNRay6PtFMcMlawEGwbqIYiXzBOv6oMfE790xpHss7GCesH5GB5CGnBIzklWuu4JGXgav4YAhEqfgBu1yGMM7dUBGaBZlLicAN7zrPswDyK9srV+yqPQVeJs6cVNAcTa/86QYxTSMmgQqidc+xE+hnRAGnguUlN9UsIXREBqxnqCQR0/1s+luOT4wS4DBWpiTgqfp7IiOR1uPIN50RgaFe9Cbif14vhfCyn3GZpMAknS0KU4EhxpOgcMAVoyDGhhCquLkV0yExkYCJs2RCcBZfXibtWtU5q9q355W6PY+jiI7QMTpFDrpAdXSDmqiFKHpEz+gVvVlP1ov1bn3MWgvWfOYQ/YH19QO1FKJb</latexit>

for example..

→Action complexity depends on the ensemble?



We found: action complexity of electric BHs described 
by        (without Maxwell boundary term) shows linear 
growth rate at late times

IEM
<latexit sha1_base64="cTovsjoJjdAh0PdZ96dPFSL7auQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mqoMeCCHoQKtgPbJeSTbNtaJJdkqxQlv4LLx4U8eq/8ea/MW33oNUHA4/3ZpiZFyaCG4vxl1dYWl5ZXSuulzY2t7Z3yrt7TROnmrIGjUWs2yExTHDFGpZbwdqJZkSGgrXC0eXUbz0ybXis7u04YYEkA8UjTol10sNNL+tqia5uJ71yBVfxDOgv8XNSgRz1Xvmz249pKpmyVBBjOj5ObJARbTkVbFLqpoYlhI7IgHUcVUQyE2SziyfoyCl9FMXalbJopv6cyIg0ZixD1ymJHZpFbyr+53VSG10EGVdJapmi80VRKpCN0fR91OeaUSvGjhCqubsV0SHRhFoXUsmF4C++/Jc0T6r+aRXfnVVqOI+jCAdwCMfgwznU4Brq0AAKCp7gBV494z17b977vLXg5TP78AvexzfqJpBb</latexit>

Q. Can we see the similar behavior of complexity 
     in the dimensionally reduced dilaton gravity theory?

electric:

ansatz for the metric and the Maxwell field: 

ds2 = gab(xa)dxadxb + ! 2(xa)(d! 2 + sin 2 ! d" 2)
<latexit sha1_base64="gwvKZuXb2AqYMWC7ilQqMY4HFg0="></latexit>

Fab 6= 0, (other components of F ) = 0
<latexit sha1_base64="e+FcUXrPzu3JLbXzLGr1tSORfJw=">AAACGnicbVDLSgMxFM34rPVVdekmWBQFKRkVdCMUhOJSwarQKSWT3mmDeYxJRihDv8ONv+LGhSLuxI1/Y1q70OqBC4dz7k3uPXEquHWEfAYTk1PTM7OFueL8wuLScmll9dLqzDCoMy20uY6pBcEV1B13Aq5TA1TGAq7im5OBf3UHxnKtLlwvhaakHcUTzqjzUqsU1lo5jftbkYJbTHbxdh4ZibXrgokw0zLVCpSzEdZJP8K1nWPSKpVJhQyB/5JwRMpohLNW6T1qa5ZJ/w4T1NpGSFLXzKlxnAnoF6PMQkrZDe1Aw1NFJdhmPjytjze90saJNr6Uw0P150ROpbU9GftOSV3XjnsD8T+vkbnkqJlzlWYOFPv+KMkEdhoPcsJtboA50fOEMsP9rph1qaHM+TSLPoRw/OS/5HKvEu5XyPlBuUpGcRTQOtpA2yhEh6iKTtEZqiOG7tEjekYvwUPwFLwGb9+tE8FoZg39QvDxBabxn08=</latexit>

keep       as the dynamical d.o.f in 2dFab
<latexit sha1_base64="w6Ml/S3/2nfS+HKQhhTd7IqXHjA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9BgQxGME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVqeG8TrTUptWRC2XQvE6CpS8lRhO40jyZjS6mfrNJ26s0OoBxwkPYzpQoi8YRSc1brsZjSbdUtmv+DOQZRLkpAw5at3SV6enWRpzhUxSa9uBn2CYUYOCST4pdlLLE8pGdMDbjioacxtms2sn5NQpPdLXxpVCMlN/T2Q0tnYcR64zpji0i95U/M9rp9i/DjOhkhS5YvNF/VQS1GT6OukJwxnKsSOUGeFuJWxIDWXoAiq6EILFl5dJ47wSXFT8+8ty1c/jKMAxnMAZBHAFVbiDGtSBwSM8wyu8edp78d69j3nripfPHMEfeJ8/g0yPBg==</latexit>

dynamical d.o.f in 2d fix
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<latexit sha1_base64="5qca7r7apAtPpXomit1mOibse68="></latexit><latexit sha1_base64="5qca7r7apAtPpXomit1mOibse68="></latexit><latexit sha1_base64="5qca7r7apAtPpXomit1mOibse68="></latexit><latexit sha1_base64="5qca7r7apAtPpXomit1mOibse68="></latexit>

�~ Near-horizon & near-extremal→expand      around 
   the area of the horizon of the extremal BH

! 2
<latexit sha1_base64="7RHLcH9tD+srIRoBOb3vjF5p548=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8lWQY8FLx4r2A9o15JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7C2vrG5Vdwu7ezu7R+UD49aRqWasiZVQulOSAwTXLKm5VawTqIZiUPB2uH4Zua3n5g2XMl7O0lYEJOh5BGnxDqp1WsY/lDrlyu4iudAq8TPSQVyNPrlr95A0TRm0lJBjOn6OLFBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187RWdOGaBIaVfSorn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFsgrNXkcDrhm1YuIIoZq7WxEdEU2odQGVXAj+8surpFWr+hdVfHdZqeM8jiKcwCmcgw9XUIdbaEATKDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8ARZSjr4=</latexit>

! 2 =
1

4!
(" 0 + " ) , " 0 = 4 ! r 2

h Q = Qext
<latexit sha1_base64="TyTllEBFu0gXHyQh2Lk/Da6rIsM="></latexit>

, Qm = Qext (r h )
<latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit><latexit sha1_base64="TzUUvyYuvEcvEbvzB7k70lcHdBM=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJUKCWRQu1CKLhx2YJ9QBPCZDpph84kYWYillBw46+4caGIW3/CnX/jNI2gogcuHM65l3vv8WNGpbKsD2NpeWV1bb2wUdzc2t7ZNff2uzJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ5dzv3dDhKRReK2mMXE5GoU0oBgpLXnmoVOBFQe2PX7R9lJHcEhu1awsvPGpZ5asaiMDXJB6LScNG9pVK0MJ5Gh55rszjHDCSagwQ1IObCtWboqEopiRWdFJJIkRnqARGWgaIk6km2Y/zOCJVoYwiISuUMFM/T6RIi7llPu6kyM1lr+9ufiXN0hUcO6mNIwTRUK8WBQkDKoIzgOBQyoIVmyqCcKC6lshHiOBsNKxFXUIX5/C/0n3rGpbVbtdKzWtPI4COALHoAxsUAdNcAVaoAMwuAMP4Ak8G/fGo/FivC5al4x85gD8gPH2CWf5lrg=</latexit>

area of the 
extremal BH

! / ! 0 ! 1
<latexit sha1_base64="oWVB/SIhcBagDdtFeKGAFg2/Ako=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVc2ooMuCG5cV7AM6w5BJM21oJjMkmUIZ+iduXCji1j9x59+YtrPQ6oF7OZxzL7k5USa4Nhh/OZW19Y3Nrep2bWd3b//APTzq6DRXlLVpKlLVi4hmgkvWNtwI1ssUI0kkWDca38397oQpzVP5aKYZCxIylDzmlBgrha7rt0b8Yt5C7AuBvNCt4wZeAP0lXknqUKIVup/+IKV5wqShgmjd93BmgoIow6lgs5qfa5YROiZD1rdUkoTpoFhcPkNnVhmgOFW2pEEL9edGQRKtp0lkJxNiRnrVm4v/ef3cxLdBwWWWGybp8qE4F8ikaB4DGnDFqBFTSwhV3N6K6IgoQo0Nq2ZD8Fa//Jd0LhveVQM/XNebuIyjCidwCufgwQ004R5a0AYKE3iCF3h1CufZeXPel6MVp9w5hl9wPr4B5/+SeA==</latexit>

with

also wish to only capture small corrections to the 
extremal field strength  

→2d dilaton gravity coupled to the 2d Maxwell field  

Fab = (F0)ab + F̃ab = 2! [a(A0)b] + 2! [aÃb]
<latexit sha1_base64="CBJW3p5AVLUlpDpL+5mdw71fQ9s="></latexit>

F 2
0 ⌘ �Q2

ext/8⇡
2r4h

<latexit sha1_base64="0t9Go6axnkMaHoxoeGNaPiniR5Q=">AAACD3icbVDJSgNBEO2JW4xb1KOXxqB4Mc6MAXMMCOIxAbNAJhl6OpWkSc9id08wDPkDL/6KFw+KePXqzb+xsxw08UHB470qqup5EWdSmea3kVpZXVvfSG9mtrZ3dvey+wc1GcaCQpWGPBQNj0jgLICqYopDIxJAfI9D3RtcT/z6EIRkYXCnRhG0fNILWJdRorTkZk9vXLNtO3Afs+F5pW27iSN8DA9qfFF0IobbtnD77YKbzZl5cwq8TKw5yaE5ym72y+mENPYhUJQTKZuWGalWQoRilMM448QSIkIHpAdNTQPig2wl03/G+EQrHdwNha5A4an6eyIhvpQj39OdPlF9uehNxP+8Zqy6xVbCgihWENDZom7MsQrxJBzcYQKo4iNNCBVM34ppnwhClY4wo0OwFl9eJjU7b13mzUohVzLncaTRETpGZ8hCV6iEblEZVRFFj+gZvaI348l4Md6Nj1lrypjPHKI/MD5/AMTBmyo=</latexit>



Expand the action to the linear order both in     and     F̃
<latexit sha1_base64="IokHEj5S0OVCacTjDHPNbMk0Lbw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNREI8VbK20oWw2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLK6tr6RnmzsrW9s7tX3T9omyTTjLdYIhPdCajhUsS8hQIl76SaUxVI/hCMrqf+wxPXRiTxPY5T7is6iEUkGEUrPfZQyJDnN5N+tebW3RnIMvEKUoMCzX71qxcmLFM8RiapMV3PTdHPqUbBJJ9UepnhKWUjOuBdS2OquPHz2cETcmKVkESJthUjmam/J3KqjBmrwHYqikOz6E3F/7xuhtGln4s4zZDHbL4oyiTBhEy/J6HQnKEcW0KZFvZWwoZUU4Y2o4oNwVt8eZm0z+qeW/fuzmuNqyKOMhzBMZyCBxfQgFtoQgsYKHiGV3hztPPivDsf89aSU8wcwh84nz/3VJCA</latexit><latexit sha1_base64="IokHEj5S0OVCacTjDHPNbMk0Lbw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNREI8VbK20oWw2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLK6tr6RnmzsrW9s7tX3T9omyTTjLdYIhPdCajhUsS8hQIl76SaUxVI/hCMrqf+wxPXRiTxPY5T7is6iEUkGEUrPfZQyJDnN5N+tebW3RnIMvEKUoMCzX71qxcmLFM8RiapMV3PTdHPqUbBJJ9UepnhKWUjOuBdS2OquPHz2cETcmKVkESJthUjmam/J3KqjBmrwHYqikOz6E3F/7xuhtGln4s4zZDHbL4oyiTBhEy/J6HQnKEcW0KZFvZWwoZUU4Y2o4oNwVt8eZm0z+qeW/fuzmuNqyKOMhzBMZyCBxfQgFtoQgsYKHiGV3hztPPivDsf89aSU8wcwh84nz/3VJCA</latexit><latexit sha1_base64="IokHEj5S0OVCacTjDHPNbMk0Lbw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNREI8VbK20oWw2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLK6tr6RnmzsrW9s7tX3T9omyTTjLdYIhPdCajhUsS8hQIl76SaUxVI/hCMrqf+wxPXRiTxPY5T7is6iEUkGEUrPfZQyJDnN5N+tebW3RnIMvEKUoMCzX71qxcmLFM8RiapMV3PTdHPqUbBJJ9UepnhKWUjOuBdS2OquPHz2cETcmKVkESJthUjmam/J3KqjBmrwHYqikOz6E3F/7xuhtGln4s4zZDHbL4oyiTBhEy/J6HQnKEcW0KZFvZWwoZUU4Y2o4oNwVt8eZm0z+qeW/fuzmuNqyKOMhzBMZyCBxfQgFtoQgsYKHiGV3hztPPivDsf89aSU8wcwh84nz/3VJCA</latexit><latexit sha1_base64="IokHEj5S0OVCacTjDHPNbMk0Lbw=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNREI8VbK20oWw2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLK6tr6RnmzsrW9s7tX3T9omyTTjLdYIhPdCajhUsS8hQIl76SaUxVI/hCMrqf+wxPXRiTxPY5T7is6iEUkGEUrPfZQyJDnN5N+tebW3RnIMvEKUoMCzX71qxcmLFM8RiapMV3PTdHPqUbBJJ9UepnhKWUjOuBdS2OquPHz2cETcmKVkESJthUjmam/J3KqjBmrwHYqikOz6E3F/7xuhtGln4s4zZDHbL4oyiTBhEy/J6HQnKEcW0KZFvZWwoZUU4Y2o4oNwVt8eZm0z+qeW/fuzmuNqyKOMhzBMZyCBxfQgFtoQgsYKHiGV3hztPPivDsf89aSU8wcwh84nz/3VJCA</latexit>

�
<latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit><latexit sha1_base64="S2XWeZLfl/DBcqkmC18adcutedA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxdZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+agd8M7i8brZsyjiqcwCmcQwBX0II7aEMHCCTwDK/w5gnvxXv3PhatFa+cOYY/8D5/AOK5jh8=</latexit>

Solution:
the metric & dilaton:  same eqs as the JT model

→ AdS2 solution

with a Maxwell field background

IJT-like
<latexit sha1_base64="VbL1gbIBHD6M2uAqc4fXGYr7Ew0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpKooMuCG3VVoS9oQpxMJ+3QmUmYmQglFDf+ihsXirj1K9z5N07aLLT1wIXDOfdy7z1hwqjSjvNtLSwuLa+sltbK6xubW9v2zm5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4lfvtByIVjUVDjxLic9QXNKIYaSMF9v5NkHmSw9uGx5Ee4AGS9yeMDsk4sCtO1ZkAzhO3IBVQoB7YX14vxiknQmOGlOq6TqL9DElNMSPjspcqkiA8RH3SNVQgTpSfTV4YwyOj9GAUS1NCw4n6eyJDXKkRD01nfqea9XLxP6+b6ujSz6hIUk0Eni6KUgZ1DPM8YI9KgjUbGYKwpOZWmIeAsDaplU0I7uzL86R1WnXPqs7deaXmFHGUwAE4BMfABRegBq5BHTQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwDXYJcE</latexit>

“JT-like model”



On-shell actions of the JT & JT-like model differ by the 
2d Maxwell boundary term

IJT-like|on-shell = IJT|on-shell � IMax-boundary
<latexit sha1_base64="2ITaDu27e1WDp6WXjcFZp/NVl2o="></latexit>

→additional contribution to the complexity growth

lim
t!"

dCAJT-like

dt
= 2S0T

<latexit sha1_base64="LtN/eVUk++GZj1JGElRXVbBpIaM="></latexit>

Holographic Complexity 
 in the “JT-like” model

: agree with CV



Summary
�~ The JT model shows vanishing growth rate of action  
   complexity at late times while the volume complexity 
   grows linearly in time.

�~ 4d magnetic black holes (without Maxwell bdy term)  
   show the similar late time behavior of action  
   complexity to the JT model.

�~ 4d electric black holes (without Maxwell bdy term)     
    and the corresponding 2d dilaton gravity theory show  
    linear growth rate of action complexity at late times



Q. Action ``complexity’’ is really complexity?

→Can we built a circuit model which reproduces  
   the C=A behavior in the fixed charge ensemble?

Questions and Future Problem

Q.Can we define complexity in SYK model?

If it is, which action should we use?

Complexity depends on the thermodynamic  
ensemble?

it stops growing in some cases….

w/ or w/o the Maxwell bdy term?

↑vanishing growth rate


